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a b s t r a c t 

Primary sclerosing cholangitis (PSC) is an autoimmune cholangiopathy characterized by 

chronic inflammation of the biliary epithelium and periductal fibrosis, with no curative 

treatment available, and liver transplantation is inevitable for end-stage patients. Human 

placental mesenchymal stem cell (hpMSC)-derived exosomes have demonstrated the ability 

to prevent fibrosis, inhibit collagen production and possess immunomodulatory properties 

in autoimmune liver disease. Here, we prepared hpMSC-derived exosomes (ExoMSC ) and 

further investigated the anti-fibrotic effects and detailed mechanism on PSC based on 

Mdr2−/− mice and multicellular organoids established from PSC patients. The results 

showed that ExoMSC ameliorated liver fibrosis in Mdr2−/− mice with significant collagen 

reduction in the preductal area where Th17 differentiation was inhibited as demonstrated 

by RNAseq analysis, and the percentage of CD4+ IL-17A+ T cells was reduced both in 

ExoMSC -treated Mdr2−/− mice (Mdr2−/−-Exo) in vivo and ExoMSC -treated Th17 differentiation 

progressed in vitro. Furthermore, ExoMSC improved the hypersecretory phenotype and 

intercellular interactions in the hepatic Th17 microenvironment by regulating PERK/CHOP 

signaling as supported by multicellular organoids. Thus, our data demonstrate the anti- 

fibrosis effect of ExoMSC in PSC disease by inhibiting Th17 differentiation, and ameliorating 

the Th17-induced microenvironment, indicating the promising potential therapeutic role of 

ExoMSC in liver fibrosis of PSC or Th17-related diseases. 
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. Introduction 

rimary sclerosing cholangitis (PSC) refers to 
holangiopathies characterized by progressive fibro- 
bliteration of the intra- and/or extra-hepatic bile ducts,
ssociated with chronic inflammation of the biliary 
pithelium and periductal “onion-skinning-like” fibrosis [1–3] .
s an autoimmune cholestatic liver disease, cholangiocytes 

n PSC patients are likely targeted by T cell-driven immune 
ttack, leading to cholestasis, ductopenia, and, finally, end- 
tage liver disease [ 4 ,5 ]. Genetic and environmental factors 
uch as microbiological effects combined with dysregulated 

daptive and innate immune responses also contribute to the 
rogression of PSC [ 4 ,6–8 ], but the detailed pathophysiology 
echanisms remain unknown [5] . There are no curative 

reatments yet, and liver transplantation is needed for 
nd-stage patients [ 9 ,10 ]. 

Research on PSC is moving slowly and is limited by the 
ifficulty in accessing the cholangiocytes, the instability of 

n vitro culture systems, and the reliance on samples from 

he end-stage disease [10] . Therefore, alternative research 

odels are required for further study. Mouse models, such 

s disruption of the tight junctions of cholangiocytes [ 3 ,11 ,12 ] 
r failure of biliary phospholipid secretion [13] , have been 

stablished. Multidrug resistance gene 2 knockout (Mdr2−/−

r Abcb4−/−) mice is a genetic model that resembles PSC 

n patients who lack the canalicular phospholipid flippase,
eading to a potential increase in toxic bile acid and causing 
epatocyte damage and cholangiopathy [ 11 ,14 ,15 ], followed 

y the development of peri-cholangitis and onion skin-type 
eriductal fibrosis, resembling the pathological features of 
SC [ 16 ,17 ]. 

Moreover, cultures of hepatic cells, such as biliary epithelial 
ells with stimulators to mimic pathogenic bile duct cells,
re regarded as in vitro classical research models. However,
lassic two-dimensional monolayer cell cultures do not 
esemble the interaction and communications between 

ells. Organoids, a new three-dimensional (3D) cell culture 
ystem, have been developed in recent years, the cells of 
hich recapitulate the native physiology of original tissue- 
erived cells [18] , such as bile duct cells, and resemble the 
ellular interaction, microenvironment, cellular function, and 

rchitecture of hepatic cells in vivo [18–20] , holding greater 
otential to become experimental models for liver diseases 

5] . Furthermore, with the explosive development, organoids 
ontaining multiple cell types, which we herein call composite 
rganoids or multicellular organoids, have been developed 

nd applied in preclinical disease modeling [ 21 ,22 ], tumor 
icroenvironment researching [23] , drug screening [24] , and 

tudies of pathogenic mechanisms [ 25 ,26 ]. However, organoids 
eveloped from liver-derived stem cells have limitations, as 
hey contain either cholangiocytes or hepatocytes, unlike the 
omposite organoids including multiple cell types produced 

rom other organs, such as lungs and intestines. Here, we 
nnovatively developed multicellular-organoids formed by 
D co-culture of hepatocytes or hepatic stellate cells with 

holangiocytes to mimic the intrahepatic microenvironment 
f PSC. 
In PSC livers, although the main cholangiopathies are bile 
uct disorders, impairment of the bile epithelium as initiated 

y functional changes (cellular senescence and genetic 
utations) or by biliary insults (bile acid toxicity, microbial 

actors, and inflammatory mediators) remains unclear [10] .
ontinuous inflammatory insults on cholangiocytes result in 

 reactive inflammatory phenotype of cholangiocytes: highly 
ecreting proinflammatory and profibrotic chemokines or 
ytokines, the hypersecretory phenotype tightly connected 

o the ductular reaction and liver fibrosis [27–30] . Shreds of 
vidence show that the chemokines/cytokines secreted by 
holangiocytes, especially chemokine (C–C motif) ligand 20 
CCL20), can attract T helper 17 (Th17) lymphocytes to damage 
ile ducts in liver diseases [31] . But few treatments were found
o regulate cytokines secretion or differentiation of Th17 
 32 ,33 ]. Nevertheless, the secretion of interleukin-17A (IL-17A) 
rom Th17 cells directly activates hepatic stellate cells (HSCs) 
 34 ,35 ], and the levels of circulating IL-17A are associated with
he development of mice liver fibrosis [34] . Moreover, IL-17A 

ignaling, found in recent experimental clinical observations,
s related to the fibrogenesis of the lungs, skin, and livers 
 36 ,37 ]. On the other hand, incubation of cholangiocytes with 

