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Abstract
For nearly 20 years, dental stem cells (DSCs) have been successfully isolated from 
mature/immature teeth and surrounding tissue, including dental pulp of 
permanent teeth and exfoliated deciduous teeth, periodontal ligaments, dental 
follicles, and gingival and apical papilla. They have several properties (such as 
self-renewal, multidirectional differentiation, and immunomodulation) and 
exhibit enormous potential for clinical applications. To date, many clinical articles 
and clinical trials using DSCs have reported the treatment of pulpitis, periapical 
lesions, periodontitis, cleft lip and palate, acute ischemic stroke, and so on, and 
DSC-based therapies obtained satisfactory effects in most clinical trials. In these 
studies, no adverse events were reported, which suggested the safety of DSC-
based therapy. In this review, we outline the characteristics of DSCs and summ-
arize clinical trials and their safety as DSC-based therapies. Meanwhile, we also 
present the current limitations and perspectives of DSC-based therapy (such as 
harvesting DSCs from inflamed tissue, applying DSC-conditioned medi-
um/DSC-derived extracellular vesicles, and expanding-free strategies) to provide 
a theoretical basis for their clinical applications.

Key Words: Dental stem cells; Adult stem cells; Dental pulp; Tissue regeneration
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Core Tip: Since dental pulp stem cells were first isolated and identified in 2000, a variety of dental stem 
cells (DSCs) have been reported. DSCs have shown satisfactory clinical effects in the treatment of a 
variety of diseases and have great potential for clinical application. This paper will summarize DSC-based 
clinical trials and put forward the current limitations and perspectives to accelerate and extend the clinical 
application of DSCs.

Citation: Song WP, Jin LY, Zhu MD, Wang H, Xia DS. Clinical trials using dental stem cells: 2022 update. World 
J Stem Cells 2023; 15(3): 31-51
URL: https://www.wjgnet.com/1948-0210/full/v15/i3/31.htm
DOI: https://dx.doi.org/10.4252/wjsc.v15.i3.31

INTRODUCTION
Mesenchymal stem cells (MSCs) are a population of unspecialized cells characterized by the properties 
of self-renewal and multidirectional differentiation[1,2]. Currently, MSCs are currently being explored 
for the treatment of many diseases, such as cardiovascular disease, neurodegenerative diseases, dental 
diseases, and metabolic diseases[1].

Dental SCs (DSCs) were reported to have similar features to MSCs[3]. Since dental pulp SCs (DPSCs) 
were first successfully isolated from the extracted third molar in 2000[4], multiple DSC types have been 
harvested from mature and immature teeth and their surrounding tissues, including periodontal 
ligament stem cells (PDLSCs), stem cells from apical papilla (SCAP), stem cells from exfoliated 
deciduous teeth (SHED), gingiva-derived mesenchymal SCs (GMSCs), and dental follicle progenitor 
cells (DFPCs)[5-7] (Figure 1). DSCs develop from the neural crest and express both stem cell markers 
and neural markers[8,9]. It was reported that DSCs have the potential for multipotent differentiation 
into osteogenic, chondrogenic, adipogenic, neurogenic, odontogenic, dentinogenic cells, and so on[10]. 
In addition to their self-renewal and differentiation properties, DSCs have also been reported to be 
involved in secretion, immunomodulation, and tumor processes[3,11]. Based on the characteristics of 
DSCs, many clinical articles and clinical trials have used DSCs in tissue regeneration and the treatment 
of various diseases, such as pulpitis, periapical lesions, and periodontitis[12].

In this study, the current status of clinical articles and clinical trials using DSCs in the treatment of 
various diseases and conditions are reviewed. In addition, current limitations and perspectives, 
including harvesting DSCs from inflamed tissue, applying DSC-conditioned medium (CM) and DSC-
derived extracellular vesicles (EVs), and expanding-free strategies, are also discussed.

CHARACTERISTICS OF DSCS
Based on their various sources, DSCs are divided into DPSCs, SHED, PDLSCs, SCAP, GMSCs, and 
DFPSCs (Figure 1). DSCs are known to express not only mesenchymal and embryonic stem cell markers 
(such as CD44, STRO-1, and Nanog) but also neuronal markers because they originate from embryonic 
neural crests[8,9] (Table 1). However, they do not express CD34, CD45, or CD11b, which are defined as 
hematopoietic markers[7].

Similar to mesenchymal stem cells, DSCs showed the ability of self-renewal and multidirectional 
differentiation, such as osteogenic, chondrogenic, adipogenic, neurogenic, odontogenic, dentinogenic, 
cementogenic, and myogenic differentiation[13-16] (Table 1). In addition, even in the undifferentiated 
state, DSCs were able to secrete several angiogenic and neurotrophic factors, including vascular 
endothelial growth factor (VEGF), ciliary neurotrophic factor (CNTF), brain-derived neurotrophic factor 
(BDNF), glia-derived neurotrophic factor (GDNF), and β-nerve growth factor (β-NGF), to promote 
angiogenesis and tissue regeneration[17,18].

In addition, the immunomodulatory features of DSCs have also been the focus of a number of studies. 
First, it was reported that DSCs, like mesenchymal stem cells, faintly express the MHC class II antigen 
HLA-DR and maintain low immunogenicity[19-21]. Second, local tissue regeneration and inflammation 
could be influenced by the secretome of DSCs (including the production of inflammatory and anti-
inflammatory cytokines and the regulation of immune cells), which is also regulated by the local inflam-
matory microenvironment[21-24]. Finally, the inflammatory microenvironment could impact the 
behaviors of DSCs, such as proliferation potential, migration, homing, and differentiation[22].

Based on the characteristics of DSCs, they have been widely studied in regenerative medicine and 
tissue engineering and have shown an amazing therapeutic effect on oral-facial, neurologic, corneal, 
cardiovascular, hepatic, diabetic, renal, muscular, tenogenic, dystrophic and autoimmune conditions in 
both animal and human models[21,25-27]. For example, the proliferation, paracrine effect, and 
multidirectional differentiation potential of DSCs support the application of DSCs in regenerative 
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Table 1 Characteristics of different types of dental stem cells

Markers
Cell 
types Cell surface markers Embryonic stem cell 

markers Nerual markers
Multidirectional differentiations

DPSCs CD13, CD29, CD44, CD59, CD73, 
CD90, CD105, CD146, STRO-1[7], 
CD81, CD49f[140], CD40, CD120a, 
CD261, CD262, CD264, CD266, 
CD121a, CD130, CD213a1, CD217, 
CDw210b[141]

OCT-4, Nanog[142], 
SSEA-1, SEEA-4[140], 
SOX-2[143]

βIII-tubulin, NFM, Nestin, 
CNPase[144], S100, CD271
[17]

Osteogenic, Odontogenic[145], 
Dentinogeni, Chondrogenic, Neurogenic, 
Myogenic, Adipogenic[13], Hepatogenic
[146]

PDLSCs CD13, CD29, CD44, CD49, CD73, 
CD90, CD105, CD146, CD166, CD271
[147], CD10[7], STRO-1[148]

SSEA-1, SSEA-3, SSEA-4, 
TRA-1-60, TRA-1-81, 
OCT-4, Nanog, SOX-2, 
REX1, and ALP[149]

Nestin, OCT-4, SSEA-4[9] 
CD271, SOX-10[147], SOX-2
[149]

Osteogenic, Cementogenic, Adipogenic, 
Chondrogenic, Neurogenic[13], 
Hepatogenic[149], Cardiac myogenic, 
Endothelial-like, Islet-like, Retinal 
ganglion-like[147]

SCAP CD13, CD24, CD29, CD44, CD49, 
CD51, CD56, CD61, CD73, CD90, 
CD105, CD106, CD146, CD166, 
STRO-1, NOTCH-3[150], CD81, 
CD49f[151]

OCT-4, Nanog, SOX2
[143], CD49f[151]

βIII-tubulin, NFM, Nestin, 
CNPase[144], SOX-2[143], 
Vimentin, Survivin[150]

Osteogenic, Dentinogenic, Adipogenic
[15], Neurogenic[13], Chondrogenic, 
Hepatogenic[150]

SHED CD29, CD73, CD90, CD166[13], 
STRO-1, CD44[145], CD105[152], 
NOTCH-1, CD10, CD13, CD34, 
CD106, CD146, CD166, CD271[102]

OCT-4, Nanog, SSEA-3
[153], SSEA-4[152], 
NOTCH-1, OCT-4, SOX-2
[102]

βIII-tubulin, NFM, Nestin, 
CNPase, GAD, NeuN, GFAP
[154], CD271, Vimentin, OCT-
4, PAX-6, NSE, MAP-2, PSA-
NCAM, TH[102]

Osteogenic, Odontogenic[145], 
Dentinogenic, Chondrogenic, 
Neurogenic, Myogenic, Adipogenic[13], 
Hepatogenic[155]

DFPCs CD13, CD29, CD59, CD90[7], CD105, 
CD146[142], CD44, CD73, NOTCH-1, 
STRO-1[156]

OCT-4, Nanog[142], 
NOTCH-1, SOX-2[156]

OCT-4, SOX2[9], Nestin, SOX-
2[156]

Osteogenic, Cementogenic, Odontogenic, 
Adipogenic, Chondrogenic[13], 
Hepatogenic[146]

GMSCs CD13, CD29, CD44, CD73, CD90, 
CD105, CD146, STRO-1[16]

SSEA-4[16], OCT-4, 
Nanog[157]

Nestin, SOX10[16], βIII-
tubulin, NFM, CNPase[144]

Osteogenic, Adipogenic, Chondrogenic, 
Neurogenic, Endothelial-like, 
Odontogenic[16], Myogenic[158]

ALP: Alkaline phosphatase; CD: Cluster of differentiation; CNPase: 2’,3’-cyclic nucleotide 3’-phosphodiesterase; GAD: Glutamic acid decarboxylase; GFAP: 
Glial fibrillary acidic protein; MAP-2: Microtubule associated protein 2; NeuN: Neuronal nuclei; NFM: Neurofilament medium chain; NGFR: Nerve growth 
factor receptor; NSE: Neuron-specific enolase; OCT: Octamer-binding transcription factor; PAX-6: Paired Box 6; PSA-NCAM: Polysialylated neural cell 
adhesion molecule; REX-1: RNA exonuclease 1 homolog; SOX: Sex determining region Y-box; SSEA: Stage-specific embryonic antigen; TH: Tyrosine 
hydroxylase; SHED: Stem cells from exfoliated deciduous teeth.

medicine (e.g., dental pulp and bone tissue regeneration)[28,29]. The anti-inflammatory, immunomodu-
latory, and immunoevasive properties of DSCs also help in the treatment of plaque psoriasis[30] 
(Figure 1). DSC-based therapies have broad prospects for clinical application.

It is worth noting that the naming of mesenchymal stem cells and mesenchymal stromal cells remains 
controversial. Based on the position paper issued by The International Society for Cell & Gene Therapy 
(ISCT) Mesenchymal Stromal Cell (ISCT MSC) in 2005, mesenchymal stem cells are not equivalent or 
interchangeable with mesenchymal stromal cells[31]. Mesenchymal stem cells refer to progenitor cell 
populations with obvious self-renewal and differentiation functions, while mesenchymal stromal cells 
refer to large populations with significant secretion, immune regulation, and homing properties[32-34]. 
As we have just summarized, dental stem cells share some of the characteristics of both mesenchymal 
stem cells and mesenchymal stromal cells, and more consensus articles may be needed to further define 
the naming of dental stem cells.

DSC-BASED CLINICAL TRIALS FROM PUBLISHED ARTICLES
Pulpitis and pulp necrosis
Four studies were reported to treat pulp necrosis or irreversible pulpitis using autologous DPSCs or 
SHED, including a randomized controlled trial (RCT), two case series, and a case report[28,35-37] 
(Table 2). Xuan et al[28] applied SHED in the treatment of pulp necrosis caused by trauma and observed 
dental pulp tissue regeneration at 12 mo and 24 mo after transplantation. Meanwhile, the results also 
showed increased dental root length and decreased apical foramen width compared with traditional 
apexification treatment. Two case series reported by Nakashima et al[35,37] indicated that DPSCs 
transplanted with granulocyte colony-stimulating factor and gelatin sponges could increase pulp 
sensitivity and mineralization and recover the signal intensity (SI) of regenerated pulp tissue on MRI 
examination. Meza et al[36] transplanted DPSCs and leukocyte platelet-rich fibrin (L-PRF) harvested 
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Table 2 Dental stem cell-based clinical trials from published articles

Interventions
Ref. Registration ID Conditions/diseases Study 

design Cell source Administration route
Test group Control group

Follow-up 
period Outcomes

Xuan et al[28], 
2018

NCT01814436 Pulp necrosis RCT Autologous 
deciduous pulp

Implanted into injured 
teeth

SHED (n = 26) Traditional 
apexification treatment (
n = 10)

12 mo; 24 mo Dental pulp tissue 
regeneration; no adverse 
events observed; the 
length of the root (↑); the 
width of the apical 
foramen (↓)

Nakashima et 
al[35], 2022

None Irreversible pulpitis Case series Autologous 
dental pulp

Transplanted into the 
root canal

DPSCs + Gelatin sponge + 
G-CSF (n = 5)

None 1, 2, 4, 12, 24, 
28, 32 wk

Pulp sensibility (↑); MRI 
examination showed 
similar SI between test 
teeth and untreated 
controls

Nakashima et 
al[37], 2017

None Irreversible pulpitis Case series Autologous 
dental pulp

Transplanted into the 
root canal

DPSCs + Gelatin sponge + 
G-CSF (n = 2)

None 1, 4, 12, 24, and 
48 wk

MRI examination showed 
similar SI between test 
teeth and untreated 
controls; mineralized 
tissue deposition (↑)

Meza et al[36], 
2019

None Irreversible pulpitis A case 
report

Autologous 
inflamed dental 
pulp

Transplanted into the 
root canal

DPSCs + L-PRF (n = 1) None 6 mo; 3 year Delayed response to the 
cold test; positive 
response to electric pulp 
testing; dentin bridge 
formation

Shiehzadeh et 
al[38], 2014

None Periapical lesions Case series Case 1 and case 3: 
Autologous 
apical papilla; 
case 2: Deciduous 
pulp

Case 1 and Case 3: 
Injected from root apex 
to cavity; case 2: Injected 
into the defect via a 
surgical approach

Case 1 and Case 3: SCAP + 
PEG-PLGA scaffold (n = 2); 
case 2: SHED + PEG-PLGA 
scaffold (n = 1)

None Case 1: 30 d, 3 
mo, 1 year; 2 
year; case 2: 3, 
6, 18 mo; case 
3: 3, 6, 12, 24 
mo

Developed mature apices; 
periapical tissue healing (
↑)

Prasad et al
[39], 2017

None Periapical lesions Case series Allogeneic 
deciduous pulp

Transplanted into the 
root canal

SHED + Bioglass (n = 2) None 7, 30, 90, 180, 
365 d

Closure of open apex; 
periapical tissue healing; 
positive response to 
electric pulp testing and 
cold testing

Prasad et al
[40], 2019

None Periapical lesions A case 
report

Allogeneic 
deciduous pulp

Transplanted into the 
root canal and periapical 
area

SHED + Bioglass (n = 1) None 2 wk; 4, 12, 24 
mo

Periapical tissue healing; 
positive response to 
electric pulp testing

Ferrarotti et al
[41], 2018

NCT03386877 Periodontal intrabony 
defects

RCT Autologous 
dental pulp

Implanted into bone 
defect sites consisted of 
MIST

Pulp micrografts + Collagen 
sponge (n = 15)

Collagen sponge (n = 
14)

6 and 12 mo PD (↓); CAL (↓); bone 
defect fill (↑); residual PD 
< 5 mm and CAL gain ≥ 4 
mm (↑)

Sánchez et al Periodontal intrabony Autologous Implanted into bone ISRCTN13093912 CCT PDLSCs + β-TCP (n = 9) β-TCP (n = 10) 1, 3, 6, 9, 12 mo CAL (-); PPD (-)
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[42], 2020 defects periodontal 
ligament

defect sites via surgical 
approach

Feng et al[43], 
2010

None Periodontal intrabony 
defects

Case series Autologous 
periodontal 
ligament

Implanted into bone 
defect sites via surgical 
approach

PDLPs + HA/TCP (n = 3) None 3, 6, 12, 32, 42, 
and 72 mo

CAL (↓); PD (↓); GR (↑)

Chen et al[29], 
2016 

NCT01357785 Periodontal intrabony 
defects

RCT Autologous 
periodontal 
ligament

Implanted into bone 
defect sites via surgical 
approach

PDLSCs sheets + DBBM (n = 
20)

DBBM (n = 21) 2 wk; 3, 6, 12 
mo

CAL (-); PD (-); GR (-)

Iwata et al[44], 
2018

UMIN000005027 Periodontal intrabony 
defects

Case series Autologous 
periodontal 
ligament

Implanted into bone 
defect sites via surgical 
approach

PDL-derived cell sheets + β-
TCP (n = 10)

None 3, 6, 55 ± 19 
mo

CAL (↓); PD (↓); bone 
height (↑)

Vandana et al
[125], 2015

None Periodontal intrabony 
defects

A case 
report

Autologous 
periodontal 
ligament

Implanted into bone 
defect sites via surgical 
approach

Periodontal ligament soft 
tissue + Gelatin sponge + 
Cementum scrapings (n = 1)

None 1 wk; 3, 6, 12 
mo

CAL (↓); PD (↓); BMD (↑)

Aimetti et al
[47], 2014

None Periodontal intrabony 
defects

A case 
report

Autologous 
dental pulp

Implanted into bone 
defect sites via surgical 
approach

Pulp micrografts + Collagen 
sponge (n = 1)

None 6 mo; 1 year PPD (↓); bone fill (↑)

Aimetti et al
[46], 2018

None Periodontal intrabony 
defects

Case series Autologous 
dental pulp

Implanted into bone 
defect sites via surgical 
approach

Pulp micrografts + Collagen 
sponge (n = 11)