L-17A leads to an immune-reactive phenotype with the high 

ecretion of proinflammatory mediators, including CCL20 
10] , which indicates a positive feedback pathway between 

holangiocytes and Th17 cells. 
However, during the progression of liver fibrosis,

holangiocytes themselves do not express collagen type- 
 (Col1) [13] ; other hepatic cells, including HSCs, hepatocytes,
nd macrophages, are involved in the pathophysiology of 
nflammatory responses and fibro-genic activities [ 5 ,38 ].
s one of the three major collagen type-I-producing 
yofibroblast original cells (HSC, portal fibroblast, and 

brocyte) [39–42] , HSCs show a tight connection with 

holangiocytes [43] . Researchers have verified that signals 
ecreted by cholangiocytes cause paracrine responses 
n HSCs, which leads to liver fibrosis during injury 
 30 ,38 ]. For instance, transforming growth factor β1(TGF- 
1) stimulation changed quiescent HSCs (qHSCs) into 

ol1+ aSMA+ myofibroblasts (aHSCs) [39] , which is critical 
or alpha-smooth muscle actin ( α-SMA) expression and 

xtracellular matrix protein (mostly Col1) accumulation [44] .
n addition, the trans-differentiation between hepatocytes 
nd cholangiocytes during biliary damage/severe hepatocyte 
oss also indicates the importance of the crosstalk between 

holangiocytes and hepatocytes [45] . 
Human mesenchymal stem cells (MSCs) possess 

mmunomodulatory properties, such as inhibition of the 
roliferation of T cells through the programmed death-1 

PD-1) pathway [46–48] , influencing the release of Th17 
ytokines (IL-17A and IL-22) [49] . They also have the capacity 
o inhibit cytokine production [50] , which indicates their 
otential in therapy for liver fibrosis dominated by bile duct 
athology. As the endosomal origin of MSCs with a diameter 
ize ranging from 40 to 160 nm [51] , exosomes not only 
ave the advantages of being cell-free, noninvasive, less 

mmunogenic, and nontoxic [52] , but more importantly, they 
re well tolerated during repeated injections in patients [53] .
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Researchers recently found that MSC-derived exosomes can
repair liver function [54] and ameliorate liver fibrosis [55] by
inhibiting collagen production [56–58] and repairing the
hepatic fibrosis and inflammatory markers of autoimmune
liver disease [59] . Furthermore, mediating the micro-molecule
transfer to HSCs and regulating the collagen maturation
gene expression [ 60 ,61 ] helps to alleviate hepatic fibrosis
[62] . In addition, our previous researches demonstrated
the anti-senescence effect of human placental MSCs
(hpMSCs) or hpMSCs derived exosomes (ExoMSC ) towards
senescent cholangiocytes (cholangiocytes organoids), one
of the typical pathological features of PSC, reducing the
senescent-associated-type (SASP) components (IL-6, CCL2,
CXCL1, etc.) and cell cycle arrest proteins (p21 and p16)
[ 63 ,64 ]. 

Some studies have demonstrated the therapy of MSCs on
liver fibrosis-related diseases and the mechanisms involved
[ 65 ,66 ], but the role of the paracrine effect of MSCs on the
hepatic portal microenvironment in PSC disease has not been
investigated before. Here, we used the Mdr2−/− mice as in
vivo model and PSC patient-derived organoids combined with
liver parenchymal cells to construct composite organoids as
in vitro models to explore the more detailed mechanism of
ExoMSC on PSC. 

2. Materials and methods 

2.1. Materials 

2.1.1. Protein-producing cells and animals 
Stably transfected 293T cells producing Rspon1-Fc fusion
protein for culturing organoids was obtained as a gift
from Professor Enkui Duan at the Chinese Academy of
Sciences. FVB.Mdr2+ / + (Wild type, WT) and FVB.Mdr2−/− mice
were obtained from The Jackson Laboratory (Bar Harbor,
Maine, USA). The mice were bred and maintained under
specific pathogen-free conditions at the Ziyuan Animal
Base (Hangzhou, China) and subjected to experiments at
the animal center of The First Affiliated Hospital, Zhejiang
University School of Medicine. Male mice were used in
the experiments presented. All animal experiments were
approved by the Animal Experimental Ethical Inspection of
the hospital (reference No. 2020-1088). 

2.1.2. Cell lines and maintenance 
Human HSCs (LX2) and human hepatocytes (LO2)
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco, US) [high glucose, with GlutaMAX and
pyruvate, 10% fetal bovine serum (FBS, Gibco), and 1%
penicillin/streptomycin (Corning, US)]. LX2 cell line was
obtained from Shanghai Biotechnology Company (Shanghai,
China), while LO2 cell line was provided by our laboratory.
Human liver tissue, peripheral blood mononuclear cells
(PBMCs), and placenta were obtained from donors at the First
Affiliated Hospital, Zhejiang University School of Medicine. All
protocols for human tissue and cell handling were approved
by the Clinical Research Ethics Committee of the hospital
(reference No. 2013–272, 2021–158). 
2.2. Intrahepatic cholangiocytes isolation and culture of 
organoids 

Biliary epithelial cells were isolated in our laboratory
according to established protocols [67] . Briefly, the liver tissue
(0.5–1.0 mm3 ) was washed with washing medium (DMEM
containing GlutaMAX and pyruvate with 1% FBS, 1% penicillin,
and streptomycin), and then digested in 4–5 ml pre-warmed
37 °C digestion medium [DMEM containing 0.1 mg/ml DNase
I (Sigma-Aldrich, USA), 2.5 mg/ml of collagenase D (Roche,
Switzerland), and Dispase II (Life Technologies, USA)] shaking
for 0.5–1.5 h. After washing and centrifugation, the cell
precipitate was collected. 

Cholangiocytes (8 × 104 ) were resuspended in 50 μl
Matrigel (Corning, USA) per well (24-well plates) (Corning)
and covered with 500 μl expansion medium (Ad DMEM/F-12
(Gibco, USA) supplemented with 1:50 B27 supplement (Life
Technologies, USA), 1:100 N2 supplement (Life Technologies,
USA), 1 mM N-acetylcysteine (Sigma-Aldrich, USA), 5% (v/v)
Rspon1-conditioned medium, 10 mM nicotinamide (Sigma-
Aldrich, USA), 10 nM (Leu15)-gastrin I (Sigma-Aldrich, USA),
50 ng/ml of epidermal growth factor (EGF, Life Technologies,
US), 100 ng/ml of fibroblast growth factor 10 (FGF10, PeproTech,
USA), 25 ng/ml of hepatocyte growth factor (HGF, PeproTech,
USA), 10 μM of forskolin (Tocris Bioscience, UK), and 5
Mm A83–01(Tocris Bioscience, UK) after the solidification
of Matrigel. The expansion medium was changed every 2-
3 d. The passaging procedure was performed after 7–14 d
of culture. Detailed procedures of the cryopreservation and
recovery were described elsewhere [ 63 ,67 ]. 

2.3. Organoid modeling and exosome administration 

After the organoids (Passage1–5) were stably cultured for 2
d, 100 ng/ml of IL-17A (PeproTech, USA) was added to the
expansion medium as suggested previously [68] . Meanwhile,
10 ng/ml ExoMSC was used to verify the function in the
microenvironment produced by IL-17A. Cultures and cultural
supernatant were collected and analyzed after 3 d of
treatment, respectively. The procedure for acquiring ExoMSC 

has been provided in the supplementary material. 

2.4. Trans-well culture of organoids and 

HSCs/hepatocytes 

Cholangiocytes (5 × 104 ) digested from cholangiocyte-
organoids (Orgs) were seeded in 30 μl of Matrigel in the
upper chamber and cultured with 300 μl expansion medium;
simultaneously, 1 × 105 HSCs or hepatocytes were seeded
in the 24-well plate and cultured with DMEM (containing
10% FBS and 1% penicillin/streptomycin). After culturing
individually for 1 d, the medium in the upper chamber was
replaced with fresh expansion medium, and the medium
of the hepatocytes or HSCs was replaced with 200 μl fresh
DMEM medium (without FBS), and the upper chamber was
inserted into the hepatocytes- or HSCs-containing well. Then
100 ng/ml IL-17A and 10 ng/ml ExoMSC were added accordingly.
After 3 d, the cultures in the upper and lower chambers were
collected and analyzed. 
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.5. Establishment of the HSC-Orgs/hepatocyte-Orgs 
o-culture 3D model 

he Orgs were digested, and single cholangiocytes 
ere prepared as described before [67] . Single cells of 
SCs/hepatocytes were prepared by resuspending them in 

MEM (without FBS). Next, cholangiocytes at 5 × 104 cells per 
ell and HSCs/hepatocytes at 8 × 104 cells per well (24-well 
lates) were mixed and subsequently centrifuged at 350 g 
nd 4 °C for 5 min to remove the supernatant. The pellets 
ere collected and embedded in Matrigel with an appropriate 

olume of 50 μl per well in 24-well plates. After the Matrigel 
olidified, the mixtures were covered with 500 μl expansion 

edium, which was subsequently replaced every 2 to 3 d. 
To establish the IL-17A-induced 3D co-culture model,

e replaced the expansion medium with fresh expansion 

edium containing 100 ng/ml IL-17A after 2 d of co-culture,
ogether with 10 ng/ml ExoMSC as appropriate. Subsequently,
e conducted analyses using immunofluorescence (IF) 

taining and immunohistochemical (IHC) staining analyses 
fter an additional 3 d of cultivation. The morphology was 
ecorded through light microscopy. 

.6. Membrane staining with PKH67 

he PKH67 Green Fluorescent Cell Linker Kit (Sigma-Aldrich,
SA) was used following the manufacturer’s instructions. 

Staining of Orgs: A suitable quantity of Orgs (5–7 d) was 
ollected and digested into single cells using TrypLE solution 

Gibco, USA), as described previously [67] . The cells were 
ashed once with PBS 1 × and resuspended in 1 ml Diluent 
 to prepare a 2 × cell suspension. Then, the 2 × dye 
olution (4 × 10−6 M) was prepared by adding 1 ml diluent 
 to 4 μl PKH67. Next, the 2 × cell suspension was rapidly 
ixed with the 2 × dye solution and allowed to settle for 1–

 min with several overblows; the staining was stopped by 
dding 1 ml FBS or 1% (w/v) bovine serum albumin (BSA) 
olution and incubated for 1 min. After centrifugation and 

hree times washing, cells were re-embedded into Matrigel for 
rgs culture as described before. 

Staining of ExoMSC : The extracted exosomes were added 

o 1 ml of Diluent C, mixed with the prepared 2 × dye 
olution, and incubated in the dark for 4 min. After stopping 
he incubation, ExoMSC were washed once with PBS 1 × and 

ltracentrifuged at 110,000 × g 4 °C for 1 h. Finally, the PKH67- 
abelled exosomes were collected and resuspended with an 

ppropriate volume of PBS 1 × . 

.7. Immunostaining analysis 

rganoids were completely harvested using Cell Recovery 
olution (Corning, USA). (1) IHC staining: organoids were 
ashed once with PBS 1 ×, dehydrated in 70% ethanol (Sango 
iotech, China), and stained in 0.5% eosin (Sango Biotech,
hina; dissolved in 96% ethanol) for 30 min. After rehydration 

n 100% ethanol, the organoids were embedded in paraffin.
he subsequent procedures were the same as the normal IHC 

teps. The data were analyzed using ImageJ ( https://imagej. 
et/Download ) (2) IF staining: after fixation with 4% (w/v) 
araformaldehyde (Absin, China) at 4 °C, the organoids were 
ashed in 0.1% (v/v) Tween-PBS (Sango Biotech, China) and 

locked with TritonX-100-BSA solution. Primary antibodies 
ere used to incubate the organoids in 24-well plates at 
 °C overnight. After one wash, the organoids were incubated 

ith corresponding secondary antibodies, before finally being 
ransferred to slides with coverslips and observed under laser 
canning confocal fluorescence microscopy (LSCFM) (Leica,
V3000). The detailed procedures were described previously 
 63 ,67 ]. 

Immunostaining of mouse liver tissue slides for markers,
ncluding cytokeratin 19 (CK19/Krt19), albumin (Alb), α-SMA,
nd IL-17A, was performed using a Novo-Light Multiplex 
luorescence Immunohistochemical Kit (WiSee Bio, China).
he complete list of immunostaining antibodies used can be 

ound in Table S1. 

.8. Statistical analyses and reproducibility 

he data are presented as the mean ± SD and represent a 
inimum of three independent experiments. The FVB male 
ice (Mdr2−/−/Mdr2+ / + ) were randomly assigned to groups.

tatistical significance for each experiment was determined 

s shown in the figure legends. Statistical analyses were 
erformed in GraphPad Prism 8.0.1 (GraphPad Software Inc.,
a Jolla, USA), and statistical significance was evaluated with 

wo-tailed unpaired Student’s t -tests or one-way ANOVAs 
ccordingly. The data were assigned as not significant (ns); ∗P 
 0.05 ; ∗∗P < 0.01 ; ∗∗∗P < 0.001 . All images are representative 
f at least three independent experiments. 