None 1 year CAL (↓); PD (↓); bone fill (
↑)

Aimetti et al
[49], 2015

None Periodontal intrabony 
defects

Case series Autologous 
dental pulp

Implanted into bone 
defect sites via surgical 
approach

Pulp micrografts + Collagen 
sponge (n = 4)

None 6, 12 mo PD (↓); CAL (↓); bone fill (
↑)

Hernández-
Monjaraz et al
[48], 2018

ISRCTN12831118 Periodontal intrabony 
defects

A case 
report

Allogeneic dental 
pulp

Implanted into bone 
defect sites via surgical 
approach

DPSCs + Lyophilized 
collagen-
polyvinylpyrrolidone 
sponge scaffold (n = 1)

None 3, 6 mo PD (↓); TM (↓); bone fill (↑
)

Barbier et al
[57], 2018

EudraCT database 
2014-001913-18

Post-extraction sockets Split-mouth 
RCT

Autologous 
dental pulp

Implanted into postex-
traction sockets

Pulp micrografts + collagen 
matrix (n = 30)

Collagen matrix (n = 30) 6 mo BMD (-); interdental 
septum height (-)

Cubuk et al
[62], 2023

NCT04641533 Post-extraction sockets Split-mouth 
RCT

Autologous 
dental pulp

Implanted into postex-
traction sockets

Pulp micrografts + L-PRF (n 
= 13)

L-PRF (n = 13) 7 d; 6 mo PPD (-); CAL (-); vertical 
bone loss (-); relative 
bone density (-)

d’Aquino et al
[58], 2009

None Post-extraction sockets Split-mouth 
CCT

Autologous 
dental pulp

Implanted into postex-
traction sockets

Dental pulp 
stem/progenitor cells + 
collagen sponge (n = 7)

Collagen sponge (n = 7) 7 d; 1, 2, 3, 12 
mo

Rate of mineralization (↑); 
levels of cortical bone (↑); 
CAL (↓); BMP-2, VEGF  
(↑)

Tanikawa et al
[63], 2020

NCT03766217 Cleft lip and palate Historical 
control 
study

Autologous 
deciduous pulp

Placed into the alveolar 
defect via surgical 
approach

SHED + Hydroxyapatite-
collagen sponge (n = 6)

rhBMP-2 + 
Hydroxyapatite-
collagen sponge (Group 
I n = 8); Iliac crest bone 
graft (Group II n = 8)

6, 12 mo Bone filling percentage (↑, 
compared with Group I 
at the 6-mo follow-up)
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Manimaran et 
al[59], 2014

None Mandibular osteoradi-
onecrosis

A case 
report

Allogeneic dental 
pulp

Inserted into the defect 
after surgical curettage

DPSCs + PRP + TCP (n = 1) None 2, 6 mo Bone formation (↑)

Manimaran et 
al[60], 2016

None Bone defect left by the 
resection of mandibular 
ameloblastoma

A case 
report

Autologous 
dental pulp

Packed inside the mesh 
and placed over the 
mandible after tumor 
resection

DPSCs + β-TCP + PRF + SVF 
(n = 1)

None 1, 10 mo; 1.5 
years

Bone regeneration (↑); no 
recurrence of tumor

Brunelli et al
[61], 2013

None Sinus lifting A case 
report

Autologous 
dental pulp

Implanted into sinus 
cavity

Pulp micrografts + Collagen 
sponge (n = 1)

None 4 mo BMD (↑)

Koga et al[64], 
2022

None Erectile dysfunction Case series Allogeneic 
deciduous pulp

Injected into the penis SHED-CM (n = 38) None After every 
injection

IIEF-5 score (↑)

Silva et al[65], 
2022

NCT02728115 Huntington’s disease with 
preexisting pulmonary 
nodule

A case 
report

Allogeneic 
deciduous pulp

Intravenous adminis-
trations

SHED (n = 1) None 15, 30 d; 7, 24, 
32 mo

Unified Huntington’s 
disease rating scale (↓); 
not show long-term 
tropism or homing for the 
lung adenocarcinoma

Wang et al[93], 
2010

None Plaque psoriasis A case 
report

Allogeneic 
gingival

Bolus injection GMSCs (n = 1) None 3 years Psoriatic lesions fully 
cleared; no recurrence

Suda et al[67], 
2022

NCT04608838; 
JapicCTI194570

Acute ischemic stroke Study 
protocol

Allogeneic dental 
pulp

Intravenous adminis-
tration

DPSCs Placebo Per 15 min (1-4 
h); per 30 min 
(4-6 h); 12, 24 
h; 2, 3, 8, 31, 
91, 181, 366 d

No results

Nagpal et al
[68], 2016

None Chronic disability after 
stroke

Study 
protocol

Autologous 
dental pulp

Implanted into peri-
infarct region via 
neurosurgical procedure

DPSCs None 1, 6, 9, 12 mo No results

Ye et al[69], 
2020

ChiCTR2000031319: 
NCT04336254

COVID-19 Study 
protocol

Allogeneic dental 
pulp

Intravenous adminis-
tration

DPSCs Saline 2 h ± 30 min; 
24 h ± 30 min; 
90 d ± 3 d

No results

BMD: Bone mineral density; CAL: Clinical attachment level; CCT: Controlled clinical trials; COVID-19: Coronavirus disease 2019; DBBM: Deproteinized bovine bone mineral; GR: Gingival recession; G-CSF: Granulocyte colony 
stimulating factor; HA/TCP: Hydroxyapatite/tricalcium phosphate; IIEF: International index of erectile function; L-PRF: Leukocyte-platelet rich fibrin; MIST: Minimally invasive surgical technique; MRI: Magnetic resonance imaging; 
PD: Probing depth; PDL: Periodontal ligament; PDLPs: Periodontal ligament progenitor cells; PPD: Periodontal probing depth; PRF: Platelet rich fibrin; PRP: Platelet-rich plasma; PEG-PLGA: Poly (lactide-co glycolide)-polyethylene 
glycol; RCT: Random clinical trial; rh-BMP: Recombinant human bone morphogenetic protein; SI: Signal intensity; SVF: Stromal vascular fraction: TCP: Tricalcium phosphate; TM: Tooth mobility; VEGF: Vascular endothelial growth 
factor; SHED-CM: Stem cells from exfoliated deciduous teeth conditioned medium.

from autologous inflamed dental pulp and blood, respectively, to the root canal of irreversible pulpitis 
teeth and observed dentin bridge formation and a response to the cold test and electric pulp test.

Periapical lesions
In a case report and two case series, SCAP/SHED combined with a polyethylene glycol polylactic-
polyglycolic acid (PEG-PLGA) scaffold and SHED combined with bioglass were used for the treatment 
of periapical lesions[38-40] (Table 2). Periapical tissue healing was found in the follow-up examinations 
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Figure 1 Tissue origin, harvest, characteristics, and clinical application potential of the various populations of dental stem cells. Dental 
pulp stem cells and stem cells from exfoliated deciduous teeth can be isolated from the inner dental pulp of permanent teeth and deciduous exfoliated teeth, 
respectively. Stem cells from apical papilla can be extracted from the apical papilla; periodontal ligament stem cells can be harvested from the periodontal ligament; 
and dietary fiber supplementation combinations can be derived from the dental follicle. Gingiva-derived mesenchymal stem cells can be extracted from gingiva. 
Citation: Sharpe PT. Dental mesenchymal stem cells. Development 2016; 143: 2273-2280[139]. Copyright ©The Authors 2016. Published by The Company of 
Biologists Ltd. The authors have obtained the permission for figure using from the Company of Biologists Ltd (Supplementary material).

of all three studies. It was reported a positive response in the test of dental pulp activity after SHED 
transplantation, suggesting the regeneration of pulp or pulp-like tissue, which does not occur in 
traditional root canal therapy[39,40].

Periodontal intrabony defects
There are two RCTs, a controlled clinical trial (CCT), three case series, and two case reports of DSC-
based treatment for periodontal intrabony defects[29,41-46] (Table 2). The RCT of Ferrarotti et al[41] 
indicated that pulp micrografts applied with collagen sponges could significantly reduce PD and CAL 
and promote the regeneration of bone defects when compared with collagen sponges alone. Three case 
series and a case report using pulp micrografts/DPSCs and collagen sponges also reported similar 
results of periodontal benefits[46-49]. It was reported a novel approach using periodontal ligament soft 
tissue, gelatin sponges, and cementum scrapings, which reduced the CAL and PD of periodontitis teeth 
in their case report[45].

Although two case series demonstrated the periodontal benefits of PDLPs and PDL-derived cell 
sheets[43,44], significant differences in periodontal indices (including PD and CAL) were not observed 
between the test groups and control groups in the other two CCTs that applied PDLSC and PDLSC 
sheets[29,42]. Several factors might have contributed to the lack of significant differences in the 
outcomes, such as satisfactory scaffold material properties and small sample sizes. In these four studies, 
β-TCP, HA/TCP, and deproteinized bovine bone mineral (Bio-oss®) were applied as scaffold materials. 
Although some studies reported abilities to provide support for PDLSCs on osteogenic differentiation of 
these scaffoldsin vitro and in vivo[50-53], only using these scaffolds also achieved great clinical benefits 
in the treatment of periodontitis[54-56]. The excellent performance of the scaffold may have 
overshadowed the contribution by PDLSCs. More clinical studies at multiple centers with different 
amounts and types of DSCs, more follow-up time points, and larger sample sizes are necessary, and the 
results of such studies would be meaningful.

Bone defects caused by other conditions
In addition to periodontal intrabony defects, DSCs were also used for the treatment of post-extraction 
sockets, mandibular osteoradionecrosis, bone defects after ameloblastoma resection, and sinus lifting
[57-61] (Table 2). Two split-mouth RCTs reported by Barbier et al[57] and Cubuk et al[62] did not find 
significant differences in BD or interdental septum height between the pulp micrograft + scaffold 
(collagen matrix/L-PRF) group and the scaffold (collagen matrix/L-PRF) group after implantation into 
post-extraction sockets. However, in another split-mouth CCT designed for regenerating post-extraction 

https://f6publishing.blob.core.windows.net/8694d557-9d0c-4624-8cbf-9035b7b4921d/WJSC-15-31-supplementary-material.pdf
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sockets, DPSCs combined with collagen sponges promoted the rate of mineralization, the levels of 
cortical bone, and the expression of bone morphogenetic protein-2 (BMP-2) and VEGF when compared 
with collagen sponge treatment alone[58]. Tanikawa et al[63] reported a historical control study 
comparing the effects of SHED, rhBMP, and iliac crest bone grafts in treating cleft lip and palate. The 
SHED group showed similar satisfactory performance in bone healing compared with iliac crest bone 
grafts and a higher bone filling percentage compared with the rhBMP group at the 6-mo follow-up[63].

Two case reports indicated that DPSCs combined with TCP could increase the bone regeneration of 
bone defects caused by osteoradionecrosis and ameloblastoma[59,60]. A case report by Brunelli et al[61] 
demonstrated that pulp micrografts + collagen sponges increased the BD in newly formed bone when 
applied for sinus lifting.

Other conditions
Koga et al[64] reported a case series that applied SHED conditioned medium (SHED-CM) to treat 
erectile dysfunction. In this study, the international index of erectile function (IIEF-5), which is clinically 
used to screen for erectile function and to assess treatment efficacy, was increased after SHED-CM 
injection into the corpus cavernosum of erectile dysfunction patients[64]. A case report indicated that 
SHED intravenous administrations could decrease the scale of unified Huntington’s disease rating, 
which is designed to assess clinical performance and capacity in patients with Huntington’s disease[65,
66]. Meanwhile, the patient with Huntington’s disease also suffered from preexisting pulmonary 
nodules, and SHED injection did not result in long-term tropism or homing for the patient’s lung 
adenocarcinoma[65]. In a case report by Wang et al[30], GMSCs were used to treat plaque psoriasis via 
bolus injection, and they observed fully cleared psoriatic lesions without recurrence.

Three clinical study protocols using DSCs have been published in recent years, including the 
treatment of acute ischemic stroke, chronic disability after stroke, and COVID-19[67-69].

DSC-BASED CLINICAL TRIALS FROM CLINICAL DATABASES
ClinicalTrials.gov (https://clinicaltrials.gov/) and the International Clinical Trials Registry Platform 
(ICTRP, https://trialsearch.who.int/) were screened for DSC-based clinical trials.

To date, there have been 21 clinical trials registered on ClinicalTrials.gov evaluating the use of DSCs 
in treating periodontitis (33.3%, 7/21), post-extraction sockets (4.8%, 1/21), edentulous alveolar ridge 
(4.8%, 1/21), cleft lip and palate (9.5%, 2/21), knee osteoarthritis (4.8%, 1/21), dental pulp necrosis 
(4.8%, 1/21), liver cirrhosis (4.8%, 1/21), type 1 diabetes (4.8%, 1/21), acute ischemic stroke (4.8%, 1/21), 
Huntington’s disease (14.3%, 3/21), and COVID-19 (9.5%, 2/21) (Table 3). In addition to the 6 studies 
reported in ClinicalTrials.gov, 7 clinical trials were registered on the ICTRP using DSCs in the treatment 
of periodontitis (57.1%, 4/7), wrinkles (28.6%, 2/7), and hair loss (14.3%, 1/7) (Table 4). In all, 28 clinical 
trials were registered on these two platforms.

Several registered clinical trials applied two stages in one work. The most frequently appearing trial 
phases were phase 1 (42.9%, 12/28), followed by phase 2 (25%, 7/28), Phase 3 (7.1%, 2/28), and Phase 0 
(3.6%, 1/28). There were 10 trials (35.7%) in which the phase design was not applied or not selected. 
One clinical trial reported the outcomes both on the registry platform and in a published article[63] 
(NCT01932164), and the published articles of seven trials stated the registered ID[29,42,62,63,67,69-71], 
while other trials did not publish any data.

Consistent with the literature, the proportion of clinical trials using DSCs to treat periodontitis was 
the highest. Eleven registered clinical trials researched the effect of DSCs on periodontitis (39.3%, 11/
28). In these trials, various amounts, types, and injection times of DSCs and different application modes 
(such as DSCs, micrografts, cell sheet pellets, and cell sheet fragments) were applied. In addition, several 
scaffolds were used in combination with DSCs, including collagen sponges, deproteinized bovine bone 
minerals, β-TCP scaffolds, and hydroxyapatite-collagen scaffolds.

SAFETY ISSUES REGARDING DSC-BASED THERAPY
Although encouraging treatment effects on diseases have been achieved, the safety issues of stem cell-
based therapy remain controversial, especially in long-term follow-up[72]. At present, the limitations of 
stem cell-based therapy are mainly focused on non-directional differentiation, accelerating tumor 
progression.

In addition, uncontrolled non-directional differentiation may have a great impact on the safety of 
stem cell transplantation. Breitbach et al[73] found that the encapsulated structures in the infarcted areas 
contained calcifications and/or ossifications in myocardial infarction mice after MSC injection. In 
another study, unselected bone marrow cells injected directly induced significant intramyocardial 
calcification in acutely infarcted myocardium[74].

https://clinicaltrials.gov/
https://trialsearch.who.int/
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Table 3 Dental stem cell-based clinical trials registered at clinicaltrials.gov

Interventions
Ref. Registration 

ID Status Diseases Study design Cell source Administration 
route

Number 
of 
patients Test group Control group

Follow-
upperiod Phase Outcomes

- NCT04983225 Recruiting Periodontitis Randomized; parallel 
assignment; double-blind 
(participant, investigator)

Dental pulp Injecting into the 
periodontal defect 
site

36 DPSCs (1 × 106)/site; 
DPSCs (5 × 106)/site; 
DPSCs (3-4 × 107)/three 
or four sites; DPSCs (1 × 
107)/site; DPSCs (2 × 10
7)/two sites

Saline solution 90, 180, 
360, 720 d

Phase 1

- NCT02523651 Unknown Periodontitis Randomized; parallel 
assignment; triple-blind 
(participant, investigator, 
outcomes Assessor)

Allogeneic 
dental pulp

Injecting into the 
periodontal defect 
site

40 DPSCs (1 × 106) Saline solution 1 year Phase 1/2

- NCT03386877 Completed Periodontitis Randomized; parallel 
assignment; triple-blind 
(participant, investigator, 
outcomes assessor)

Autologous 
dental pulp

Delivering into 
intrabony defect via 
minimally invasive 
surgical technique

29 Micrografts of DPSCs + 
Collagen sponge

Collagen 
sponge

6, 12 mo Not 
applicable

- NCT01082822 Unknown Periodontitis Nonrandomized; parallel 
assignment; open label

Periodontal 
ligament

Implanted into bone 
defect sites via 
surgical approach

80 PDLSCs sheet fragment 
+ DBBM (Bio-oss); 
PDLSCs sheet pellets + 
DBBM (Bio-oss); DBBM 
(Bio-oss)

Sham 
comparator

4, 12, 24 
wk; 1 year

Phase 1/2

- NCT03638154 Completed Periodontitis Randomized; parallel 
assignment; double-blind 
(care provider, outcomes 
assessor)

Gingival Implanted into bone 
defect sites via 
surgical approach

20 GFs + GMSCs + β-TCP β-TCP 1, 3, 7, 14 
d; 6 mo

Not 
applicable

- NCT03137979 Unknown Periodontitis Randomized; parallel 
assignment

Gingival Implanted into bone 
defect sites via 
surgical approach

30 GMSCs + Collagen 
scaffolds; collagen 
scaffolds

Open flap 
debridement

1, 3, 6 mo Phase1/2

Chen et al
[29], 2016

NCT01357785 Unknown Periodontitis Randomized; parallel 
assignment; open label

Autologous 
periodontal 
ligament

35 None 3-12 mo Phase1

Cubuk et al
[62], 2023

NCT04641533 Completed Post-
extraction 
sockets

Split-mouth; randomized; 
crossover assignment; 
double-blind (investigator, 
outcomes assessor)