. Results and discussion 

.1. Mdr2−/− mouse-based tracking of PSC hepatic 
brosis progression 

o reveal the progress of fibrosis and degree of liver 
unction impairment during disease progression before 
xoMSC injection, 7- to 13-week-old Mdr2−/− mice and WT 

Mdr2+ / + ) mice were sacrificed, and their livers were collected 

or further analysis. Meanwhile, serum was obtained to 
erify the levels of alanine aminotransferase (ALT), aspartate 
minotransferase (AST), and alkaline phosphatase (ALP). The 
esults showed that liver fibrosis became more severe with 

ncreasing weeks of Mdr2−/− mice (Fig. S1A), and onion 

kin-like pathology in the hepatic confluence area presented 

fter eight or nine weeks of age, as well as measured by 
asson staining (Fig. S1B) and Sirius Red staining (Fig. S1C),
hile collagenous fibers were stained blue in Masson and 

ed in Sirius Red staining. In addition, ALT, AST and ALP 
evels showed a rising trend with age (Fig. S1D), indicating 
rogressively severe damage of liver function. 

.2. hpMSC-derived exosomes alleviated liver fibrosis in 

dr2−/− mouse 

o verify the hypothesis that ExoMSC may exert therapeutic 
ffects on Mdr2−/− mice, the exosomes were isolated 

https://imagej.net/Download
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from the supernatant of hpMSCs by ultrahigh-speed
centrifugation, and the integrity of the vesicles was
confirmed by transmission electron microscopy (TEM)
(Fig. S2A). Then, the mean main peak of three exosome
samples was determined to be 116.97 nm (percentage of main
peaks all > 95%) via nanoparticle tracking analysis (NTA),
and the average concentration of ExoMSC was 1.47 × 1010 

particles/ml for every 200 ml hpMSC-supernatant (Fig. S2B).
The conventional exosome markers CD9, CD63, and Hsp70
were confirmed through western blot (WB) analysis (Fig. S2C).
After this, eight-week-old Mdr2−/− mice were injected with
10.29 ± 2.81 μg (100 μl of ∼6.75 × 108 particles/ml) of ExoMSC or
vehicle (100 μl PBS), as depicted in Fig. 1 A. At weekly intervals,
3–5 mice were sacrificed to collect liver tissue, and their blood
was collected via the inferior vena cava in blood collection
tubes containing procoagulant, centrifuged at 2500 rpm for
15 min at room temperature, and serum collected and frozen
at −80 °C for further analysis. 

After Mdr2−/− mice received one injection of ExoMSC 

(Mdr2−/−-Exo), serum levels of ALT, AST, and ALP tended
to increase, and then began to decrease gradually after
the second injection. One week after the third injection,
the serological indicators above decreased to a level like
that of the Mdr2−/− mice, and one week after the fourth
injection, all the above indexes were below that of Mdr2−/−

mice, suggesting that ExoMSC might cause a drastic response
in a damaged liver during the pre-treatment period, but
had no effect on normal livers (Mdr2+ / + -Exo). After four
weeks of treatment, the serum levels of ALT, AST, and ALP
decreased relative to Mdr2−/− mice group ( Fig. 1 B). Therefore,
the 12-week time point was chosen as the endpoint of
ExoMSC therapy. Hence, α-SMA ( Fig. 1 C, D) and Sirius Red
staining ( Fig. 1 E, F) were performed and quantified on 12-
week-old mice, and the results proved that the α-SMA
and collagen levels were reduced significantly by ExoMSC 

treatment. Furthermore, Desmin (an active marker of HSCs)
and glial fibrillary acidic protein (GFAP, an early activation
marker of HSCs) exhibited reduced expression in the portal
area of ExoMSC -treated Mdr2−/− mouse liver, as shown in
Fig. 1 G- 1 J. Moreover, the highly expressed level of the fibrosis-
relevant genes ( Tnf- α, Tgf- β1 , Tgf- β2 , Acta2 , Col3a1 and Cola1 )
in Mdr2−/− mice were down-regulated significantly by ExoMSC 

therapy, especially Tnf- α, Tgf- β1 , Tgf- β2 and Acta2 ( Fig. 1 K),
indicating the anti-fibrotic effect of ExoMSC . 

3.3. ExoMSC treatment influenced the differentiation of 
Th17 in vivo 

To further clarify the mechanism by which ExoMSC exerts the
therapeutic effect, the liver RNA of Mdr2+ / + mice, Mdr2−/−

mice, and ExoMSC -treated Mdr2−/− mice (Mdr2−/−-Exo) were
collected for RNA-Seq analyses. Differentially expressed gene
data ( Fig. 2 A) showed the up- and downregulated gene
numbers in comparison to the different groups. A total of 1172
genes were upregulated, while 315 genes were downregulated
when comparing WT and Mdr2−/− mice. ExoMSC might play
a role in downregulating genes from a general perspective,
in which 74 genes were downregulated when comparing
Mdr2−/− and Mdr2−/−-Exo mice. One intriguing observation
from the gene set enrichment analysis (GSEA) results ( Fig. 2 B)
was that functional differential gene expression of Th17 cell
differentiation was down-regulated by ExoMSC (NES -1.5823,
false discovery rate 0.1236). 

Further, Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis of the gene set in Th17 cell differentiation
(enrichment plot: KO04659) showed that these genes were
also associated with pathways such as Th1 and Th2 cell
differentiation, inflammatory bowel disease (IBD) genes, and
programmed cell death ligand 1 (PD-L1) expression and
the PD-1 checkpoint pathway in cancer ( Fig. 2 C). To verify
whether Th17 in mouse livers was affected by ExoMSC , the
cell distribution and proportion of Th17 in the livers of the
mice were analyzed via IHC staining and flow cytometry.
We found that IL-17A staining of positive cells was mostly
located near the hepatic confluent areas, and the livers
of Mdr2−/− mice had significantly more IL-17A staining
of positive cells than WT mice (Mdr2+ / + ) ( Fig. 2 D), which
is consistent with the typical intrahepatic IL-17A+ T cell
percentage data from the liver of PSC patient, as shown in Fig.
S3, but reduced significantly in ExoMSC -treated mice, as proven
by flow cytometry (Mdr2−/− vs. Mdr2−/−-Exo, P = 0.028) ( Fig. 2 E,
F). Furthermore, the Il-17a gene expression of liver-infiltrating
immune cells (WT vs. Mdr2−/−, P = 0.007; Mdr2−/− vs. Mdr2−/−-
Exo, P = 0.0264) was also significantly decreased ( Fig. 2 G),
implying a significant reduction in the cell percentages and
gene expression content of Th17 in Mdr2−/- livers after
exosome treatment, which might be due to the inhibition of
Th17 differentiation by ExoMSC . 

3.4. ExoMSC could inhibit Th17 differentiation in vitro 

To further clarify the precise impact of exosomes on Th17,
naïv e CD4+ T cells were collected from PBMCs of healthy
donors by magnetic sorting, and then raised in Th17
differentiation medium for 13 d. Exosomes in different
concentrations were added at 3-d intervals. Consequently,
flow cytometry showed that percentages of CD4+ IL-17A+ T
cells were significantly reduced by exosomes treatment
( Fig. 3 A, B), but the exosome concentration between
2 ∼15 ng/ml showed no obvious difference in the IL-17A
expression. During culture, the exosomes were engulfed
intracellularly by T cells ( Fig. 3 C), and after 13 d, gene
expression and cytokine level of IL-17A in Th17 cultures were
significantly reduced by ExoMSC treatment ( Fig. 3 D, E). These
results suggest that ExoMSC play a role in inhibiting Th17
differentiation and reducing IL-17A expression. 

3.5. ExoMSC moderated Th17-induced fibrosis-associated 

microenvironment in PSC 

The evidence indicates that ExoMSC reduced the hepatic
fibrosis of Mdr2−/− mice and inhibited the differentiation of
Th17 cells; however, whether Th17 is associated with hepatic
fibrosis has not yet been clarified. Considering the lack of
secretion of the collagen of cholangiocytes during hepatic
fibrosis and the tight connection of cholangiocytes between
HSCs and hepatocytes, we aimed to investigate the more
elaborate microenvironment changes involved in PSC livers. 

First, to construct a model that more closely replicates
the in vivo liver environment, we established 3D Orgs
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Fig. 1 – ExoMSC alleviated liver fibrosis in Mdr2−/− mice. (A) Pattern-plot of the duration of ExoMSC treatment in Mdr2−/− mice. 
Mdr2+ / + (WT) mice, as the control group, were injected with counterpart PBS. (B) Mouse serum ALT, AST, and ALP levels 
after treatment. Mdr2−/− mice and Mdr2+ / + mice treated with ExoMSC as Mdr2−/−-Exo and Mdr2+ / + -Exo, respectively ( n = 3, 
mean ± SD). (C) IF assay of α-SMA (Red) from 12-week-old mice liver slides. (scale bar = 50 μm). (D) Semiquantitative 
analysis of α-SMA fluorescence staining results using ImageJ. Thirteen fields were randomly selected . (E) Semi-quantitative 
analysis of Sirius Red staining using ImageJ. A total of 10 ∼15 views were randomly selected. (F) Sirius Red staining of 
12-week-old mice (scale bar = 500 μm). (G) IHC taining of Desmin from 12-week-old mice liver (scale bar = 250 μm or 
50 μm). (H) A total of 11 fields of Desmin IHC staining results were randomly selected and analyzed by ImageJ-Pro Plus. (I) 
Representative picture of GFAP IHC staining results (scale bar = 250 μm or 50 μm). (J) Ten fields of GFAP IHC staining were 
randomly selected and analyzed by ImageJ-Pro Plus. (K) Fold change in mRNA expression of the hepatic fibrosis-related 

genes in 12-week-old mice ( n = 6, mean ± SD). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. 
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Fig. 2 – ExoMSC treatment delayed Th17 differentiation in vivo. (A) Mouse liver RNA-seq data of the differentially expressed 

genes of Mdr2+ / + mice, Mdr2−/− mice, and Mdr2−/−-Exo mice. (B) GSEA results of Th17 cell differentiation. (C) KEGG analysis 
of the genes clustered in Th17 cell differentiation enrichment plot. Top 10 pathways were listed. (D) IL-17A IHC staining 
analysis of the mouse liver tissue sections. (scale bar = 50 μm (left column), scale bar = 25 μm (right column)). (E) Flow 

cytometry analysis of the intrahepatic immune cells in mouse liver. IL-17A+ CD4+ T cells were gated. (F) The percentages of 
IL-17A+ CD4+ T were counted and analyzed by FlowJo V10 ( n = 4–5, mean ± SD,). (G) Fold change in mRNA expression of 
Il-17a gene expression by mouse intrahepatic immune cells ( n = 8–10, mean ± SD). 

 

 

 

 

 

 

 

 

 

 

 

 

from intrahepatic bile duct cells of PSC patients; the
operation flow is shown in Fig. 4 A. Additionally, the Orgs
were identified as a 3D spherical structure composed of
Krt19 expression cholangiocytes with functional transporting
activities (Rhodamine 123, red), possessing normal cell
cycle states such as proliferation (Ki67, red), senescence
(P21Cip1/Waf1 , green), and apoptosis (Caspase-9/Cas-9, red)
( Fig. 4 B). To confirm the effect of IL-17A secreted by Th17
on Orgs, 100 ng/ml of IL-17A with or without exosomes was
added to the expansion medium of Orgs, with the expansion
medium alone as control group (Ctrl). The results show
supernatant containing higher levels of the cytokines of C-X-
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Fig. 3 – ExoMSC inhibited Th17 differentiation in vitro. (A) Concentrations of 0, 2, 5, 10, and 15 ng/ml of ExoMSC were added to 

the differentiation medium at 3-d intervals. IL-17A+ CD4+ T cells were assessed by flow cytometry, and (B) analyzed by 

FlowJo V10 ( n = 7). (C) PKH-67-stained ExoMSC (green) were internalized into Th17 cells during differentiation (scale 
bar = 20 μm). D. 2 ng/ml ExoMSC were added at 3-d intervals during Th17 differentiation, and IL-17A gene levels of Th17 cells 
( n = 4, unpaired t -test) and (E) IL-17A cytokine levels in the supernatant were determined by ELISA at Day 13 ( n = 3, 
unpaired t -test). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001). 
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 motif chemokine ligand 10 (CXCL10) and IL-6, as stimulated 

y IL-17A after 48 h. However, their expression was reduced 

ue to the presence of exosomes ( Fig. 4 C). 
To verify the hypothesis that Th17 is associated with 

iver fibrosis, as the main collagen fiber-producing cells in 

iver fibrosis, the human HSC cell line LX2 was used and 

ultured along with the simulation of 50 ng/ml of IL-17A.
esults show that collagen type I alpha 1 ( COL1A1 ) and collagen 

ype III α1 ( COL3A1 ) expression was elevated by IL-17A and 

ignificantly downregulated by the addition of ExoMSC ( Fig. 4 D),
ndicating that fibrosis-related genes are highly related to IL- 
7A secreted by Th17. Furthermore, the chemotaxis assay 
hows that the supernatant of IL-17A and ExoMSC -treated 

SCs attracted fewer Th17 cells at 12 h compared to the 
upernatant of IL-17A-treated HSCs ( Fig. 4 E), indicating the 
ssential role of HSCs in Th17 chemotaxis. However, the 
ounterpart of hepatocytes presented a similar but milder 
endency than the HSCs ( Fig. 4 F). 