Dental pulp Placing into the 
extraction socket

13 DPSCs + L-PRF L-PRF 7 d; 6 mo Not 
applicable

- NCT02731586 Unknown Edentulous 
alveolar ridge

Single group assignment; 
open label

Allogeneic 
dental pulp

Introducing dental 
pulp-derived 
mesenchymal stem 
cells during 
placement of dental 
implants

10 Dental pulp-derived 
MSCs

None 3 mo Early 
Phase 1
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Tanikawa et 
al[63], 2020; 
Pinheiro et al
[70], 2019

NCT03766217 Completed Cleft lip and 
palate

Randomized; parallel 
assignment; single-blind 
(outcomes assessor)

Autologous 
deciduous 
pulp

Placed into the 
alveolar defect via 
surgical approach

62 SHED + 
Hydroxyapatite-
collagen sponge

Iliac crest 
autogenous 
bone graft

15 d; 3, 6, 
12 mo

Phase3

Tanikawa et 
al[63], 2020

NCT01932164 Completed; 
Has results

Cleft lip and 
palate

Single group assignment; 
open label

Autologous 
deciduous 
pulp

Maxillary alveolar 
graft by tissue 
engineering

5 SHED + 
Hydroxyapatite-
collagen sponge

None 3, 6 mo Not 
applicable

Percentage of bone 
filling at 6 mo 
postoperatively: 
89.5%

- NCT04130100 Unknown Knee 
osteoarthritis

Randomized; parallel 
assignment; open label

Dental pulp Intraarticular 
injection

60 Low dose of DPSCs; 
high dose of DPSCs

Sodium 
hyaluronate

12 mo Early 
phase 1

- NCT01814436 Unknown Dental pulp 
necrosis

Single group 
assignment;open label

Autologous 
deciduous 
pulp

80 Scaffold-free SHED-
derived pellet

None 3-12 mo Not 
applicable

- NCT03957655 Unknown Liver 
cirrhosis

Randomized; parallel 
assignment; single-blind 
(outcomes assessor)

Autologous 
deciduous 
pulp

Peripheral vein 
infusion

40 SHED (1 × 106 cells/kg 
body weight)

Standard 
medication for 
viral hepatitis 
and cirrhosis

4, 8, 12, 16, 
24 wk

Early 
phase 1

- NCT03912480 Unknown Type 1 
diabetes

Single group assignment; 
open label

Deciduous 
pulp

Intravenous drip 24 SHED (0.11 IU/kg body 
weight) + Insulin + oral 
hypoglycemic drugs

None 1, 2, 6 wk; 
2, 3, 6, 9, 
12 mo

Early 
phase 1

Suda et al
[67], 2022

NCT04608838 Completed Acute 
ischemic 
stroke

Randomized;Parallel 
assignment;Quadruple-blind 
(Participant, Care Provider, 
Investigator, Outcomes 
Assessor);

Allogeneic 
dental pulp

Intravenously 
infusion

79 DPSCs (JTR-161, 1 × 108 
cells); DPSCs (JTR-161, 
3 × 108 cells)

Placebo 91, 366 d Phase 1/2

- NCT02728115 Active, not 
recruiting

Nonrandomized; parallel 
assignment; open label

Allogeneic 
deciduous 
pulp

Intravenous adminis-
tration

6 SHED (Cellavita HD, 1 
× 106 cells); SHED 
(Cellavita HD, 2 × 106 
cells)

None 1, 4 years Phase 1

- NCT04219241 Active, not 
recruiting

Huntington’s 
disease

Single group assignment; 
open label

Allogeneic 
deciduous 
pulp

Intravenous adminis-
tration

35 SHED (Cellavita HD, 2 
× 106 cells)

None 1, 2 years Phase 2/3

Wenceslau et 
al[71], 2022

NCT03252535 Completed Huntington’s 
disease

Randomized; parallel 
assignment; triple-blind 
(participant, investigator, 
outcomes assessor)

Allogeneic 
deciduous 
pulp

Intravenous adminis-
tration

35 SHED (Cellavita HD, 1 
× 106 cells); SHED 
(Cellavita HD, 2 × 106 
cells)

Physiological 
solution 
without cells

Monthly 
for 14 mo

Phase 2

Ye et al[69], 
2020

NCT04336254 Recruiting COVID-19 Randomized; parallel 
assignment; triple-blind 
(participant, investigator, 
outcomes assessor)

Allogeneic 
dental pulp

Intravenous injection 20 DPSCs (3 × 107 cells) Saline 28 d Phase 1/2

- NCT04302519 Unknown COVID-19 Single group assignment; 
open label

Dental pulp Intravenous injection 24 DPSCs (1 × 107 cells/kg 
body weight)

None 3, 7, 14, 28, 
360 d

Early 
phase 1
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DBBM: Deproteinized bovine bone mineral; GFs: Gingival fibroblast; PRF: Platelet-rich fibrin; TCP: Tricalcium phosphate; DPSCs: Dental pulp stem cells; SHED: Stem cells from exfoliated deciduous teeth.

Similar to the regeneration of damaged tissue, tumors exert chemotactic effects on MSCs, affecting 
their recruitment to tumor sites[75-77]. Current studies have shown that MSCs have bidirectional, anti-
cancer and pro-cancer, regulatory effects, which raises safety concerns for clinical application. On the 
one hand, MSCs are the major component of the tumor microenvironment and can be reprogrammed to 
the pro-tumorigenic phenotype by the tumor[78]. MSCs have been revealed to participate in the 
initiation, development, progression, and metastasis of multiple cancers[79]. The pro-cancer effect of 
stem cells may be achieved by secreting molecules that affect the phenotype of tumor cells, promoting 
tumor angiogenesis, cancer-associated fibroblast differentiation, cell-to-cell contact, or cell engulfment
[76]. In recent studies, DPSCs and their conditioned medium were reported to promote the proliferation 
and carcinogenic properties of prostate cancer, oral cancer, breast cancer, and melanoma cellsin vitro[80-
82].

On the other hand, there is also evidence that MSCs can inhibit the growth of a variety of tumors, 
including breast cancer, Kaposi’s sarcoma, hepatoma, glioma, and melanoma[76,83-85]. DPSCs and their 
conditioned medium also showed a suppressive effect on the development and migration of colorectal 
cancer cells through mitogen-activated protein kinase pathways[86]. In fact, there are few reports of 
primary pulp malignancies[87]. In a genome-wide RNA-seq study, phosphatase and tensin homolog 
(PTEN) expression in DPSCs was higher than that in BMSCs[88]. PTEN, a phosphatase, can metabolize 
phosphatidylinositol 3,4,5-triphosphate and directly oppose the activation of the oncogenic PI3K/AKT/
mTOR signaling network[89]. At present, the regulatory effects of stem cells on cancer are still contro-
versial, and the difference in results may be related to cell lines, cell doses, animal models, cancer types, 
treatment duration time, and other factors.

In conclusion, no adverse events were reported in the published clinical articles or clinical trials using 
DSCs, which suggested the safety of DSC-based therapy. However, based on current concerns about the 
safety of stem cell therapy, more in vivo studies on the safety of DSC-based therapies are of great 
significance.

CURRENT LIMITATIONS AND PERSPECTIVES
Harvesting DSCs from inflamed tissue
Most studies applied stem cells extracted from healthy dental tissue for treatment, but additional 
surgery (such as third molar extraction) might increase patient suffering. Harvesting stem cells from 
inflamed dental tissue could be an alternative method, although stem cell abilities might be affected[36,
90,91].

Several studies have researched the different biological properties of DPSCs derived from normal and 
inflamed pulps (iDPSCs), and the results are still in dispute[92-98]. In some studies, DPSCs showed 
better self-renewal ability[92,93] and multidirectional differentiation capacities than iDPSCs[92], while 
in other studies, no significant difference was observed[94,95,98]. A study by Nie et al[97] indicated that 
DPSCs showed higher colony-forming, proliferative, and osteo/dentinogenesis abilities, while iDPSCs 
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Table 4 Dental stem cell-based clinical trials registered on the International Clinical Trials Registry Platform

Interventions
Ref. Registration ID Status Diseases Study design Cell 

source
Administration 
route

Number 
of 
patients Test group Control group

Follow-up 
period Phase Outcomes

- JPRN-
UMIN000042791

Complete: 
Follow-up 
complete

Periodontitis Randomized; parallel 
assignment; single-
blind (participants)

Deciduous 
pulp

Gargle 30 Mouthwash containing SHED culture 
supernatant

Mouthwash 
without SHED 
culture supernatant

1 mo Not 
applicable

- ChiCTR2100051466 Recruiting Periodontitis Randomized; parallel 
assignment; open 
label

Dental 
pulp

Bilateral multipoint 
injection on a single 
tooth

96 DPSCs (1 × 107 cells) for once; DPSCs 
(1 × 107 cells) for twice

Saline 90, 180, 360 
d

Phage 0

- ChiCTR2100049178 Pending Periodontitis Randomized; parallel 
assignment; double-
blind

Dental 
pulp

Local injection 36 DPSCs (1 × 106 cells) for single 
injection; DPSCs (5 × 106 cells) for 
single injection; DPSCs (1 × 107 cells) 
for single injection; DPSCs (1 × 107 
cells) for single injection in 2 locations; 
DPSCs (1 × 107 cells) for single 
injection in 3-4 locations

None Phage 1

Sá
nchez 
et al
[42], 
2020

ISRCTN13093912 Completed Periodontitis Randomized; parallel 
assignment; single-
blind (patients and 
examiners)

Dental 
pulp

Implanted into bone 
defect sites via 
surgical approach

20 DPSCs (1 × 107 cells) + 
hydroxyapatite-collagen scaffold

Hydroxyapatite-
collagen scaffold

1, 2, 4, 12, 
24, 36 wk; 
12, 24, 36, 
48, 60 mo

Not 
applicable

- JPRN-
UMIN000045926

Complete: 
Follow-up 
complete

Wrinkles Randomized; parallel 
assignment; single-
blind (outcomes 
assessor)

Dental 
pulp

12 All-in-one gel containing 
immortalized DPSCs-CM solution 
and various beauty ingredients

No treatment 4 wk Not 
applicable

- JPRN-
UMIN000043528

Complete: 
Follow-up 
complete

Wrinkles Randomized; parallel 
assignment; single-
blind (outcomes 
assessor)

Dental 
pulp

12 All-in-one gel containing 
immortalized DPSC-CM solution and 
the latest peptide raw materials

No treatment 4 wk Not 
applicable

- JPRN-
UMIN000045897

Complete: 
Follow-up 
continuing

Hair loss Nonrandomized; 
parallel assignment; 
open label

Deciduous 
pulp

Injection 22 SHED-CM; after SHED-CM injection, 
one dose of micrografts (Rigenera) 
followed by another SHED-CM 
injection; SHED-CM injection after 
one dose of micrografts (Rigenera)

None 6 mo Not 
applicable

DPSCs: Dental pulp stem cells; SHED-CM: Stem cells from exfoliated deciduous teeth conditioned medium.

demonstrated enhanced chondrogenesis, neurogenesis, angiogenesis, and adipogenesis capacities. Park 
et al[96] reported that iDPSCs appear to have higher osteogenic differentiation potential and lower 
neurogenic differentiation potential than DPSCs.
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Differences in inflammation levels may explain the discrepancy in the biological properties of DPSCs 
and iDPSCs in various studies. Intense and rapid inflammatory stimulation irreversibly initiates pulp 
necrosis, while low insult levels of inflammation are able to cause reversible pulpitis and promote 
dentine regeneration[99]. DPSCs are a suitable source of stem cells for pulp nerve regeneration because 
of their neuronal differentiation potential. It was reported that acute inflammation with a high level of 
proinflammatory cytokines could reduce neural precursor cell (NPC) survival and inhibit the neuronal 
differentiation of NPCs, while chronic inflammation expressed a potentially neuroprotective phenotype 
and supported neuronal differentiation[100]. Meanwhile, age, sex, tooth position, and sample size are 
also confounding factors affecting the function of DPSCs, which should be considered in subsequent 
studies and clinical practice.

DSC-CM and DSC-EVs
The culture medium collected from cells in culture is known as CM. CM is applied as an alternative 
therapy for tissue regeneration, which is a less ethical issue because it uses cells indirectly. Koga et al[64] 
applied SHED-CM in the treatment of erectile dysfunction, which is the only record of its clinical use to 
the best of our knowledge.

DSC-CM contains a variety of cytokines associated with vascular and nerve tissue regeneration, such 
as VEGF, BDNF, β-NGF, GDNF and neurotrophin-3 (NT-3)[101,102]. To date, DSC-CM has been 
reported to have the potential to promote bone regeneration[103], periodontal regeneration[104], 
angiogenesis[105], pulp regeneration[106], and nerve protection/regeneration[105,107-109] with great 
possibilities for clinical application.

In addition, DSC-CM showed satisfactory anti-inflammatory and immunoregulatory effects. Several 
in vivo studies based on various animal models reported that intravenous injection or intranasal 
administration of SHED-CM improved liver fibrosis[110], acute liver failure[111], acute lung injury
[112], Alzheimer’s disease, temporomandibular joint osteoarthritis[113], Sjögren’s syndrome[114], and 
rheumatoid arthritis[115] by exerting anti-inflammatory effects. Meanwhile, studies have also reported 
the effect of SHED-CM on promoting Treg cell differentiation[114] and M2-like macrophage induction
[111,112], as well as inhibiting Th17 cell differentiation[114] and inflammatory macrophage activation
[116].

In addition to DSC-CM, DSC-EVs harvested from cell-culture medium have also been deeply studied 
in recent years. Multiple studies have indicated the promotion effect of DSC-EVs on jawbone and 
calvarial bone regeneration[117,118], angiogenesis and cutaneous wound healing in vivo[119,120]. Li et al
[121] also reported that DSC-EVs could alleviate cerebral ischemia-reperfusion by suppressing the 
inflammatory response, which is related to the inhibition of the HMGB1/TLR4/MyD88/NF-κB 
pathway.

The poor survival rate of implanted DSCs and host immunogenic reactions are the main drawbacks 
of applying DSCs directly. In some comparative studies, stem cell-derived CM showed similar and even 
better treatment effects on acute lung injury, Parkinsonism, and type 1 diabetes than the direct use of 
stem cells[112,122,123]. DSC-CM and its components (such as EVs) provide several key advantages over 
cell-based applications, including avoiding the risk of host immunogenic reactions, cost-effectiveness, 
long-term storage capacity, and simpler evaluation of safety and efficacy[104,124]. Accumulating 
evidence indicates the great potential of DSC-CM/DSC-EV-based treatment in clinical applications.

Expanding-free strategy
Despite encouraging results of differentiation and tissue regeneration, DSCs still require rigorous cell-
expanding procedures to obtain a sufficient number of cells for treatment, which is costly with great 
technique sensitivity, often taking tens of days. The ex vivo expansion of stem cells often reduces their 
self-renewal and proliferation abilities[125]. Direct mechanical digestion or tissue transplantation are 
promising solutions to these limitations.

In recent years, using mechanical disaggregation of dental tissues instead of cell-expending 
procedures was successful for harvesting autologous pulp micrografts rich in progenitor cells[41,126]. In 
2016, Monti et al[126] indicated that DSCs harvested by mechanical digestion (Rigenera® system, HBW, 
Turin, Italy) were fully comparable to stem cells obtained after enzymatic digestion. In this study, 
mechanical digestion-obtained DPSCs showed osteogenic, adipogenic, and chondrogenic differentiation 
abilitiesin vitro and were able to increase the regeneration of post-extraction sockets in vivo when 
applied with the collagen sponge[126].

Pulp micrografts harvested by mechanical digestion were also applied in the treatment of sinus 
lifting, post-extraction sockets, and periodontal intrabony defects[46,47,49,57,61,62]. One clinical trial 
using pulp micrografts was also designed for periodontitis management (NCT03386877), but the 
outcome was not reported. Different systems of mechanical disaggregation were applied in these 
studies, including BD Medimachine (BD Biosciences San Jose, CA, United States)[62], the Rigenera® 
system (HBW, Turin, Italy)[46,57,61], and the Medimachine System (Consul TS, Orbassano, Italy)[47,
49]. In brief, dental pulp is first collected from extracted teeth and then sent to the mechanical 
disaggregation system to obtain pulp micrografts. After filtration or without filtration, pulp micrografts 
are combined with the scaffold for transplantation.
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In addition, Vandana et al[125] described a novel approach using stem cell assistance in the 
periodontal regeneration technique (SAI-PRT), which contained periodontal ligament soft tissue gelatin 
sponge scaffolds and cementum scrapings. In their research, SAI-PRT successfully bypassedin vitro 
culture and expanded PDLSCs, resulting in satisfactory defect filling of periodontal intrabony defects
[125].

Embryonic stem cells, PSCs, and DSCs
Embryonic stem cells (ESCs) are pluripotent cells of great significance to developmental biology. They 
give rise to all types of germ layer cells in the embryo. The self-renewal ability and plasticity of ESCs 
make it possible to generate unlimited numbers of different types of cells in vitro[127]. Similar to 
embryonic cells, PSCs derived from different somatic cells also have the ability to immortalize and 
differentiate into the three germ layers[128]. The properties of these two cell types make them promising 
sources for stem cell-based therapy for various diseases and injuries. However, due to the limitations of 
ESCs and PSCs, adult stem cells (such as DSCs) still possess high application value.

First, ethical issues regarding the use of ESCs make their clinical application challenging[128]. Second, 
the preparation of autologous PSCs takes a long time (more than 3 mo) and has high medical cost, and 
the immune rejection issue of allotransplantation should be considered[129]. In addition, teratomas are 
germ cell tumors containing cells of two or three germ lines that always occur via uncontrollable stem 
cell proliferation and differentiation[130,131]. In experimental studies, stem cell transplants (especially 
ESC and PSC transplants) have been found to increase the risk of teratomas, raising safety concerns[131-
133]. Previously, viral vector integration and contamination of animal-derived components also posed 
obstacles to the use of PSCs, but these problems have been addressed by innovative techniques, such as 
integration-free methods and xeno-free culture[134-136].