In conclusion, IL-17A secreted by Th17 could induce 
ypersecretory phenotype of cholangiocytes and upregulated 

brosis-associated genes of HSCs, which could be ameliorated 

y ExoMSC . ExoMSC also reduced Th17 chemotaxis to HSCs in 
he IL-17A-induced microenvironment. r
.6. ExoMSC regulated HSC-cholangiocyte interaction to 
oderate Th17-induced fibrosis-associated 

icroenvironment 

e then further investigated whether cholangiocytes would 

nfluence HSCs and inhibit collagen accumulation and 

hether ExoMSC would influence the interaction between 

SCs and Orgs when they are stimulated by IL-17A. The 
KH-67-stained Orgs (top chamber) and HSCs (bottom 

hamber) were cultured together in a trans-well chamber 
Orgs-H) ( Fig. 5 A). After IL-17A treatment, HSCs showed 

tronger green fluorescence signals in response to IL-17A,
ndicating enhanced secretion of PKH67-stained Orgs (green 

uorescence) towards HSCs (no fluorescence), which could be 
educed by ExoMSC ( Fig. 5 B). 

Next, the inflammatory chemokines in the culture 
upernatants and the fibrosis-related genes of HSCs 
ere collected and analyzed. When Orgs were stimulated 

lone with IL-17A, the concentration of CXCL10 (mean 

oncentration, Orgs_IL-17A vs. Orgs_Ctrl: 74.6 pg/ml vs. 63.02 
g/ml) ( Fig. 4 C), IL-6 (413.7 pg/ml vs. 94.52 pg/ml) and CCL20

1377 pg/ml vs. 103.8 pg/ml) ( Fig. 5 C) increased significantly 
elative to the Ctrl group. When the HSCs and Orgs were 
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Fig. 4 – ExoMSC moderated the microenvironment associated with Th17-induced fibrosis. (A) Pattern diagram of PSC 

patient-derived intrahepatic cholangiocytes cultured into Orgs. (B) Identification and functional determination of Orgs by IF 
analysis. Bile duct marker: Krt19 (red); functional transport activities staining: Rhodamine 123 (red); cell cycle functional 
proteins: proliferation (Ki67, red), senescence (P21, green), and apoptosis (Cas-9, red). (C) The concentration of CXCL10 and 

IL-6 in the cultural supernatant of Orgs treated with 100 ng/ml of IL-17A with/without 10 ng/ml of ExoMSC 

(Orgs_IL-17A(Exo)/Orgs_IL-17A) for 48 h. ( D) HSCs cultured with 50 ng/ml of IL-17A with/without 5 ng/ml of ExoMSC 

(HSC_IL-17A / HSC_IL-17A_(Exo)) for 12 h, with medium only as Ctrl (HSC_Ctrl). The gene expression levels of COL1A1 and 

COL3A1 were determined by qRT-PCR. (E) Cell numbers (/ml) of Th17 (upper chamber) migrating into the supernatant of 
IL-17A (and ExoMSC ) treated HSCs (lower chamber). Th17 cells were counted after 6 h and 12 h. (F) Results of chemotaxis of 
Th17 response to hepatocyte medium under the same conditions as HSCs. Above all n = 3–4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

cultured together in a trans-well (Orgs-H), the paracrine
interaction between them promoted a further increase in
the expression of inflammatory chemokines such as IL-6
(mean concentration: Orgs_IL-17A vs. Orgs-H_IL-17A: 413.7
pg/ml vs. 8916 pg/ml), IL-1 β (0.6825 pg/ml vs. 4.113 pg/ml)
and CCL20 (1377 pg/ml vs. 2090 pg/ml) ( Fig. 5 C). However, the
treatment of ExoMSC resulted in a meaningful decrease in the
cytokines described above (IL-6, IL-1 β, and CCL20), especially
the relatively downregulated level of IL-6 ( P < 0.01 ) in the Orgs
supernatant and CCL20 ( P < 0.01 ) in the Orgs-H supernatant.
The reduction of CCL20 suggests that ExoMSC attenuated
Th17 chemotaxis in the IL-17A-stimulated microenvironment
of Orgs-H. Moreover, the expression of COL3A1 ( P < 0.05 ),
COL1A1 , and vascular cell adhesion molecule 1 ( VCAM1 ) showed
an increasing trend of fibrosis of Orgs-H induced by IL-17A,
and was relatively decreased by ExoMSC . In addition, with
IL-17A induction, COL3A1 expression in HSCs of Orgs-H
demonstrated higher compared to HSCs cultured alone
( Fig. 4 D and 5 D). 
The above results proved that paracrine interaction
between HSCs and cholangiocytes enhanced the
hypersecretory phenotype of cholangiocytes and the
expression of fibrosis-associated genes of HSCs under IL-17A
induction, and ExoMSC could improve this microenvironment.

3.7. ExoMSC exerted therapeutic effects through the 
PERK/CHOP pathway and influenced Th17 differentiation via 

I κB ζ regulation 

RNAseq analysis of the livers revealed the differential genes
between Mdr2−/− mice and Mdr2−/−-Exo mice ( Fig. 6 A),
which were rich in protein processing in the endoplasmic
reticulum, P53 signaling pathway, FoxO signaling pathway,
tyrosine kinase inhibitor resistance (EGFR), apoptosis, etc., via
KEGG pathway enrichment analysis ( Fig. 6 B). The relevant
differential genes of the top 5 signal pathways are listed at
Fig. 6 C, indicating the downregulating effect of ExoMSC in
Mdr2−/− mice. The expression of differential genes ( Fig. 6 D)
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Fig. 5 – ExoMSC attenuated Th17-induced fibrosis by regulating the HSC-cholangiocyte microenvironment. (A) Trans-well 
culture model of Orgs (top) and HSC (bottom) (Orgs-H). (B) Trans-well culture of PKH67-stained Orgs (top) and HSCs (bottom) 
for 48 h, and the secretory vesicle of Orgs endocytosing into HSCs was observed in green fluoresce. First row: HSCs captured 

under a light microscope (scale bar = 50 μm); second row: HSCs observed under an IF microscope (scale bar = 50 μm). (C) 
The culture supernatant of Orgs-H was analyzed for the levels of cytokines/chemokines such as IL-6, IL-1 β, and CCL20 
( n = 3–4). (D) Genes of HSCs were harvested after a trans-well culture of HSCs and Orgs (Orgs-H) for 48 h, and the expression 

levels of COL3A1, COL1A1 , and VCAM1 were analyzed by qRT-PCR ( n = 3). P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001). 
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nd protein markers ( Fig. 6 E) were then verified through real- 
ime reverse transcription-polymerase chain reaction (RT- 
CR) and WB analyses. Apoptosis-related genes, such as 
cl-xl, Ask1, Bim, and Timp, were higher in Mdr2−/− mice 
nd reduced significantly by ExoMSC . However, the protein 

arker verification results matched better with the protein 

rocessing endoplasmic reticulum pathway (protein kinase 
-like endoplasmic reticulum kinase (PERK), transcription 

actor 4 (ATF4), and apoptosis-promoting transcription factor 
/EBP homologous protein (CHOP), etc.), the former phase 
f apoptosis pathway, as validated by WB ( Fig. 6 E) that the 
xpression of PERK, CHOP, and ATF4 (upper ladder) were 
learly reduced in the exosome-treated groups. 

What’s more, the phosphorylation of eukaryotic initiation 

actor-2 α (p-eIF2 α) was found down-regulated in livers 
 Fig. 6 E). Previous research provides the relationship of p-eIF2 α
nd the protein expression of I κB ζ in Th17 differentiation,
herefore, we were curious about whether the downregulation 

ffect of p-eIF2 α would influence the Th17 differentiation- 
elated essential transfer factors I κB ζ [69] . As shown in 

ig. 6 F, we found that p-eIF2 α was downregulated in an 

xosome concentration-dependent manner during Th17 
ifferentiation, and the expression of I κB ζ was gradually 
ownregulated with increasing exosome concentration.
eanwhile, the expression of signal transducer and activator 
f transcription 3 (Stat3), another transactor closely related to 
 κB ζ , was increased in an exosome concentration-dependent 

anner, suggesting that Stat3 expression may be affected 

y ExoMSC . Together, these findings demonstrate the role of 
-eIF2 α/I κB ζ in Th17 differentiation and the important effect 
f ExoMSC on Th17 persistence. 

.8. Construction of multicellular organoid systems and 

alidation of the PERK/CHOP pathway 

ur previous work demonstrated that exosomes can 

egulate the PERK/CHOP pathway to cure Mdr2−/− mice,
ut whether this signal pathway functions in the Th17- 

nduced microenvironment remains unknown. Therefore, the 
rotein expression of PERK, CHOP, and ATF4 was examined by 
B in a trans-well model of co-culture Orgs with hepatocytes 

r HSCs, but the results presented were not as expected 

Fig. S4). This may be due to the inability of trans-well 
ell cultured systems to efficiently mimic the complex in 

ivo microenvironment, whereupon multicellular organoids 
ere established to recapitulate the cell-cell connection 

nd demonstrate the more elaborate regulation of signaling 
athways in the IL-17A-induced microenvironment. 
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Fig. 6 – ExoMSC exerted therapeutic effects through the PERK/p-Eif2 α/CHOP pathway and influenced Th17 differentiation via 
I κB ζ downregulation. (A) Mouse liver RNA-Seq results: differentiation genes between Mdr2−/− and Mdr2−/−-Exo mice 
presented in a volcano map. (B) Bar graph of the top 20 of KEGG enrichment signal pathways analyzed from the differential 
genes between Mdr2−/− mice and Mdr2−/−-Exo mice. (C) Detailed differential genes in the top 5 KEGG pathways listed as a 
heat map. (D) Typical differential genes were verified by qRT-PCR ( n = 3–4, mean ± SD). (E) Mouse liver proteins were 
extracted and detected; the expression of the pathway markers was verified by WB analysis. ( n = 3). (F) The protein of Th17 
cells differentiated in vitro (treated with ExoMSC ) was harvested and analyzed by WB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 A shows the procedure of the 3D co-culture pattern
of cholangiocytes and HSC/hepatocytes (HSC-orgs/Hep-orgs).
Fluorescence imaging shows that Hep-orgs are composed
of a Krt19+ cholangiocyte sphere surrounded by Alb+ 

hepatocytes ( Fig. 7 B). The hepatocyte subsets aggregated
near the Hep-orgs ( Fig. 7 B, arrow), but α-SMA+ HSCs are
seen adhering to the cholangiocyte layer from the periphery
of the Krt19+ cholangiocyte spheres ( Fig. 7 C) and insert
into the intercellular space between cholangiocytes ( Fig. 7 C,
arrow), which corresponds to the anatomical localization
of hepatocytes/HSCs and cholangiocytes in the liver tissue
( Fig. 7 D). 
Then, questions were raised as to whether these
multicellular organoid systems could simulate the in vivo
environment and serve as a better model for mechanistic
studies. IF analysis showed that the distribution of PERK was
clustered around the nucleus, whereas CHOP was presented in
the cytoplasm of Hep-orgs, but this was reversed in HSC-orgs,
which may be due to the different anatomical localization
of hepatocytes and HSCs in the 3D spheroid ( Fig. 7 E and 7 G).
To quantify the protein expression levels, IHC staining was
performed and analyzed using Image-Pro-Plus ( Fig. 7 F and
7 H). PERK was found to be upregulated after IL-17A simulation
in Hep-orgs ( P < 0.05) and HSC-orgs ( P < 0.001) compared
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Fig. 7 – Establishment of multicellular organoid systems and verification of the PERK/CHOP pathway. (A) The culture process 
of multicellular Orgs. (B) Identification of Hep-orgs. Cells cultured separately (top: Orgs, Hep) or together (bottom: Hep-orgs) 
in Matrigel. Hep-orgs: Krt19+ (red) sphere surrounded by Alb+ (green) hepatocytes (scale bar = 50 μm). Arrow: Hepatocyte 
subsets aggregated near the Hep-orgs. (C) Cholangiocytes and HSCs cultured separately (top: Orgs, HSCs) or together 
(bottom: HSC-orgs) in Matrigel (scale bar = 50 μm). α-SMA+ HSCs (red) were shown inserted into the Krt19+ (green) sphere 
(scale bar = 50 μm). IF graphs were imaged by LSCFM. (D) Mouse liver sections stained for Alb+ hepatocytes (yellow), 
Krt19+ cholangiocytes (green), α-SMA+ HSCs (pink) and IL-17A+ cells (red), with the nucleus stained blue (DAPI). (magnified 

image: scale bar = 20 μm). (E) Protein distribution and expression of PERK and CHOP in Hep-orgs (Hep-orgs PERK: purple, 
Krt19: red; Alb: green; Hep-orgs CHOP: green, Krt19: red) and IHC staining (scale bar = 50 μm). (F) A total of 7–10 views of the 
IHC staining results of PERK and CHOP were randomly selected for analysis using Image-Pro Plus. (G) Identification of PERK 

and CHOP in HSC-orgs was verified by IF (PERK/CHOP: green; Krt19: red) and IHC staining (scale bar = 50 μm). (H) A total of 
56 views of IHC staining results for PERK and 7–10 views for CHOP were randomly selected and analyzed. P < 0.05, ∗∗P < 

0.01, ∗∗∗P < 0.001). 
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to the Ctrl group, whereas it was significantly inhibited by
ExoMSC (both P < 0.01). Similarly, CHOP was more markedly
increased in Hep-orgs ( P < 0.01) under IL-17A stimulation,
whereas it was relatively reduced by ExoMSC in both Hep-orgs
( P < 0.01) and HSC-orgs ( P < 0.05). 