DSCs did not show unlimited proliferation potential and demonstrated poorer differentiation ability 
than PSCs and ESCs[137]. However, the advantages of DSCs over ESCs and PSCs, such as fewer ethical 
issues and lower teratoma risk[87,88,138], lower cost and shorter preparation period, harvesting from 
medical waste, and implementing therapeutic effects without gene editing, grant them greater potential 
for clinical applications in the future.

CONCLUSION
Many clinical articles and clinical trials of autologous and allogeneic DSCs have aimed to evaluate their 
therapeutic effects on various diseases, such as pulpitis, periapical lesions, periodontitis, cleft lip and 
palate and Huntington’s disease. In most studies, satisfactory clinical treatment results were obtained, 
while clinical benefits of using DSCs were not found in some research. Although safety risks exist for 
stem cell-based therapies, safety issues have not been reported in the clinical applications of DSCs. In 
the future, in addition to continuing to study the efficacy and safety of DSC-based treatment, harvesting 
DSCs from inflammatory tissues, expanding-free strategies, and applying DSC-CM or DSC-EVs should 
be studied, as they have strong research value and application potential. Taken together, DSC-based 
therapy is a promising tool for the treatment of various diseases and can be further promoted.
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Abstract
Ischemic stroke (IS) is the most prevalent form of brain disease, characterized by 
high morbidity, disability, and mortality. However, there is still a lack of ideal 
prevention and treatment measures in clinical practice. Notably, the trans-
plantation therapy of mesenchymal stem cells (MSCs) has been a hot research 
topic in stroke. Nevertheless, there are risks associated with this cell therapy, 
including tumor formation, coagulation dysfunction, and vascular occlusion. 
Also, a growing number of studies suggest that the therapeutic effect after 
transplantation of MSCs is mainly attributed to MSC-derived exosomes (MSC-
Exos). And this cell-free mediated therapy appears to circumvent many risks and 
difficulties when compared to cell therapy, and it may be the most promising new 
strategy for treating stroke as stem cell replacement therapy. Studies suggest that 
suppressing inflammation via modulation of the immune response is an 
additional treatment option for IS. Intriguingly, MSC-Exos mediates the inflam-
matory immune response following IS by modulating the central nervous system, 
the peripheral immune system, and immunomodulatory molecules, thereby 
promoting neurofunctional recovery after stroke. Thus, this paper reviews the 
role, potential mechanisms, and therapeutic potential of MSC-Exos in post-IS 
inflammation in order to identify new research targets.

Key Words: Mesenchymal stem cells; Exosomes; Ischemic stroke; Immunomodulation; 
Inflammation; Exosome therapy
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Core Tip: Mesenchymal stem cell-derived exosomes (MSC-Exos) are an emerging strategy for treating 
ischemic stroke (IS) and have demonstrated certain achievements in animal studies. Here, we review and 
discuss the mechanisms of MSC-Exos in treating IS through immunomodulation, the current responses to 
the clinical limitations of MSC-Exos therapy, and the issues that need to be addressed in future MSC-Exos 
research.
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INTRODUCTION
Stroke is one of the leading causes of death and permanent disability on a global scale; ischemic stroke 
(IS) accounts for approximately 80% of stroke cases[1]. Currently, the mainstay of acute treatment for IS 
is limited to reperfusion by intravenous recombinant tissue fibrinolytic activator (tPA, thrombolysis) 
and rapid recanalization utilizing devices (thrombectomy)[2]. In clinical practice, however, the 
thrombolytic treatment conditions are strictly limited to presentation within 4.5 h of symptom onset[3]. 
Although the therapeutic window for thrombectomy has been extended to 24 h, there may be a risk of 
cerebral hemorrhage, occlusion after revascularization, and over-perfusion brain injury[4,5]. In recent 
years, other treatments that researchers have actively explored have also been prevented from being 
implemented on a large scale in clinical practice due to a variety of disadvantages. For instance, 
hypothermia treatment may reduce body metabolism while affecting neuronal death mechanisms, 
resulting in increased immunosuppression and susceptibility to infectious complications[6]. Prophy-
lactic antibiotic treatment can decrease the incidence of infectious complications. However, antibiotic 
therapy is targeted, and broad-spectrum antibiotics can affect the body’s normal flora if they are 
misused, which may increase organismal resistance[7]. By 2050, there will be more than 200 million 
stroke survivors and almost 300 million disability-adjusted life-years, 25 million new strokes, and 13 
million deaths from stroke annually[1]. Therefore, there is a pressing need to discover effective 
treatments for IS that can be administered on a large clinical scale.

In acute stroke management, time is brain. The focus of stroke research should be on extending the 
time window for treatment. Examples include early measurement of immune biomarkers[8], improved 
efficiency of pre-hospital emergency transport[9], improved levels of care[10], and stem cell 
transplantation therapy[11]. Among these, stem cell transplantation therapy, which can extend the 
treatment window for IS to seven days, has become a hot research topic[11]. This also offers promising 
treatment options for patients outside the golden treatment period. MSCs are among the most hopeful 
candidates for stem cell therapy compared to other types due to their comprehensive source, ease of 
culture, pluripotent differentiation, immune tolerance, high survival rate, and strong paracrine effects
[11-13]. It has previously been proved that nutrient factors and extracellular vesicles (EVs) secreted in 
situ by stem cells after transplantation enter the damaged brain and exert immunomodulatory, 
neuroprotective, angiogenic, and neural restructuring effects[13,14]. This phenomenon is known as the 
paracrine response (also called the “bystander” effect) and is the main mechanism by which stem cell’s 
function. In comparison, exosomes are key effectors in the paracrine response of stem cells[14]. 
Mesenchymal stem cell-derived exosomes (MSC-Exos) therapy applied to stroke is superior to cell 
therapy in biodistribution, stability, safety, and development potential while ensuring therapeutic 
efficacy as an alternative therapy to stem cells.

In addition to the problem of a narrowing treatment window, the poor prognosis of IS is another 
pressing issue. Immunosuppression is the important cause of IS patients' poor prognosis and increased 
susceptibility. The inflammatory response underlies ischemic tissue damage. MSC-Exos, a highly 
promising treatment modality for brain injury, can effectively reduce neuroinflammatory reactions by 
modulating the immune system to promote recovery[15,16]. This paper reviews and discusses the 
immunomodulatory effects of MSC-Exos at the cellular and molecular levels following IS, as well as its 
application in therapy, in order to serve as a reference for future research and treatment.

IMMUNE RESPONSE AFTER IS
IS is caused by thrombosis or embolism, which could interrupt blood flow to the brain. After acute 
ischemic events, blood stagnation and altered hemodynamics restrict the availability of oxygen and 
glucose [oxygen-glucose deprivation (OGD). Then brain cell metabolism shifts from the oxidative 
phosphorylation to high levels of glycolysis, producing excess lactic acid[17,18]. Excessive accumulation 
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of lactic acid is able to trigger tissue acidosis, edema, blood-brain barrier (BBB) dysfunction, and 
extensive necrosis[18]. Firstly, once the Na+/K+ ATPase pump is affected, there will be an inward flow of 
Na+ and an outward flow of K+, which depolarizes the neuronal plasma membrane and promotes the 
release of excitatory neurotransmitters (including glutamate)[18-20]. Excess glutamate activates the N-
methyl-D-aspartate receptor and the α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor, 
thereby leading to cytotoxicity and cell death[19,21,22]. Next, an extracellular Ca2+ inward flow occurs 
after affecting the Ca2+ pump, which causes a dramatic rise in intracellular Ca2+. Ca2+ overload activates 
calcium-dependent proteases, lipases, DNAases, kinase phosphatases, endonucleases, and other death 
signals, inducing ischemic core cell death[20,23]. Additionally, the Ca2+ influx activates nitric oxide 
synthase (iNOS), which subsequently generates oxygen radicals and peroxynitrite (ONOO-), causing 
oxidative stress in neural tissue[24]. Meanwhile, the depletion of ATP production and overproduction of 
reactive oxygen species (ROS) leads to mitochondrial dysfunction, further exacerbating oxidative stress
[22,25]. In summary, OGD results in subsequent energy disturbances, lactic acidosis, cellular excito-
toxicity, and oxidative stress, ultimately leading to brain cell damage or death. This is the initial step of 
ischemia-induced damage, which triggers the subsequent cascade responses. Injured/dying cells emit 
“danger signals” and thus activate the immune system (Figure 1).

Once the immune system is activated, immune cells enter the brain parenchyma sequentially. 
Microglia (MG), as the resident macrophages of the central nervous system (CNS), are the first to detect 
ischemia and rapidly activate in response[26,27]. MG recognizes “danger signals” [danger-associated 
molecular patterns (DAMPs)] released by dying and dead cells, primarily via the expressions of Toll-like 
receptors (TLR) and scavenger receptors. Then, the TLRs and scavenger receptors are activated, 
triggering a series of inflammatory events[28-30]. MG has been classified into two polarized 
phenotypes, including classical activation (pro-inflammatory, M1) and alternative activation (anti-
inflammatory, M2). Anti-inflammatory cytokines [such as interleukin (IL)-4, IL-13, IL-10, and 
transforming growth factor (TGF)-β] activate the M2 phenotype. The M2 cells promote translocation of 
the transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2) and proliferation-activated 
receptor gamma, and promote the secretion of anti-inflammatory IL-10, IL-4, TGF-β cytokines and 
growth factors (such as brain-derived neurotrophic factor and vascular endothelial growth factor) to 
suppress inflammation and enhance tissue repair[31,32]. In contrast, lipopolysaccharide (LPS) and 
interferon gamma (IFN-γ) activate the M1 phenotype. The M1 cells promote the transcriptional 
activation of nuclear factor-κB (NF-κB), a member of the signal transducer and activator of the 
transcription family (STAT), and promote the production of pro-inflammatory mediators like IL-12, 
tumor necrosis factor (TNF)-α, IL-6, IL-1β and NO, leading to the secondary brain damage[31,33,34]. 
Meanwhile, the chemokines and cytokines released by M1-MG and adhesion molecules highly 
expressed on endothelial cells can recruit peripheral blood leukocytes (including neutrophils, 
monocytes, and lymphocytes) to infiltrate the brain parenchyma, thereby mediating the adaptive 
immune response[28,30,31]. In the acute phase of brain injury, the M1 phenotype appears to 
predominate, whereas MG favors the M2 phenotype in the later stages. In addition, neurons can control 
MG activation by releasing “on” and “off” signals. MG is able to quickly recognize the “eat me” 
(CX3CL1) or “don't eat me” (e.g., CD47-SIRPα and CD200-CD200R) signal on a neuron and engulf the 
live ischemic neurons[35]. In the same way like MG, macrophages can be polarized into two 
phenotypes, M1 and M2. The two are often described as MG/macrophages, because their roles in stroke 
are mostly similar[36]. However, in contrast, the main inflammatory factors produced by both are 
skewed. MGs secrete relatively high levels of ROS and TNF-α, while macrophages produce relatively 
high levels of IL-1β[37].

Astrocytes (Ast) are among the first brain cells to be activated after an ischemic event. Ast undergoes 
a dramatic transformation called “reactive astrocytosis” after ischemic injury, forming glial scarring[38]. 
Similar to MG, the harmful or beneficial effects of reactive Ast depend on the different phenotypes of 
Ast (neuronal toxicity phenotype A1 and neuroprotective phenotype A2)[38,39]. In addition to the 
activation of Ast by DAMPs, there is growing evidence regarding the importance of MG-Ast crosstalk 
for activating Ast. MG activation, followed by the release of IL-1α, TNF-α and complement component 
subunit 1q, induces the activation of A1-type reactive Ast[38,40]. A1-Ast secrete pro-inflammatory 
mediators, like IL-6, TNF-α, IL-1α, IL-1β, IFN-γ, NO, matrix metalloproteinases (MMP), superoxide and 
ONOO-, inducing neuron and oligodendrocyte death[38,41]. MG also induces the A2 phenotype of Ast 
and attenuates the inflammatory response. Li et al[42] have reported that Zinc finger E-box binding 
homeobox 1 (ZEB1) was highly expressed in MG of the ischemic hemisphere after experimentally 
induced strokes[42]. ZEB1 overexpression mediates the MG response primarily through a TGF-β1-
dependent pathway and subsequently reduces CXCL1 production in Ast, thereby reducing neutrophil 
infiltration in the brain parenchyma. Likewise, Ast also can regulate the phenotype and function of MG 
through crosstalk between Ast and MG[43]. Thus, when the brain is disturbed, MG and Ast seem to 
respond as a unit.

Different from other immune cells, the number of lymphocytes infiltrating into the stroke brain is 
relatively small[27]. T lymphocytes can enter the brain hours after a stroke and are preferentially 
accumulated at the edge of the lesion[44]. The T cells infiltrating into the ischemic tissue mainly 
comprise CD8+ cytotoxic T lymphocytes (CTLs), CD4+ T helper cells (Ths), and regulatory T cells (Tregs)
[45]. Infiltrating MG/macrophages may stimulate the differentiation of activated CD4+ T cells into Th1 
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Figure 1 Schematic representation of the immune response after ischemic stroke. After ischemic stroke (IS), the blood-brain barrier (BBB) is 
disrupted and the central nervous system (CNS) and the peripheral immune system are able to interact with each other. The cerebral blood flow is significantly 
reduced immediately after IS, which limits the availability of glucose and oxygen. The initial ischemic event leads to energy disturbances, acidosis, cellular 
excitotoxicity and oxidative stress ultimately resulting in neuronal damage or death and subsequent activation of the immune response. Dying/dead neurons release 
“danger signals” such as danger associated molecular patterns (DAMPs), cytokines and chemokines to recruit and activate peripheral immune cells (neutrophils, 
macrophages and lymphocytes) and activate glial cells (microglia and astrocytes) in the central CNS. Activated glial cells release a range of cytokines and 
chemokines that also recruit peripheral immune cells into the brain parenchyma and further destroy the BBB. Activated cells polarize into different cell phenotypes or 
subtypes to secrete pro-inflammatory or anti-inflammatory factors that act to damage or protect. (Figure created with BioRender.com). DAMP: Danger associated 
molecular patterns; CNS: Central nervous system; NET: Neutrophil extracellular trap; MMP: Matrix metalloproteinases; iNOS: Influx activates nitric oxide synthase; 
ROS: Reactive oxygen species; IL: Interleukin; TGF-β: Transforming growth factor-β; BDNF: Brain-derived neurotrophic factor; VEGF: Vascular endothelial growth 
factor; TNF-α: Tumor necrosis factor-α; NGF: Nerve growth factor; GDNF: Glial cell-derived neurotrophic factor; IFN-γ: Interferon-γ; BBB: Blood-brain barrier; CTL: 
Cytotoxic T lymphocyte; C1q: Component subunit 1q.

or Th2 cells[46]. Th1 cells are able to secrete pro-inflammatory factors like IFN-γ, IL-2, and IL-12 to 
exacerbate inflammation. In contrast, Th2 cells produce anti-inflammatory factors, such as IL-4, IL-5, IL-
10, and IL-13, to suppress inflammation[47]. CTLs directly or indirectly kill neurons and aggravate brain 
damage through cell interactions and the release of perforin after antigen-dependent activation[48]. 
Tregs exert their protective effects mostly by inhibiting IL-1β and TNF-α through the expression of IL-10
[47,49]. The role of B lymphocytes in the immunology of stroke is not clear yet. Whereas, some studies 
have observed the local production of corresponding antibodies in the cerebrospinal fluid of stroke 
patients, indicating that B lymphocytes are indeed present in the ischemic brain and they may be 
involved in post-ischemic immunological events[50].

Neutrophils are the initial blood-derived immune cells to cross the BBB and invade ischemic tissues, 
and they can be detected as soon as 1 h after the event[51]. Neutrophils are activated and recruited to 
the injured brain parenchyma by inflammatory factors produced from some activated glial cells and 
dying neurons, and adhesion molecules expressed by endothelial cells (e.g., intercellular adhesion 
molecule 1, P-selectin and E-selectin)[27,52,53]. Traditionally, the neutrophil aggregation has been 
considered detrimental to stroke. After infiltration into ischemic tissues, activated neutrophils produce 
inflammatory factors, such as MMP, iNOS, and ROS, and form neutrophil extracellular traps (NETs) to 
increase BBB permeability and exacerbate inflammation[54-56]. In addition, the accumulation of 
neutrophils can further block local blood flow, resulting in “no reflux” of the microcirculation[57]. 
Neutrophils also exhibit two kinds of phenotypes, comprising N1 (pro-inflammatory) and N2 (anti-
inflammatory) phenotypes. Neutrophil’s different phenotypes may shape other cellular effector 
functions and be cleared by phagocytosis of MG/macrophages[58,59].
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In conclusion, the post-stroke ischemic environment induces immune cells to polarize into different 
phenotypes or type, acting either protectively or destructively. Hence, it is probably a promising mean 
to affect the immune cell heterogeneity and improve the post-stroke inflammatory environment.

EXOSOMES AS A REPLACEMENT THERAPY FOR MSCS ON IS
All above, it is clear that the immune responses following IS can influence the development of ischemic 
brain injury. Anti-inflammatory and immunomodulatory therapies have shown beneficial effects on 
several experimental stroke models[60]. Among them, MSCs transplantation is one of the most 
important therapeutic tools involved in regulating immunity and repairing ischemic tissues in clinical 
practice[61]. Initially, researchers have assumed that the primary mechanism of MSCs transplantation 
mainly involved in MSC’s ability to differentiate into parenchymal cells to repair and replace injured 
tissues. However, many preclinical studies suggested that most MSCs were confined to the liver, spleen, 
and lungs, and only a few MSCs could reach the injury site, surviving and differentiating into neurons
[62,63]. Interestingly, despite most transplanted MSCs stagnate in the organ, this does not prevent the 
therapeutic effect of MSCs transplantation. Thus, the distal therapeutic effect after transplantation of 
MSCs may be primarily attributable to the paracrine mechanism of MSCs[63]. MSC-Exos mainly 
mediate the paracrine secretion of MSCs. Exosomes are EVs with a single membrane structure of 30-150 
nm in diameter, carrying proteins, lipids, nucleic acids (DNA, mRNA, miRNA, lncRNA, circRNA), and 
other substances[64]. When exosomes are circulating, the contents encapsulated within them can be 
delivered to target cells, mediating intercellular communication and regulating the function of the target 
cells[64,65]. This is essentially the role of the miRNAs contained by exosomes. MiRNAs are endogenous 
hairpin-loop structured non-coding RNAs, primarily binding to mRNA in specific ways to influence 
post-transcriptional events and regulate cellular behavior[66].

Furthermore, there are multiple advantages of transplanting exosomes rather than the entire 
“factory” (cell) into the body: (1) In terms of biodistribution, as nano-scale cellular secretions that could 
escape the phagocytosis of macrophages and readily cross the BBB to reach the brain parenchyma, they 
are considered to be natural therapeutic agents and innate drug delivery system for brain diseases[67]; 
(2) In terms of stability, exosomes have a stable bimolecular phospholipid structure that prevents the 
contents’ biological activity from being broken down by extracellular hydrolytic enzymes[64]; (3) In 
terms of safety, compared to MSCs transplantation therapy, the cell-free therapy can avoid cell-
mediated adverse effects, such as tumor formation, coagulation dysfunction, and infarction due to 
vascular occlusion[16]; and (4) In terms of development potential, exosomes can be enriched in large 
quantities within the culture medium (mass production) and easily retouched/retrofitted (controllable). 
Moreover, some studies comparing the therapeutic effects of MSC-Exos with MSCs in stroke rat models 
suggest that MSC-Exos treatment is indeed superior to treatment with MSCs themselves[68,69]. For 
above reasons, we believe that MSC-Exos is a crucial effector of MSCs to exert their immunomodulatory 
effects. Together with its unique advantages, MSC-Exos is expected to be a replacement therapy for 
MSCs in the treatment of stroke.

MSC-EXOS MODULATES IMMUNE RESPONSE AFTER IS
Recently, numerous studies have shown that MSC-Exos can promote recovery after stroke, via 
modulating the innate and adaptive immune responses activated after IS[70-72]. Firstly, MSC-Exos is 
able to regulate cell differentiation, activation, proliferation, and intercellular communication by 
delivering functional molecules to cells involved in immunity, for example, MG, Ast, macrophages, 
neutrophils, lymphocytes, dendritic cells (DCs), etc. (Table 1). There are three primary forms of action: 
(1) Through the signaling molecules on its surface as ligands binding to specific receptors on the target 
cell, the intracellular signaling pathways are regulated; (2) via fusing with the corresponding target cell 
membrane and releasing the contents into the recipient cell; and (3) by entering the target cell in the 
form of endocytosis and bringing the active factors into the cell[73]. Secondly, MSC-Exos can also 
mediate the immune response by down-regulating pro-inflammatory factors and/or up-regulating anti-
inflammatory factors (Table 2).

MSC-Exos regulate the immune response through cells
MSC-Exos and CNS: MG is firstly activated after IS, as an immune sentinel of the CNS, exerting 
neuroprotective or neurotoxic effects[27,74]. A therapeutic strategy balancing the two polarization states 
of MG may become a future adjunctive stroke therapy. One study used protein blotting to analyze TLR-
2, TLR-4 and TLR-6 levels in MG of ischemia/reperfusion (I/R) mice and found that the TLR/NF-κB 
pathway was activated in MG after an ischemic event, leading to the secretion of pro-inflammatory 
factors (IL-1β, TNF-α, IL-6, etc.) and that this signaling pathway was important in promoting M1 
transformation and exacerbating the inflammatory response[75]. TLRs are pattern recognition receptors 
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Table 1 Mesenchymal stem cell-derived exosomes target cells to mediate immune responses on ischemic stroke

Origin Targeted cells Administration/cultivation routes Pathways/factors 
involved Function Ref.

Human umbilical cord-
derived mesenchymal 
stem cell exosome miR-
26b-5p

Microglia Tail vein injection and microglia co-
culture

TLR signaling pathway [75]

Bone marrow-derived 
mesenchymal stem cell 
exosome miR-182-5p

Microglia Inject into the brain TLR4/NF-κB [81]

Mesenchymal stem cell 
exosome miR-223-3p

Microglia Tail vein injection and BV-2 
microglia co-culture

CysLT2R-mediated 
signaling pathway

[87,89]

Mesenchymal stem cell 
exosome miR-26a-5p

Microglia Tail vein injection and BV-2 
microglia co-culture

CDK6 [97]

Human umbilical cord-
derived mesenchymal 
stem cell exosome miR-
146a-5p

Microglia Tail vein injection IRAK1/TRAF6 [85]

Bone marrow-derived 
mesenchymal stem cell 
exosomes

Microglia Tail vein injection NLRP3 inflammasome [99]

Bone marrow-derived 
mesenchymal stem cell 
exosome lncRNA H19

Microglia BV-2 microglia co-culture JAK/STAT [100]

Adipose stem cell-derived 
exosome miR-30d-5p

Microglia Tail vein injection and primary 
microglia co-culture

Autophagy

Balance microglia 
polarization

[91]

Mesenchymal stem cell 
exosome miR-542-3p

Neuroglia Inject into paracele of mice TLR signaling pathway Mitigate OGD-induced 
glial cell damage

[71]

Mesenchymal stem cell 
exosomes

Astrocyte Ventricular injection and astrocyte 
co-culture

Nrf2-NF-κB [104,105]

Bone marrow-derived 
mesenchymal stem cell 
exosome miR-138-5p

Astrocyte Astrocyte co-culture LCN2 [111]

Mesenchymal stem cell 
exosome miR-133b

Astrocyte Tail vein injection CTGF/RhoA

Modulate astrocyte 
activation and 
ameliorate reactive 
astrogliosis

[118,119]

Human adipose-derived 
mesenchymal stem cell 
exosomes

Neutrophil Neutrophil co-culture IL-6 [122]

Wharton's jelly-derived 
mesenchymal stem cell 
exosomes

Neutrophil Neutrophil co-culture _

Increase neutrophil 
lifespan and enhance 
neutrophil phagocytosis

[123]

Adipose-derived 
mesenchymal stem cell-
derived exosomes

Macrophage Macrophage co-culture MafB and Stat6 [129]

Adipose-derived 
mesenchymal stem cell-
derived exosomes

Macrophage THP-1 cell co-culture ROCK1/PTEN

Balance macrophage 
polarization

[130]

Human adipose-derived 
mesenchymal stem cell 
exosomes

T-lymphocyte T-lymphocyte co-culture Markers [135]

Bone marrow-derived 
mesenchymal stem cell-
derived exosomes

B-lymphocyte T-lymphocyte/B-lymphocyte co-
culture

Specific mRNAs [70]

Adipose-derived 
mesenchymal stem cell-
derived exosomes

Dendritic cell Dendritic cell co-culture _

Inhibition of 
lymphocyte activation 
and proliferation

[142]

TLR: Toll-like receptors; NF-κB: Nuclear factor-κB; CysLT2R: Cysteinyl leukotriene receptor 2; LCN2: Lipid chainlipoprotein-2; JAK: Janus kinase; STAT: 
Signal transducer and activator of transcription; IRAK1: Interleukin-1 receptor-associated kinase 1; TRAF6: TNF receptor-associated factor 6; Nrf2: Nuclear 
factor erythroid 2-related factor 2; RhoA: Ras homolog gene family member A; CTGF: connective tissue growth factor; IL-6: Interleukin-6; ROCK1: Rho 
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associated coiled-coil containing protein kinase 1; PTEN: Phosphatase and tensin homolog; _: Refers to studies without detail the pathways

Table 2 Important immunological factors and their impact

Inflammatory mediators Impacts End of MSC-Exos transplantation/culture Ref.

TNF-α Pro-inflammatory Decline [71,75,81,85,91,100,104,111,130,
140,141,143]

IL-1β Pro-inflammatory Decline [81,85,100,104,111,140,141]

IL-6 Pro-inflammatory Decline [71,75,81,85,91,100,111,122,130,
140-143]

iNOS Pro-inflammatory Decline [81,91]

IFN-γ Pro-inflammatory Decline [135]

IL-8 Pro-inflammatory Decline [130]

NLRP3 Pro-inflammatory Decline [99,145]

CysLT2R Pro-inflammatory Decline [87,89]

CCL-2 Pro-inflammatory Decline [75]

MCP-1 Pro-inflammatory Decline [71,81]

IL-4 Anti-inflammatory Raise [91]

IL-10 Anti-inflammatory Raise [91,100,130,142,143]

TGF-β Anti-inflammatory Raise [130,142]

TNF-α: Tumor necrosis factor-α; IL-1β: Interleukin-1β; IL-6: Interleukin-6; IL-8: Interleukin-8; iNOS: Influx activates nitric oxide synthase; IFN-γ: Interferon 
gamma; CysLT2R: Cysteinyl leukotriene receptor 2; CCL-2: C-C motif ligand 2; MCP-1: Monocyte chemotactic protein; IL-4: Interleukin-4; IL-10: 
Interleukin-10; TGF-β: Transforming growth factor-β; NLRP3: NLRP3 inflammasome; MSC-Exos: Mesenchymal stem cell-derived exosomes.

widely expressed on the surface of immune cells and play a key role in the immune response. NF-κB is a 
key regulator of the immune response and is intricately involved in MG/macrophage M1 and M2 
phenotypic signaling[31,76,77]. Various miRNAs encapsulated in exosomes can regulate the expression 
of TLRs on MG surface, which act on NF-κB to influence MG polarization[29,30,78]. It has been reported 
that Cholesterol 25-hydroxylase (CH25H) is significantly increased during inflammation and 
contributes to the immune response by recruiting Iba-1-positive MG and activating TLR-3[79]. 
Meanwhile, an experiment used microarray to analyze the expression differences of miRNAs in 
ischemic brain tissue after exosome treatment, and found that miR-26b-5p expression increased 
significantly after exosome treatment and could target CH25H in MG to inactivate the TLR pathway to 
inhibit M1 polarization[75]. Besides, miR-542-3p prevents the expression of pro-inflammatory factors 
and the production of ROS by post-ischemic activated glial cells through inhibiting TLR[71]. miR-202-3p
[80], miR-182-5p[81], MiR-181c[82], and miR-1906[83] also play a role in inhibiting M1 polarization 
through downregulation of TLR expression. Also, in a further explanation of the potential mechanism of 
miRNA-mediated TLR/NF-ĸB pathway, Liu et al[84] have documented that miR-216a-5p activates the 
phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) signaling cascade through inhibition of 
TLR4/NF-κB, enabling the M1 to M2 phenotypic shuttle[84]. Some data also suggest that miR-145-5p 
downregulates inflammatory responses by inhibiting the IL-1 receptor-associated kinase 1 (IRAK1)/
TNF receptor-associated factor 6 (TRAF6) signaling pathway to reduce and increase the amount of M1-
MG and M2-MG, respectively[85]. In contrast, overexpression of IRAK1 and TRAF6 is involved in the 
activation of TLR/NF-ĸB pathway and promotes the release of proinflammatory factors[78,85,86]. 
Hence, miR-145-5p may indirectly affect the TLR/NF-ĸB pathway by inhibiting the IRAK1/TRAF6 
pathway. Exploring the crosstalk between TLR/NF-κB and other pathways may better interfere with 
MG polarization. As described above, exosome miRNAs acting on the TLR/NF-κB pathway and its 
upstream/downstream signaling pathways could influence MG phenotype as well as the expression of 
pro/anti-inflammatory factors to improve inflammation.

In the regulation of MG polarization, the TLR/NF-ĸB pathway has been studied the most. However, 
in stroke, MG polarization is complex and actually regulated by multiple factors. Thus, other pathways 
affecting the activation state of MG are discussed below. miR-223 is one of the most abundant miRNAs 
in MSCs and their exosomes. In vivo and in vitro experiments have revealed that miR-223-3p down-
regulates the transcription and expression of Cysteinyl leukotriene receptor 2 (CysLT2R) to induce a 
conversion from deleterious M1 to beneficial M2 phenotype[87]. CysLTs secreted by dying/dead cells 
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are potent medium for inflammation. They are activated in various cell types during brain injury, 
further exacerbating the development of inflammation[88]. Zhao et al[89] conducted an in-depth study 
involving the miR-223-3p inhibiting CysLT2R expression in vivo and in vitro. They found that miR-223-
3p reversed M1 polarization by apparently downregulating the expression of ERK1/2 downstream of 
CysLT2R, which led to a decrease in the secretion of pro-inflammatory factors and an increase in the 
secretion of anti-inflammatory and neurotrophic factors, thereby slowing down inflammatory damage
[89]. In addition, miR-223-3p also effectively inhibits N-methyl-leukotriene C4/Leukotriene D4 to 
promote M1 to switch to M2[87,90]. Through targeting the autophagy-associated proteins Beclin-1 and 
Atg5, miR-30d-5p greatly inhibited autophagy-mediated polarization of MG towards M1 and reduced 
OGD-induced inflammatory responses[91]. Notably, autophagy may exert both beneficial and 
detrimental effects under IS conditions, depending on the degree of autophagy[92,93]. A moderate 
increase in MG autophagic activity can reduce MG activation and promote MG polarization towards the 
M2 phenotype, exerting a neuroprotective effect. Instead, excessive autophagy exacerbates cerebral 
ischemic injury. It has been demonstrated that regulation of autophagic flux and exosome biogenesis in 
MG plays a vital role in neuronal survival under conditions of cerebral ischemia[94]. Interestingly, the 
similar property was also reported in Ast[95,96]. As such, balancing the autophagic flux of immune cells 
after stroke may be a promising target for treating stroke. Cheng et al[97] have demonstrated that miR-
26a-5p was downregulated and CDK6 was upregulated in MSCs-derived exosomes of middle cerebral 
artery occlusion (MCAO) and OGD model[97]. They then hypothesized that CDK6 might be a direct 
target of miR-26a-5p and further confirmed the correlation between exosome miR-26a-5p and CDK6 
using a luciferase reporter gene assay. The data showed that miR-26a-5p inhibited MG apoptosis and 
attenuated I/R injury in mice by mediating CDK6 downregulation[97]. Besides, miR-424 can also reduce 
ischemic brain injury by targeting key activators of the G1/S transition in MG (including CDK6, 
CDC25A, and CCND1) to inhibit BV-2 MG activation[98]. CDK6 seems to be a good target of miRNAs 
in neuroprotection. As well as alleviating inflammation, MSC-Exos can also alleviate neuronal death by 
regulating MG polarization to downregulate inflammatory mediators relating to pyroptosis[99]. In vitro 
data suggest that the non-coding RNA H19 carried by MSC-Exos could attenuate M1 polarization and 
inflammatory responses by sponging miR-29b-3p and further inhibit neuronal apoptosis[100]. miR-29b-
3p may prevent ischemic-hypoxic brain injury by activating the PI3K/Akt pathway via downregulating 
the protein phosphatase and tensin homolog (PTEN)[101]. Most studies have reported routes associated 
with miRNAs affecting M1 polarization, while studies acting on pathways associated with M2 
polarization are still lacking and deserve further exploration.

Ast, the most abundant brain cells in the CNS, plays an essential role in neuroinflammation and 
neuroregeneration[40,41]. Following ischemic injury, Ast is activated by DAMPs and/or MGs and 
undergoes a transformation known as “reactive astrogliosis”[38]. Features include hypertrophy of the 
shape and overexpression of glial fibrillary acidic protein (GFAP)[102]. The activated Ast phenotype 
matches MG and is divided into pro-inflammatory A1 and anti-inflammatory A2. Notably, recent 
studies have shown that the inflammatory response mediated by Ast appears to last longer and induces 
more damage than MG[103]. This possibility further underlines the importance of targeted inhibition of 
Ast activation or induction of Ast phenotypic transformation in the treatment of IS. It has been 
demonstrated that Nrf2-related pathways are involved in the inflammatory response of Ast[104-106]. In 
one study, immunofluorescence experiments were performed after in vivo and in vitro administration of 
MSC-Exo, respectively, and protein blots showed that MSC-Exo reduced the expression of GFAP (Ast 
marker), C3 (A1 marker) and ki67 (cell proliferation marker) in LPS-stimulated cultured primary 
hippocampal Ast[104]. Meanwhile, the data show that MSC-Exo could reverse hippocampal Ast 
oxidation (e.g., upregulation and nuclear translocation of Nrf2) and inflammation phenotypes (e.g., NF-
κB activation and translocation)[104]. These results suggest that MSC-Exo can inhibit inflammation-
induced Ast activation by modulating the Nrf2-NF-κB signaling pathway. Nrf2 is a regulator of redox 
homeostasis and a target for the induction of inflammatory responses. In brain diseases with 
simultaneous inflammation and oxidative stress (e.g., IS), the interaction between Nrf2 and NF-κB 
signaling pathway is the fundamental mechanism regulating these responses[107]. miR-146a-5p, one of 
the most abundant cargo miRNAs in human umbilical cord-derived MSC-Exos, dramatically decreased 
the expression of A1 markers [C3 and lipid chain lipoprotein-2 (LCN2)) by inhibiting the NF-κB 
signaling cascade, thereby reversing the neurotoxic phenotype of Ast[108]. Among them, LCN2 has 
been identified as a potent mediator of astrocyte neurotoxicity[109]. LCN2 secreted by reactive Ast can 
accelerate or propagate neuronal cell death and promote the activation of resting Ast and MG[109]. 
Moreover, a recent study identified high LCN2 expression in a mouse transient MCAO model and 
detected that IS patients with higher plasma LCN2 levels were more likely to develop a post-stroke 
infection[110]. Overexpression of miR-138-5p negatively regulates the LCN2 expression in Ast, thereby 
inhibiting inflammation and reducing ischemic nerve injury[111].