Collectively, these data demonstrated that (1) PERK
and CHOP are critical signaling markers as stimulated
by IL-17A, which could be downregulated by ExoMSC ; (2)
hepatocyte/HSC-cholangiocyte interaction is more important
in PERK/CHOP signaling, but the detailed mechanism needs to
be investigated; (3) multicellular organoid systems are closer
to the in vivo microenvironment and facilitate mechanistic
studies. 

3.9. Discussion 

Here, we explored the anti-fibrotic role of ExoMSC in a
PSC mouse model (Mdr2−/− mice) and organoid cultures
derived from PSC patient livers. Typical “onion-skin” type
fibrosis was alleviated by ExoMSC , and fibrosis-related
genes were downregulated in mouse and in vitro IL-17A-
induced microenvironment. MSC-derived exosomes were
confirmed to have the ability to target and migrate to the
damaged liver, as previously demonstrated [54] , and our
study provided evidence that the liver microenvironment
can also be improved by ExoMSC , as followed a reduction
in the chemotaxis of Th17 cell to the portal area combined
with decreased secretion of IL-17A; an improvement in the
hypersecretory phenotype of cholangiocytes with decreased
secretion of inflammatory chemokines; decreased expression
of fibrotic genes in HSCs; and an improvement in the
interaction between HSCs and cholangiocytes. 

The accumulation of unfolded proteins in the endoplasmic
reticulum caused the release and activation of message
proteins from the luminal stress-sensing domains (PERK)
of the unfolded protein response effectors, followed by the
phosphorylation of eIF2 α at serine-51 [70] , consequently
reducing the rate of translation initiation. Then, the
downstream effector ATF4 and CHOP were increased
upon endoplasmic reticulum stress [71] . Evidence was
obtained proving that the cholestatic liver fibrosis and
inflammatory responses induced by BDL are inhibited in
CHOP−/− mice [72] , indicating the important role of CHOP in
the endoplasmic reticulum (ER) stress-related hepatic fibrosis
of BDL mice. In ExoMSC -treated Mdr2−/− mice, we revealed
the downregulation of protein processing in the endoplasmic
reticulum pathway, as well as the downregulation of the
level of PERK by ExoMSC ; additionally, a reduction in ATF4
activation could further reduce the expression of CHOP.
To further verify the expression and distribution of these
two proteins under stimulation with IL-17A, based on the
previous culture system [67] , we established a multicellular
organoid system—HSC-orgs and Hep-orgs, compared to the
trans-well culture system, revealing the essential role of
direct cellular interaction in signaling pathway transmission.
Our multicellular organoid system overcomes the inability
of single-cell-derived organoids, instead being closer to the
multicellular microenvironmental state of the organs. 

Our research found that the p-eIF2 α expression in the liver
is down-regulated by ExoMSC , while eIF2 α remains unchanged,
implying that a relative decrease in p-eIF2 α may help to
alleviate ER stress and thus improve the cellular conditions of
the hepatic microenvironment due to the pathological state
of IL-17 stimulation. As for the relationship between eIF2 α
and the differentiation of Th17 cells, Chen et al. verified that
the downregulation of p-eIF2 α promotes the differentiation
of Th17 via I κB ζ [69] . However, though the reduction of p-
eIF2 α in Th17 differentiation progressed in our research,
the expression of I κB ζ expression remained downregulated
by exosomes, as proven by in vitro experiments. Besides,
I κB ζ was demonstrated directly binding to the regulatory
region of the IL-17 gene [73] , and IL-17A expression was
downregulated after Th17 differentiation was inhibited by
ExoMSC in our research. Therefore, we suspect that the
direct role of exosomes in Th17 differentiation is even more
pronounced for transcription factors, and primarily mediated
through the targeted inhibition of I κB ζ expression, but the
upregulation of Stat3 [34] did not have a persistent effect on
the maturation of Th17. Considering that exosomes are rich in
miRNAs, proteins, etc., exactly what regulates the expression
of I κB ζ involved in Th17 will be the subject of our further
research. 

The latest research showed that circulating naïve T cells
in patients with PSC were predisposed to be polarized
towards Th17 cells, a population of cells proven to have a
transcriptome and T cell receptor-like circulation naïve T
cells, but express genes related to tissue residency [2] . In line
with this, we also found in PSC mice (Mdr2−/− mice) that
IL-17A- expressing cells were distributed more around the
fibrotic confluent area, whose differentiation progress in the
liver could be inhibited by multiple injections of ExoMSC . In
addition, shreds of evidence showed the important role of I κB ζ

(protein or gene) inhibition in curing refractory diseases, such
as imiquimod-induced psoriasis [74] and colorectal cancer
[75] . Furthermore, as previously demonstrated, recruited
Th17 cells entering the portal tracts [76] could exacerbate
the fibrotic microenvironment through positive feedback
regulation. Given the critical role of Th17 in PSC fibrosis and
the profibrotic role of IL-17A in the liver microenvironment,
particularly between HSCs and cholangiocytes found in our
study, we revealed that ExoMSC may act as an effective
therapeutic tool to alleviate fibrosis by inhibiting Th17
differentiation and reliving ER stress in PSC or other Th17-
related diseases. 

4. Conclusion 

Based on Mdr2−/− mice and the organoids derived from
PSC patients, our investigation disclosed that ExoMSC could
alleviate liver fibrosis in PSC disease by inhibiting Th17
differentiation through downregulated I κB ζ expression, and
ameliorate the Th17-induced microenvironment, including
improving the hypersecretory phenotype of cholangiocytes
and the interaction between HSCs and cholangiocytes by
regulating PERK/CHOP signaling, which will be a potential
therapy for PSC or Th17-associated diseases. Moreover,
multicellular organoids possess the benefits of being in closer
proximity to the in vivo microenvironment than the trans-
well co-culture system. This implies an immense potential
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