More importantly, the increase of reactive Ast results in further glial scarring. In the acute phase of IS, 
these physical barriers can limit the inflammation spread and infarct area to maintain CNS homeostasis. 
However, in the recovery phase of IS, their presence may impede the circulation and neurological tissue 
regeneration, affecting functional recovery in late stroke[41]. It has been demonstrated that in several 
previous cerebral ischemia and hypoxia models, transplantation of MSCs markedly reduced reactive 
Ast and further eliminated glial scarring around the lesion, promoting neuronal regeneration and 
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relieving inflammation[112,113]. Recently, the in vitro studies reported that MSCs improved brain 
function after transplantation mainly by reducing the number of hypertrophic Ast and GFAP overex-
pression through inhibition of p38 MAPK, JNK, and its downstream targets p53 and STAT1 activation 
by paracrine factors[114]. In addition, miR-124 attenuated Ast proliferation and migration by blocking 
the STAT3 pathway, thereby reducing the width of glial scarring and improving neurological function
[115]. Meanwhile, miR-124 may also involve in the reprogramming neuronal progenitor cells by Ast 
through decreasing Notch1 expression and increasing Sox2 expression[115]. As Ast and neurons 
originate from the same precursor cells, Ast can be reprogrammed into neurons under some specific 
conditions, which can be achieved, for instance, by adjusting the expression of certain specific 
transcription factors (including Notch1, NeuroD1, Mash1, Ascl1, etc.) in vivo[115-117]. If Ast transdiffer-
entiated neurons homed to the ischemic lesion and replaced lost neurons, this would help limit glial scar 
formation and neural connectivity after injury, contributing to neural remodeling. This may be used as 
an alternative therapy for neuronal replenishment after stroke in the future. Furthermore, exosomes can 
also mediate communication between MSCs and Ast to enhance neurological recovery after stroke. 
MSCs communicate with Ast and neurons by releasing miR-133b-containing exosomes and transferring 
miR-133b into neurons and Ast to promote neuroprotection regeneration[118]. Xin et al[119] further 
showed that miR-133b shared into Ast downregulated the expression of connective tissue growth factor, 
thereby reducing glial scar thickness in cerebral infarction[119]. All in all, Ast may be a potential target 
for the intervention in stroke. However, whether the responsiveness and function of Ast should be 
further reduced or enhanced may depend on the duration of the ischemic lesion, the location of the Ast, 
and the specific subtype of Ast.

MSC-Exos and peripheral immune system
Neutrophil: Neutrophils are the first peripheral immune cells to infiltrate into the brain parenchyma 
crossing the damaged BBB. Neutrophil infiltration after IS is now believed to be detrimental to stroke
[27,54,56]. MSC-Exos can mitigate the harmful effects of neutrophils in several ways. Firstly, MSC-Exos 
can reduce neutrophil infiltration and inhibit neutrophil respiratory burst, thereby decreasing the 
expression of inflammatory mediators, including IL-1b, IL-6, and TNF-α, as well as suppressing the 
production of ROS in neutrophils[120]. Also, further studies have revealed that MSC-Exos may prevent 
the subsequent recruitment of monocytes/macrophages and lymphocytes after reducing neutrophil 
infiltration at the cerebral ischemia site[121]. Secondly, MSC-Exos inhibits neutrophil apoptosis and 
enhances neutrophil phagocytosis, then contributing to the clearance of cellular debris and eliminating 
inflammation and infection. This may result from the presence of IL-6 in MSC-Exos and its transfer into 
the neutrophil cytoplasm, which subsequently exerts an autocrine effect on neutrophils, thereby 
prolonging the survival of these cells and maintaining their effective function and viability to further 
improve the inflammatory response[122,123]. Thirdly, MSC-Exos inhibits the formation of terminal 
complement complexes on neutrophils via CD59, thus attenuating neutrophil activation and inhibiting 
the release of NETs and IL-17 from neutrophils[124]. Besides, human umbilical cord blood-derived 
MSC-derived EVs (exosomes) can also repair and enhance neutrophil mitochondrial function by 
transferring functional mitochondria, then reducing the formation of NETs[125]. Of greater importance, 
Soni et al[72] further investigated the differences in the regulation of neutrophil function by exosomes 
from different sources of MSCs. The results suggested that bone marrow-derived MSCs-derived 
exosomes (B-Exos) were more effective in prolonging the neutrophil lifespan. In contrast, adipose-
derived MSCs (ADMSCs)-derived exosomes (A-Exos) were more prominent in increasing the 
phagocytic capacity of neutrophils and inhibiting the formation of NETs[72].

Macrophage: Activated macrophages are morphologically like MGs, which can be divided into 
neurotoxic M1 and neuroprotective M2 types[36]. Numerous experiments have demonstrated that MSC-
Exos can effectively inhibit the effector function of M1 pro-inflammatory macrophages and/or promote 
the effector function of M2 anti-inflammatory macrophages, which contributes to alleviating the 
immune inflammatory response. It has been suggested that IFN regulatory factor (IRF) 5 could be 
reversibly induced by inflammatory stimuli in macrophages and IRF5 is associated with the plasticity of 
macrophage polarization (up- or down-regulation of M1 or M2 macrophage phenotypic marker 
expression)[126]. Overexpression of miR-22-3p promotes the polarization to macrophage M2, 
suppresses the inflammation, and attenuates I/R injury through downregulating IRF5, which is 
supported by increased expression of the M2 macrophage marker mannose receptor (CD206) and 
decreased expression of the M1 macrophage marker CD86[127]. B-Exos-derived miR-125a also exerts 
neuroprotective effects by targeting negative regulation of IRF5 to promote M2 phenotypic polarization
[128]. Furthermore, A-Exos can promote M2 polarization by activating the M2 macrophage-specific 
transcription factors MafB and Stat6 to induce the expression of genes related to anti-inflammatory 
functions, supported by a mechanism that upregulates the expression of the M2 macrophage markers 
CD163, arginase-1 (Arg1) and CD206[129]. A-Exos also increased CD163, Arg1, CD206, TGF-β1, and IL-
10 expression levels and decreased TNF-α, IL-6, and IL-8 expression levels by targeting the Rho 
associated coiled-coil containing protein kinase 1/PTEN pathway. The above results suggest that A-
Exos may improve the inflammatory environment by promoting M2 polarization to increase the 
secretion of anti-inflammatory molecules and/or inhibiting M1 polarization from decreasing the 



Shan XQ et al. MSC-Exos on IS

WJSC https://www.wjgnet.com 61 March 26, 2023 Volume 15 Issue 3

secretion of pro-inflammatory factors[130]. And similar to MG, miR-21, miR-146a, and miR-301a can 
also regulate macrophage polarization by inhibiting the TLR/NF-κB pathway[131-133].

Lymphocyte: First of all, T lymphocytes are at the heart of the adaptive immune system. Despite some 
subtypes of T lymphocytes exert a neuroprotective role in the early post-stroke phase, such as Tregs and 
Th2, on the whole, they have a negative impact on IS, as do neutrophils[45,134]. Accordingly, it appears 
to be a viable clinical treatment for stroke to modulate the differentiation, activation and function of 
various T lymphocyte subsets. In vitro studies indicated that A-Exos significantly inhibited the 
activation and proliferation of CD4+ and CD8+ T cells and reduced IFN-γ release, with directly 
immunosuppressive properties[135]. In vivo experiments showed that a dramatic reduction in the 
number of CTL was observed in a rat model of cerebral infarction injected intra-arterially with MSC-EV
[136]. Another study has documented that MSC-Exos also promoted the Treg proliferation and induced 
the conversion of Th1 to Th2 by enhancing intracellular IL-10 and TGF-β secretion, thereby boosting its 
immunosuppressive capacity[137]. Soni et al[72] have further explored and found that MSC-Exos 
containing miR-146, miR-155, miR-21, and miR-29 may regulate the activation pathways of Th1 and Th2
[72]. And they showed that different sources of MSC-Exos all inhibited the proliferation of T 
lymphocytes. But in comparison, Wharton Jelly-derived exosomes and B-Exos had a better inhibitory 
capacity than A-Exos[72]. Additionally, DCs activate T cells through delivering co-stimulatory 
molecules, such as CD80 and CD86, to naive T cells[138]. However, MSC-Exos can reduce T-lymphocyte 
activity, increase IL-10 and TGF-β secretion, and reduce IL-6 secretion by inhibiting the maturation and 
differentiation of DCs[135]. Next, activation and isotype-transformed B-lymphocyte infiltration 
contribute to poor outcomes after IS. It has been previously reported that MSCs can reverse the 
unfavorable outcome by inhibiting B lymphocyte activation, proliferation, differentiation, and 
chemotactic response[139]. Recent studies have demonstrated that when co-cultured with lymphocytes 
derived from healthy human peripheral blood, B-Exos significantly inhibited lymphocyte proliferation 
and immunoglobulin M production, particularly exhibiting effects on B lymphocyte-specific mRNA 
expression[70].

MSC-Exos regulate the immune response through inflammatory mediators
In addition to immune cells, changes in inflammatory mediators, such as cytokines and chemokines, are 
also observed in ischemic area. Among them, TNF-α, IL-1β, and IL-6 are the more typical pro-inflam-
matory factors, and their expression is significantly upregulated after ischemic events. MSC-Exos 
containing lncRNA ZFAS1[140], lncRNAH19[100], miR21-3p[141], miR-146a-5p[85], miR-138-5p[111], 
and miR182-5p[81] was able to reduce immunosuppression by downregulating the secretion of TNF-α, 
IL-1β, and IL-6. Of these, lncRNA ZFAS1 and lncRNAH19 may be associated with the competitive 
binding of miR-15a-5p and miR-29b-3p[100,140]. MSC-Exos also down-regulate other pro-inflammatory 
factors such as IFN-γ, iNOS, and IL-8[81,91,130,135]. Apart from down-regulating pro-inflammatory 
factors, some MSC-Exos can up-regulate the expression of anti-inflammatory factors such as IL-10, IL-4, 
and TGF-β1[91,100,130,142,143]. Furthermore, some studies have shown that MSC-Exos could reduce 
the secretion of chemokines (e.g., C-C motif ligand 2) and cellular chemotactic proteins (e.g., monocyte 
chemotactic protein), thereby inhibiting the migration and aggregation of peripheral immune cells and 
alleviating the inflammatory response[71,75,81]. Inflammasomes are equally important inflammatory 
mediators in regulating the onset and progression of IS. NLRP3 inflammasome contains a caspase-1 
precursor that cleaves to caspase-1 (Cl) upon stroke stimulation. C1 not only is a critical executioner of 
pyroptosis (cleave full-length GSDMD to release GSDMD N-terminus) but also can convert precursors 
of IL-1β and IL-18 into mature pro-inflammatory cytokines exacerbating inflammation[144]. Liu et al[99] 
found that NLRP3 inflammasome was downregulated in MCAO mice after MSC-Exos treatment, 
thereby reducing inflammation and pyroptosis. They also observed that MSC-Exos contributed to MG 
polarization towards the M2 phenotype by inhibiting NLRP3[99]. On the one hand, it may be due to the 
high plasticity of the MG phenotype, which can dynamically switch according to brain environmental 
variables[74]. On the other hand, it may be related to the amount of autophagy[91,99,145].

Collectively, MSC-Exos could improve the immune inflammatory response after IS via affecting the 
activation of MG/macrophages and Ast, reducing reactive astrocyte hyperplasia, decreasing excessive 
infiltration of neutrophils, balancing the functional status of T cell subsets, suppressing the proliferation 
of B cells, inhibiting DC maturation, and regulating the secretion of inflammatory mediators. Therefore, 
MSC-Exos exhibits immunomodulatory effects and may help to reduce neurological damage and 
promote neurological repair after IS.

FROM BENCH TO BEDSIDE: RESPONSES TO THE LIMITATIONS OF MSC-EXOS 
THERAPY FOR IS
To date, a growing number of studies have demonstrated the great potential of MSC-Exos in treating IS. 
However, lacking target ability of natural exosomes produced by MSCs has greatly limited their clinical 
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application[146]. Regarding exosome producing, the cell membrane invaginates to form endosomes, 
which in turn form multivesicular bodies (MVBs), and the MVBs finally fuse with the plasma membrane 
to release luminal vesicles (called exosomes) into the extracellular matrix (ECM)[147]. At present, basing 
on the production process of exosome, two strategies are proposed to improve the targeting ability of 
exosomes, comprising “cell engineering” (pre-isolation) and “exosome engineering” (post-isolation)
[147] (Figure 2). For example, the cyclin (Arg-Gly-Asp-DTyr-Lys) peptide [c(RGDyK)] and the rabies 
virus glycoprotein (RVG) peptide have been used explicitly to target the brain. B-Exos loaded with 
cholesterol-modified miR-210 coupled to c(RGDyK) could bind to integrin αvβ3 on the BBB and deliver 
miR-210 to the site of cerebral infarction, thereby ameliorating post-stroke symptoms[148]. Additionally, 
c(RGDyK)-modified MSC-Exos loaded with curcumin (cRGD-Exo-cur) was used in a study, followed by 
tail vein injection to target the area of cerebral ischemic injury and enter neurons, MG and Ast, 
effectively inhibiting the inflammatory response and cellular apoptosis[146]. RVG fused with exosomes 
protein lysosome-associated membrane glycoprotein 2b could bind to acetylcholine receptors on the 
BBB and effectively deliver miR-124 to the infarct site, therefore promoting post-IS neurogenesis and 
reducing ischemic injury[149]. In another study, high-mobility group box 1 (HMGB1)-siRNA was 
loaded into RVG-modified exosomes (RVG-Exos) by electroporation and injected into an MCAO model 
via tail vein. The results showed that RVG-Exos loaded with HMGB1-siRNA was effective in reducing 
the level of brain apoptosis and infarct size and had the potential to target IS[150].

Next, the “low yield bottleneck” of MSC-Exos is also one of the main causes limiting its clinical 
application. Some researchers have illustrated that the pretreatment of MSCs appears to increase the 
yield of MSC-Exos. For instance, the three-dimensional porous scaffold structure increases the surface 
area for cell-ECM interaction, compared to the traditional two-dimensional culture of BMSCs. In 
addition, the three-dimensional culture more closely resembled the natural ECM conditions, providing 
a better environment for cell attachment and growth, thus substantially increasing the yield of MSC-
Exos[151]. Some studies have indicated that cultures using microcarriers and hollow fiber bioreactor can 
provide cells a larger attachment area and further enhance the secretion of MSC-Exos[152,153]. 
Moreover, a recent study found that pretreatment of MSCs with small molecule modulators (N-methyl-
dopamine and norepinephrine) tripled the production of exosomes without altering the intrinsic 
regenerative effects of MSC-Exos and the level of total exosomes protein expression[154].

To sum up, enhancing the targeting of exosomes by modifying them and improving the yield of 
exosomes by pretreating MSCs can both improve the therapeutic ability of exosomes. And further 
exploration of exosome improvement methods offers the possibility of transitioning from bench to 
bedside.

CONCLUSION
IS is a severe cerebrovascular disease that adversely affects patient’s health and quality of life. A 
growing body of evidence suggests that the immune inflammatory response plays a critical role in 
pathogenesis of IS. It has emerged as a promising target for intervention in stroke therapy. After IS, the 
boundary between the CNS and peripheral immune system disappears due to the disruption of the 
BBB. Subsequently, the CNS and peripheral immune system can interact with each other, providing a 
unique opportunity to regulate the pathological process of IS and the repair process. At the same time, 
immunomodulation is one of the main mechanisms by which MSC and MSC-Exos exert their 
therapeutic effects on IS. MSC-Exos is expected to be an alternative therapy to MSC in treating stroke 
due to its parental cell-like capabilities and specific advantages. MSC-Exos exerts immunomodulatory 
effects mainly by affecting the inflammatory phenotype of glial cells in the CNS, inhibiting peripheral 
immune cell activation, proliferation, differentiation, and hyperinfilation, and regulating the secretion of 
immune-related molecules. Meanwhile, to complement or enhance the therapeutic suitability of 
exosomes, researchers are actively exploring novel methods to expand, modify or enhance their 
therapeutic capacity, such as modifying exosomes (to improve targeting) and pretreating MSC (to 
increase exosome yield).

Although the results of numerous preclinical studies have shown MSC-Exos to be one of the key 
breakthroughs in treating IS. However, the study of MSC-Exos in the treatment of IS is still in its infancy 
in clinical practice. Currently, there is only one study in the Clinical Trials Registry database to 
determine the effect of MSC-Exos administration on improving functional impairment after IS. This trial 
used the administration of miR-124-enriched isoform MSC-Exos to treat IS and entered into a phase I/II 
clinical trial (NCT03384433)[155]. There are many challenges to overcome to transfer MSC-Exos therapy 
further into the clinic: (1) Optimal duration of treatment and effective dose. Numerous studies have 
shown that post-IS inflammatory cells play a dual role (beneficial and detrimental) and the inhibition of 
the same pathway at the wrong time may exacerbate ischemic damage[27,36,38,45]. Therefore, during 
developing new therapeutic strategies for IS, we need to pay more attention to the duration of 
treatment. Interestingly, there are also cases where the timing of transplantation based on previous 
cellular therapies may affect the therapeutic outcome[156]. Thus, we need to further investigate the 
optimal timing of treatment with exosomes that may be influenced by parental cells. Most preclinical 



Shan XQ et al. MSC-Exos on IS

WJSC https://www.wjgnet.com 63 March 26, 2023 Volume 15 Issue 3

Figure 2 Strategies to enhance the targeting of mesenchymal stem cell-derived exosomes. Multiple strategies to be done before exosomes can be 
successfully translated into new technologies to improve the targeting ability of donor cells and therapeutic efficacy of chemical and biomolecular drugs. Current 
preclinical studies are focused on parental cells' modification (pre-isolation) (A); manipulation of exosome (post-isolation) (B). (Figure created with BioRender.com).

trials have currently chosen to administer a single dose of MSC-Exos in the acute phase of the stroke 
while showing beneficial effects. As such, the next step should investigate the effects of delayed-time 
dosing compared to acute phase dosing, in order to determine the optimal timing of treatment. 
However, determining the optimal timing of dosing may be difficult in practice, so we could further 
consider multiple repeat dosing; (2) A single research direction. Current experimental studies on the 
immunomodulatory aspects of MSC-Exos treatment with IS have focused on MG/macrophages, while 
other immune-related cells or factors remain poorly studied. Furthermore, the immune response 
following IS results from crosstalk within and between different cell types, which is complex and 
chronological. However, most experimental studies have usually explored a single mechanism of action 
mainly in a particular cell. There is no consensus on the exact molecular mechanism of MSC-Exos 
treatment of IS and further in-depth studies in multiple directions are urgently needed; (3) Lack of 
clinical trials; and (4) Stroke models combined with relevant clinical conditions. Current studies 
targeting MSC-Exos for treating IS have almost always been conducted in healthy animals. Therefore, 
when using stroke models, it should be as close as possible to achieve the clinical situation, like 
hypertension, diabetes, heart disease, atherosclerosis, secondary infections, etc., as these diseases may 
affect the formation, treatment, and prognosis of stroke. To summarize, there are still many animal 
experiments and clinical trials to be finished before the fact that MSC-Exos can be applied as a routine 
treatment for stroke. However, based on the available evidence, we believe that MSC-Exos therapy is an 
emerging therapeutic strategy based on cellular therapy with great potential for future use in IS 
treatment, particularly in immunomodulation.
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Abstract
Cardiomyopathy is a pathological condition characterized by cardiac pump 
failure due to myocardial dysfunction and the major cause of advanced heart 
failure requiring heart transplantation. Although optimized medical therapies 
have been developed for heart failure during the last few decades, some patients 
with cardiomyopathy exhibit advanced heart failure and are refractory to medical 
therapies. Desmosome, which is a dynamic cell-to-cell junctional component, 
maintains the structural integrity of heart tissues. Genetic mutations in desmo-
somal genes cause arrhythmogenic cardiomyopathy (AC), a rare inheritable 
disease, and predispose patients to sudden cardiac death and heart failure. Recent 
advances in sequencing technologies have elucidated the genetic basis of 
cardiomyopathies and revealed that desmosome-related cardiomyopathy is 
concealed in broad cardiomyopathies. Among desmosomal genes, mutations in 
PKP2 (which encodes PKP2) are most frequently identified in patients with AC. 
PKP2 deficiency causes various pathological cardiac phenotypes. Human 
cardiomyocytes differentiated from patient-derived induced pluripotent stem 
cells (iPSCs) in combination with genome editing, which allows the precise 
arrangement of the targeted genome, are powerful experimental tools for 
studying disease. This review summarizes the current issues associated with 
practical medicine for advanced heart failure and the recent advances in disease 
modeling using iPSC-derived cardiomyocytes targeting desmosome-related 
cardiomyopathy caused by PKP2 deficiency.
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Core Tip: Prevention of advanced heart failure caused by cardiomyopathy is an urgent unmet need in the 
field of cardiovascular medicine. Desmosome, a cell-to-cell junctional component, maintains the structural 
integrity of heart tissues. Genetic mutations in desmosomal genes cause desmosome-related cardiomy-
opathy, an intractable disease refractory to standard medical therapies. This review introduces the recent 
advances in disease modeling of desmosome-related cardiomyopathy caused by PKP2 mutations using 
induced pluripotent stem cell-derived cardiomyocytes.
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derived cardiomyocytes. World J Stem Cells 2023; 15(3): 71-82
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INTRODUCTION
Heart failure is a clinical syndrome characterized by dyspnea, malaise, swelling, and/or decreased 
exercise capacity owing to impaired cardiac pumping function[1]. The established optimal medical 
therapies for heart failure have increased the survival rates of patients in the last few decades[2-4]. 
However, some patients are refractory to medical therapies and develop symptoms that are diagnosed 
as advanced heart failure. Currently, the therapeutic strategies available for these patients are heart 
transplantation and implantation of the ventricular assisting device[1,5]. Cardiomyopathy is a disease of 
cardiac pump failure due to myocardial dysfunction and is the major cause of advanced heart failure 
requiring heart transplantation[6-11]. Cardiomyopathies are differentially diagnosed mainly by using 
imaging modalities, including echocardiography, scintigraphy, computed tomography, magnetic 
resonance imaging, and cardiac catheterization. Based on the findings of these modalities, cardiomy-
opathies are classified into dilated cardiomyopathy (DCM), hypertrophic cardiomyopathy (HCM), 
restrictive cardiomyopathy (RCM), or other rare cardiomyopathies, such as arrhythmogenic right 
ventricular cardiomyopathy (ARVC)[12]. Among 36,883 heart transplantation recipients registered in 
the International Society for Heart and Lung Transplantation Thoracic Organ Transplant Registry 
between 2010 and 2018, the major primary diagnoses were non-ischemic DCM (50.8%), ischemic 
cardiomyopathy (ICM) (32.4%) with coronary artery disease, RCM (3.5%), and HCM (3.4%)[13]. In 
Japan, cardiomyopathies [DCM (64%), end-stage HCM with left ventricular systolic dysfunction (12%), 
and ICM (9%)] account for more than three-quarters of underlying diseases among heart transplant 
recipients[14]. ARVC, a rare inherited disease, is characterized by the risk of life-threatening 
arrhythmias, myocardial dysfunction, and fibrofatty replacement of myocardial tissue, predisposing the 
patients to sudden cardiac death and heart failure[9,11]. The prevalence of ARVC among the registrants 
for heart transplantation is rare (0.3% and 1%-2% in the United Network for Organ Sharing registry[15] 
and Japan Organ Transplant Network[14], respectively).

DESMOSOME-RELATED CARDIOMYOPATHY IS CONCEALED IN ADVANCED HEART 
FAILURE
Recent clinical studies utilizing high-throughput sequencing technologies have elucidated the genetic 
basis of cardiomyopathies, identified various causative genetic variants, and revealed the correlation 
between genetic factors and clinical phenotypes or cardiac morphologies in patients with cardiomy-
opathies[16-20]. ARVC is an inherited disease caused by mutations in desmosomal genes (PKP2, JUP, 
DSC2, DSG2, and DSP) (Figure 1)[11,21,22]. These genes encode the structural components of the 
desmosome, a dynamic junction between cells that maintain the structural integrity of heart tissues[23,
24]. The original disease phenotypes of ARVC are characterized by predominant right ventricular 
enlargement and contractile dysfunction. However, recent studies have reported left ventricular or 
biventricular involvement in patients with ARVC, resulting in the use of a broad phrase [arrhyth-
mogenic cardiomyopathy (AC)][9,11]. Although the prevalence of AC in patients with advanced heart 
failure is rare, recent genetic analyses in large cohorts have demonstrated an increased incidence of 
desmosomal gene mutations in patients with DCM[18,25,26], which is the most frequent basal disease 
among heart transplantation registrants. Furthermore, homozygosity and compound or digenic hetero-
zygosity of desmosomal genes are not rare, and patients with combined mutations exhibit a severe 
phenotype[27-30]. Recently, we identified DSG2-deficient cardiomyopathy caused by a rare 
homozygous stop-gain mutation in a patient initially diagnosed with idiopathic sporadic DCM[30]. 
Dsg2 deficiency is associated with embryonic lethality in mice. Additionally, Dsg2-depleted embryonic 
stem cells do not proliferate[31]. However, a human male patient with a complete lack of DSG2 

https://www.wjgnet.com/1948-0210/full/v15/i3/71.htm
https://dx.doi.org/10.4252/wjsc.v15.i3.71
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Figure 1 Modeling impaired desmosome assembly and reduced contractility using isogenic induced pluripotent stem cell-derived 
cardiomyocytes with the precisely adjusted dose of PKP2. Heterozygous frameshift mutation in patient-derived induced pluripotent stem cells (iPSCs) 
was repaired through homology-directed repair. Homozygous frameshift mutations were introduced in PKP2 through non-homologous end joining in patient-derived 
iPSCs. The generated isogenic iPSC-derived cardiomyocytes with the precisely adjusted expression of PKP2 recapitulated impaired desmosome assembly and 
reduced contractility caused by PKP2 deficiency. Desmosomal cadherin proteins (DSG2 and DSC2) form homo-dimers and hetero-dimers. PKP2 is a scaffold protein 
for desmosomal cadherins, JUP, and DSP. Desmosomes are linked to sarcomere structure via the intermediate filament protein DES that targets both desmosome 
and Z disc structure. HDR: Homology-directed repair; NEHJ: Non-homologous end joining; Hetero: Heterozygous mutation.

expression did not exhibit pathological phenotypes at birth but developed advanced heart failure 
during the teenage years. Immunohistochemical and transmission electron microscopy analyses of left 
ventricular heart tissues revealed that the loss of DSG2 leads to aberrant deposition of desmosomal 
proteins and disruption of intercalated discs in cardiomyocytes. These findings suggest that 
desmosome-related cardiomyopathy is concealed in patients with advanced heart failure who are 
diagnosed with idiopathic DCM. As desmosome impairment is the most upstream molecular change in 
these patients, experimental studies must focus on elucidating the molecular mechanisms underlying 
the instability of cell-to-cell junctions to overcome advanced heart failure caused by desmosome-related 
cardiomyopathy. For disease modeling, patient-derived induced pluripotent stem cells (iPSCs) in 
combination with genome editing, which allows precise genomic modification of the targeted 
mutations, are powerful experimental tools to recapitulate pathological phenotypes based on the 
molecular factors of inherited cardiomyopathies[30,32-35].

PHENOTYPIC RECAPITULATION OF CARDIOMYOPATHY CAUSED BY PKP2  
DEFICIENCY USING PATIENT-DERIVED IPSC-CMS
PKP2, which is encoded by PKP2, is a desmosomal protein localized to the outer dense plaque and 
functions as a scaffold for the other desmosome proteins DSG2, DSC2, JUP, and DSP[23,36] (Figure 1). 
Among the desmosomal genes, mutations in PKP2 are most frequently identified in patients with AC
[11,37-39], and have been extensively studied using patient-derived iPSC-CMs compared to other 
desmosomal genes (DSG2[30,40,41], DSP[42,43], and DSC2[44,45]). Various clinical phenotypes and 
pathological characteristics observed in patients with AC harboring PKP2 mutations, downregulated 
desmosomal protein expression, upregulated lipogenesis, and increased apoptosis in heart tissues have 
been recapitulated using genetically engineered mouse models[11] and human cardiomyocytes differen-
tiated from iPSCs[46-54] (Table 1). Most known mutations of PKP2 are heterozygous and are missense, 
nonsense, and frameshift mutations. Studies on patient-derived iPSCs have identified that PKP2 
variants are heterozygous missense[48], heterozygous frameshift[46,47,49,50,54], homozygous fram-
eshift[47,51], compound heterozygous, and frameshift[52] mutations. Disease-specific iPSCs are 
generated from fibroblasts[46-48,51], keratinocytes[49], adipose tissue-derived stromal cells[52], and 
peripheral blood mononuclear cells[54], whereas control iPSCs are generated from healthy subjects[46-
49,51,52], human embryonic stem cells[50], or isogenic cells engineered from patient-derived iPSCs 
using genome editing[54]. Genome editing allows disease modeling by introducing heterozygous and 
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Table 1 Human disease model of PKP2 deficiency using induced pluripotent stem cell-derived cardiomyocytes and experimental pathological phenotypes of arrhythmogenic cardiomyopathy

Genetic mutation
Origin of 
disease-
specific iPSC

Experimental 
control Desmosome proteins Lipid 

accumulation Apoptosis Electrophysiology Ultrastructure 
of desmosome Contractility

Phenotypic 
rescue by 
gene 
replacement

Ref.

Heterozygous missense 
(c.1841T>C, p.L614P)

Dermal 
fibroblasts from a 
30-yr-old male 
patient with AC

iPSCs from a 32-
yr-old healthy 
male donor

Decreased JUP; No change 
in DSP, CDH2, and GJA1 
(immunofluorescence 
staining at weeks 4-5)

Increased oil red O 
staining after 
exposure to 
adipogenic differ-
entiation medium 
for 2 wk (oil red O 
staining)

NA Ventricular-like action 
potential profile (single-
cell patch-clamp 
recording (without 
control))

Increased cell 
width (TEM at 
weeks 4-5)

NA NA Ma et al[48]

Heterozygous 
frameshift (c.971_972ins, 
pA324fs335X); Hetero-
zygous frameshift 
(c.148_151delACAG, 
p.T50SfsX110)

Dermal 
fibroblasts from a 
30-yr-old male 
patient with AC

iPSCs from a 
healthy control

Decreased JUP and GJA1 
(immunofluorescence 
staining)

Lipid droplet 
accumulation 
(TEM on day 40)

Increased 
apoptosis after 
serum starvation 
(TUNEL)

Prolonged field potential 
rise time (multielectrode 
array)

Widened and 
distorted 
desmosomes 
(TEM on day 40)

NA NA Caspi et al
[46]

Homozygous frameshift 
(c.2484C>T leading to 
cryptic splicing); 
Heterozygous 
frameshift (c.2013delC, 
p.Lys672ArgfsX12)

Fibroblasts from 
a female patient 
with AC; 
Fibroblasts from 
a patient with AC

H9 human 
embryonic stem 
cell; iPSCs from 
cardiac fibroblasts 
of aborted fetus 
without a family 
history of AC

Nuclear translocation of 
JUP (immunofluorescence 
staining)

Increased 
lipogenesis after 
adipogenic 
stimulation for 4-5 
wk (Nile red 
staining)

Increased 
apoptosis after 
adipogenic 
stimulation for 
4-5 wk (TUNEL)

Slow intracellular 
calcium relaxation; 
Prolonged relaxation 
time (calcium imaging 
using Fura-2 acetoxy-
methyl on day 60)

NA NA NA Kim et al
[47]

Heterozygous 
frameshift (c.1760delT, 
p.V587Afsx655)

Dermal 
keratinocytes 
from a male 
patient with AC

iPSCs from 
dermal 
keratinocytes of a 
healthy control

Interrupted expression of 
DSP (immunofluorescence 
staining)

Lipid droplet 
accumulation after 
adipogenic 
stimulation for 4 
wk (oil red O 
staining at months 
3-4)

Genes associated 
with apoptosis 
remained 
unchanged 
(quantitative 
real-time PCR)

NA NA NA NA Dorn et al
[49]

Homozygous frameshift 
(c.2484C>T leading to 
cryptic splicing)

Fibroblasts from 
a female patient 
with AC

iPSCs from a 
healthy control

Reduced JUP (immuno-
fluorescence staining)

NA NA NA (decreased co-
localization of NaV1.5 
with PKP2)

NA NA (increased 
pro-fibrotic gene 
expression after 
stretch)

NA Martewicz 
et al[51]

Heterozygous 
frameshift 
(c.971_972InsT, 
p.A324fs335X)

A patient with 
AC

H9 human 
embryonic stem 
cells

Decreased membrane-
localized JUP (immuno-
fluorescence staining on 
day 34)

Increased lipid 
content (Nile red 
staining on day 34)

NA Short action potential 
and slow spontaneous 
beat rate in engineered 
heart slices [optical 
mapping (relative to 
monolayer 
cardiomyocytes)]

NA NA NA Blazeski et 
al[50]

Compound hetero- Adipose tissue- Gender-matched Increased cytoplasmic and No presence of Not increased Reduced sodium current Restored Khudiakov NA NA
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zygous frameshift and 
missense (c.354delT, 
p.Y119MfsX23 and 
p.K859R)

derived 
mesenchymal 
multipotent 
stromal cells from 
a 14-yr-old 
female patient 
with AC

healthy donor nuclear JUP levels 
(immunofluorescence 
staining on days 24-30)

lipid droplets (oil 
red O staining on 
day 24)

(PI staining at 
day 24-30)

density; Decreased 
action potential upstroke 
velocity (whole-cell 
patch-clamp and 
microelectrodes on days 
24-30)

sodium current 
after lentiviral 
transduction of 
PKP2

et al[52]

Heterozygous and 
homozygous frameshift 
mutation 
(p.D109AfsX10, 
introduced mutation via 
genome editing)

Wild-type iPSC 
lines from two 
different donors 
with introduced 
heterozygous and 
homozygous 
frameshift 
mutations

Isogenic wild-type 
iPSCs

Decreased junctional 
localization of DSP and 
GJA1 (immunofluor-
escence staining); Impaired 
stability of junctional 
CDH2 (fluorescence 
recovery after 
photobleaching)

NA NA Prolonged action 
potential duration 
(optical voltage 
recording on day 30)

NA Decreased systolic 
force (three-
dimensional 
cardiac 
microtissues on 
day 40)

NA Zhang et al
[53]

Heterozygous 
frameshift mutation 
(c.1228dupG, 
p.D410fsX425)

Peripheral blood 
mononuclear 
cells from a 
female patient 
with AC

Isogenic iPSCs 
with corrected 
mutation (wild-
type) and 
introduced 
homozygous 
frameshift 
mutations

Decreased area of 
desmosomes (DSG2, DSC2, 
and DSP) (immunofluor-
escence staining on day 14)

Lipid droplet 
accumulation in 
iPSC-CMs with 
homozygous 
frameshift 
mutations (TEM 
on day 28)

Increased 
apoptosis in 
iPSC-CMs with 
homozygous 
frameshift 
mutations 
(cleaved CASP3 
expression on 
day 28)

Decreased propagation 
speed in iPSC-CMs with 
homozygous frameshift 
mutations (motion vector 
analysis on day 28)

Increased 
desmosome gap 
width (TEM on 
day 28)

Decreased 
contractility 
(contraction 
velocity and 
deformation 
distance 
evaluated using 
motion vector 
analysis on days 
14 and 28)

Recovered 
contractility and 
desmosome 
assembly via 
AAV-mediated 
PKP2 delivery

Inoue et al
[54]

Gender of the patient or control donor is indicated if specified. Analytical methods along with time post-cardiomyocyte differentiation (if specified) are indicated. AAV: Adeno-associated virus; iPSC: Induced pluripotent stem cell; iPSC-
CMs: Induced pluripotent stem cells-derived cardiomyocytes; PI: Propidium iodide; TEM: Transmission electron microscopy; NA: Not applicable; AC: Arrhythmogenic cardiomyopathy.

homozygous frameshift mutations in wild-type iPSC lines[53]. Decreased expression of desmosomal 
proteins, aberrant lipogenesis, and apoptosis of cardiomyocytes are observed in the heart tissues of 
patients with AC[9,55,56]. These pathological phenotypes are recapitulated in iPSC-CMs with PKP2 
mutations as determined using immunostaining[46-54], lipid staining[47-50], electron microscopy[46,
54], terminal transferase dUTP nick end labeling staining[46,47], and cleaved-CASP3 expression analysis
[54]. Lethal arrhythmia is a hallmark of patients with AC. Arrhythmia phenotypes are recapitulated 
using iPSC-CMs with PKP2 mutations as evidenced by the results of patch-clamp[48,52], multielectrode 
array[46], calcium imaging[47], and optical voltage recording[53]. In clinical settings, global or regional 
ventricular contractile dysfunction is defined as a major criterion for the diagnosis of ARVC in modified 
Task Force criteria[21] and Padua criteria[57]. However, the functional consequence in cardiomyocyte 
contractility caused by PKP2 mutations has not been fully studied in human iPSC-CMs.

PKP2 DEFICIENCY AND CONTRACTILE DYSFUNCTION
We established iPSCs from a patient with AC harboring a heterozygous frameshift PKP2 mutation 
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(c.1228dupG, p.D410fsX425) and generated an isogenic set of iPSC clones harboring three genotypes 
[heterozygous mutation (Hetero), homozygously corrected with homology-directed repair (HDR), and 
homozygously introduced frameshift mutations via non-homologous end joining (NHEJ)] using genome 
editing[54] (Figure 1). These isogenic sets of iPSCs comprise patient-derived Hetero-iPSCs, HDR-iPSCs 
with two-fold higher PKP2 expression relative to Hetero-iPSCs, and NHEJ-iPSCs, which do not express 
PKP2, recapitulating both haploinsufficiency and complete loss of PKP2. After cardiomyocyte differen-
tiation using the monolayer protocol with chemically defined medium[58], NHEJ-iPSC-CMs lacking 
PKP2 expression exhibit lipid droplet accumulation, increased apoptosis, and decreased propagation 
rate (Table 1). However, patient-derived Hetero-iPSC-CMs with half-dose PKP2 expression do not 
exhibit these pathological phenotypes, suggesting that the haploinsufficiency of PKP2 is not sufficient to 
induce the above pathological phenotypes within 28 days after differentiation. In contrast, haploinsuffi-
ciency of PKP2 decreased contractility, which was evaluated using motion vector analysis, within 14 
days of differentiation. As the monolayer protocol confers strong contraction to iPSC-CMs on culture 
plates immediately after differentiation[58,59], continuous tensile overload may facilitate the contractile 
phenotype among isogenic iPSC-CMs. A recent study used isogenic iPSC-CMs in which heterozygous 
or homozygous frameshift mutation was introduced into wild-type iPSC-CMs[53]. The authors reported 
that PKP2 deficiency decreased systolic force in three-dimensional cardiac microtissues. This further 
supported the functional relationship between PKP2 deficiency and contractile dysfunction. An experi-
mental study using cardiac tissue-specific Pkp2 knockout mice demonstrated that the loss of Pkp2 
increased the distance between the cell periphery and DES, an intermediate filament protein in 
cardiomyocytes[60]. As DES connects Z-discs of sarcomeres to sarcolemmal costameres, desmosomes, 
and nuclear envelope[11,61], further experimental studies focusing on these cellular networks are 
required to elucidate the pathogenesis of desmosome-related cardiomyopathy.

DESMOSOME IMAGING USING THE ISOGENIC IPSC-CMS AND AAV-MEDIATED GENE 
REPLACEMENT
In the isogenic background, the haploinsufficiency of PKP2 did not affect the localization or expression 
levels of desmosomal proteins in iPSC-CMs as evidenced by the results of immunostaining or western 
blotting analyses. However, the desmosome area represented by dot distribution on the cell periphery 
in Hetero-iPSC-CMs was significantly lower than that in HDR-iPSC-CMs[54], suggesting that 
desmosome assembly is impaired by PKP2 haploinsufficiency. The impaired assembly of desmosomal 
proteins in human iPSC-CMs is supported by another study using isogenic iPSC-CMs. Fluorescence 
recovery after photobleaching experiments combined with lentivirus-mediated expression of fluorescent 
protein-tagged N-cadherin provided evidence that molecular stability of junctional N-cadherin is 
impaired by PKP2 deficiency[53]. To trace the molecular behavior of endogenous proteins in 
cardiomyocytes, fluorescent tagging of the structural proteins through genome editing is a powerful 
tool[62,63]. However, fluorescent tagging of endogenous desmosomal genes might affect desmosome 
structures or cell-to-cell integrity in iPSCs or iPSC-CMs. We previously identified a patient with DSG2-
deficient cardiomyopathy due to a rare homozygous stop-gain mutation and demonstrated that 
complete loss of DSG2 in human iPSCs does not affect the differentiation or cellular morphology in 
iPSC-CMs[30]. These findings prompted us to use DSG2 as the target of endogenous tagging by 
fluorescent protein to trace desmosome dynamics in live human iPSC-CMs. Genome editing targeting 
DSG2 alleles was performed to establish the isogenic iPSC-CMs harboring identical two DSG2 alleles 
comprising intact and knocked-in tdTomato alleles under the adjusted PKP2 expression levels 
(Figure 2). The desmosome area (represented by desmoglein-2-tdTomato fusion protein) was 
significantly downregulated due to PKP2 haploinsufficiency. Adeno-associated virus (AAV), a small, 
nonenveloped virus with a linear, single-stranded DNA, is widely used for gene therapy targeting 
human diseases, including heart failure[64,65]. AAV-mediated gene replacement of PKP2 significantly 
restored the decreased contractility in Hetero-iPSC-CMs and NEHJ-iPSC-CMs, demonstrating the proof-
of-concept for PKP2 gene therapy in human cells. Furthermore, time-lapse imaging using NHEJ-iPSC-
CMs captured the recovery of desmosomes, which gradually assembled at the cell periphery after AAV-
mediated PKP2 replacement (Figure 2). The established isogenic iPSCs harboring knocked-in tdTomato 
alleles allowed desmosome-imaging in living cells and provided distinct readouts for therapeutic 
development.

GENE REPLACEMENT THERAPY TARGETING HEART FAILURE
Several clinical trials using AAV-mediated gene replacement have been designed targeting 
cardiovascular disease[65,66]. A large-scale clinical trial was conducted as a randomized, multinational, 
double-blind, placebo-controlled phase 2 study targeting up to 250 patients with moderate-to-severe 
heart failure and reduced contractile function (CUPID2 trial)[67]. The study aimed to deliver 
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Figure 2 Allele-specific fluorescent labeling of DSG2 captures desmosome dynamics in isogenic induced pluripotent stem cell-derived 
cardiomyocytes. To establish a model for desmosome imaging, the tdTomato fluorescent reporter was knocked-in at the 3′-terminus of DSG2 in the three 
established isogenic induced pluripotent stem cells (iPSCs) using genome editing. These isogenic iPSCs carried identical DSG2 alleles comprising intact and 
knocked-in alleles distinguished by a synonymous single nucleotide variant (indicated as blue line). These iPSC-derived cardiomyocytes enable desmosome imaging 
and capturing desmosome recovery after adeno-associated virus-mediated replacement of PKP2. HDR: Homology-directed repair; NEHJ: Non-homologous end 
joining; AAV: Adeno-associated virus; Hetero: Heterozygous mutation.

sarcoplasmic reticulum Ca²+-ATPase (SERCA2a) into heart tissues via intracoronary injection. SERCA2a 
regulates cardiomyocyte contraction and relaxation by transporting Ca²+ from the cytosol into the 
sarcoplasmic reticulum during diastole[68]. The deficiency of SERCA2a is associated with heart failure 
progression[69,70]. Although promising results were achieved in preceding preclinical and clinical 
studies[71-73], gene replacement of SERCA2a did not improve the clinical course of patients with heart 
failure[74]. The two clinical trials of gene therapy targeting patients with heart failure conducted in the 
same period (AGENT-HF[75] and SERCA-LVAD[76]) were terminated due to the neutral result of the 
CUPID2 trial and the lack of functional benefit. The amount of vector DNA in heart tissues obtained 
from patients who received gene therapy and subsequently underwent heart transplantation or 
mechanical circulatory support device implantation was low, suggesting that only a small proportion of 
cardiomyocytes expressed AAV-delivered SERCA2a in the myocardium. Although these clinical trials 
demonstrate the difficulty of gene delivery targeting human heart tissues, they provide the evidence for 
the safety of cardiac gene therapy and a basis for the design of future gene therapy trials. Recent genetic 
analysis clarified a large number of genetic mutations that cause cardiomyopathies with advanced heart 
failure in a loss-of-function manner and can be targeted by specific gene replacement therapy[77,78]. In 
desmosome-related cardiomyopathy, most of the identified mutations in PKP2 are heterozygous[22,37,
79,80]. However, in extremely rare cases, homozygous mutations of PKP2 cause lethal infantile heart 
failure with left ventricular non-compaction or hypoplastic left heart syndrome[81-83]. No effective 
therapies are available for these patients who require a novel therapeutic approach for desmosome-
related cardiomyopathy. Proof-of-concept studies for structural and functional recovery using both 
human iPSC-CM models and in vivo models are required for future clinical application.

CONCLUSION
Although human iPSC-CMs are immature and do not fully recapitulate in vivo heart tissues[59], tissue 
engineering approaches[84,85] will promote the maturation of iPSC-CMs and provide a useful tool in 
combination with genome editing. The isogenic iPSC-CMs that we established represent a human 
disease model that recapitulates reduced contractility and impaired desmosome assembly and provides 
a convenient cellular platform for therapeutic screening to examine upstream molecular targets of 
desmosome-related cardiomyopathy.
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Abstract
Osteoporosis is a systemic bone disease, which leads to decreased bone mass and 
an increased risk of fragility fractures. Currently, there are many anti-resorption 
drugs and osteosynthesis drugs, which are effective in the treatment of 
osteoporosis, but their usage is limited due to their contraindications and side 
effects. In regenerative medicine, the unique repair ability of mesenchymal stem 
cells (MSCs) has been favored by researchers. The exosomes secreted by MSCs 
have signal transduction and molecular delivery mechanisms, which may have 
therapeutic effects. In this review, we describe the regulatory effects of MSCs-
derived exosomes on osteoclasts, osteoblasts, and bone immunity. We aim to 
summarize the preclinical studies of exosome therapy in osteoporosis. Furth-
ermore, we speculate that exosome therapy can be a future direction to improve 
bone health.

Key Words: Mesenchymal stem cells; Exosome; Osteoporosis; Osteoblasts; Osteoclasts; 
Bone immunity
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Core Tip: Osteoporosis is one of the major diseases endangering bone health in the elderly. The existing 
treatment drugs have problems such as long-term administration and side effects; thus, it is fundamentally 
difficult to cure osteoporosis. Exosomes derived from mesenchymal stem cells (MSCs) are vesicles that 
deliver signals and molecules between cells and have shown substantial positive effects in pre-clinical 
trials. In this review, we summarize the latest progress of MSCs-derived exosomes in the regulation of 
bone metabolism.

Citation: Huo KL, Yang TY, Zhang WW, Shao J. Mesenchymal stem/stromal cells-derived exosomes for 
osteoporosis treatment. World J Stem Cells 2023; 15(3): 83-89
URL: https://www.wjgnet.com/1948-0210/full/v15/i3/83.htm
DOI: https://dx.doi.org/10.4252/wjsc.v15.i3.83

INTRODUCTION
Osteoporosis (OP) is a chronic systemic bone disease. It is characterized by decreased bone mass and 
destruction of bone microstructures, resulting in decreased bone mineral density (BMD) and ultimately 
an increased risk of fragility fractures[1]. The dynamic balance between bone formation and bone 
resorption is an important way to maintain normal bone metabolism. Osteoblasts promote bone 
formation by mineralizing the matrix, while osteoclasts degrade the bone matrix by secreting H+ and 
releasing cathepsin K, accelerating bone dissolution[2].

At present, the prevention and treatment of OP can be divided into adjuvant therapy and drug 
therapy. The therapeutic effects of drugs are mainly divided into two aspects: Inhibition of osteoclasts 
(inhibition of bone resorption) and stimulation of osteoblasts (promotion of bone formation). Among 
them, the drugs that inhibit bone resorption are denosumab, bisphosphonates and selective estrogen 
receptor modulators; and drugs that promote bone formation are teriparatide and abaloparatide. 
Romosozumab, a monoclonal antibody directed against sclerostin, has a dual regulatory effect, 
inhibiting bone resorption and promoting bone formation at the same time[3].

Although a variety of therapeutic drugs for OP have emerged, all the drugs mentioned above have 
side effects[4], and more novel and effective drugs and therapies are needed. There are new advances in 
the research on stem cells and their exosomes in tissue repair and treatment. Therefore, the new scheme 
of MSCs-derived exosomes for the treatment of OP has gradually become a therapeutic option[5].

EXOSOMES AND MESENCHYMAL STEM CELLS
Exosomes are small vesicles secreted by cells with a diameter of 40 to 160 nm, which carry signals and 
molecules among cells. In addition, the exosomes secreted by the cells in diseased states contain specific 
microRNAs (miRNAs), which is helpful for the diagnosis of diseases[6]. As a carrier of signal 
transduction and drug delivery, exosomes also have good potential in the treatment of diseases, and 
their effectiveness has been confirmed by numerous animal studies[7-13] (Figure 1). In 1974, 
Friedenstein et al[14] first discovered that mesenchymal stem cells (MSCs) in bone marrow have the 
potential for osteogenic differentiation. Later, researchers continued to explore the function of MSCs 
and found that MSCs are pluripotent stem cells, which have the ability to differentiate into osteoblasts, 
adipocytes, chondrocytes, cardiac muscle cells and skeletal muscle cells[15]. Previous studies have 
found that therapy with MSCs can accelerate bone tissue repair and regeneration and maintain bone 
mass in OP[16,17].

MSCs-derived exosomes are likely to play a major role in mediating the therapeutic effect of MSCs
[18,19]. A schematic diagram illustrating the mechanisms of MSCs-derived exosomes in the treatment of 
OP is shown in Figure 2. Therefore, MSCs-derived exosomes are expected to be a new biological agent 
in the future.

MSCS-DERIVED EXOSOMES IN THE TREATMENT OF OP
Exosomes have the characteristics of good targeting ability, high permeability and low toxicity. 
Therefore, exosomes therapy has become one of the hot spots in the study of OP treatment. Bone 
regeneration is one of the main modalities in the treatment of OP and bone fracture. MSCs-derived 
exosomes can promote the formation of new bone with vasculature, biomechanics, and histology[20]. 
MSCs-derived exosomes regulate bone metabolism and treat OP through signaling pathways, such as 
stimulating osteoblast differentiation from bone marrow stem cells, promoting osteoblast proliferation, 

https://www.wjgnet.com/1948-0210/full/v15/i3/83.htm
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Figure 1 Schematic diagram illustrating the therapeutic potential of exosomes in diseases of multiple organs. miRNAs: MicroRNAs.

Figure 2 Schematic diagram illustrating the mechanisms of mesenchymal stem cells-derived exosomes in the treatment of osteoporosis. 
MSC: Mesenchymal stem cell; BMD: Bone mineral density.

inducing angiogenesis, and immunomodulation[21]. During treatment, MSCs-derived exosomes 
achieve the purpose of bone regeneration and treatment of OP by carrying and transporting proteins, 
miRNAs, and artificial synthetic drugs[22-24]. According to the pathogenesis of OP, exosomes are 
mainly involved in regulating the effects of osteoblasts, osteoclasts and bone immunity (Table 1).
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Table 1 Summary of studies on mesenchymal stem cells-derived exosomes in osteoporosis treatment

Ref. Exosome source Cell type Consequence

Zuo et al[24], 2019 BMSCs BMSCs (after irradiation) Alleviating radiation-induced bone loss by restoring Wnt/β-
Catenin signaling pathway

Zhao et al[25], 2018 BMSCs Osteoblasts (hFOB 1.19) Promoting proliferation of osteoblasts via MAPK pathway

Liao et al[26], 2019 BMSCs Osteoblasts Promoting proliferation of osteoblasts by carrying miR-122-
5p

Qi et al[27], 2016 hiPSC-MSCs Osteoblasts Promoting osteoblast proliferation, differentiation and bone 
formation

Hu et al[28], 2021 BMSCs Osteoblasts Promoting differentiation of osteoblasts by carrying miR-
335

Zhang et al[31], 2021 AD-MSCs Osteoclasts Inhibiting NLRP3 inflammasome activation in osteoclasts

Nakao et al[32], 2021 GMSCs Osteoclasts Inhibiting RANKL and reducing osteoclast formation by 
carrying miR-1260b via Wnt5a/JNK signal pathway

Xu et al[33], 2018 BMSCs Osteoclasts Increasing the number of osteoclasts by carrying miR-31a-5p 
via RhoA pathway

Wei et al[40], 2019 BMSCs Osteoblasts Promoting osteoblast differentiation by inhibiting 
macrophage polarization and reducing the levels of inflam-
matory factors

BMSCs: Bone marrow mesenchymal stem cells; hiPSC-MSCs: Mesenchymal stem cells derived from human induced pluripotent stem cells; AD-MSCs: 
Adipose derived mesenchymal stem cells; GMSCs: Gingival tissue-derived mesenchymal stem cells; MAPK: Mitogen-activated protein kinase; NLRP3: 
NLR family pyrin domain containing 3; RANKL: Receptor activator of NF-κB ligand; Wnt5a: Wnt family member 5A; JNK: c-Jun N-terminal kinases.

EFFECTS OF MSCS-DERIVED EXOSOMES ON OSTEOBLASTS
Osteoblasts are derived from pluripotent MSCs, which are major functional cells in bone matrix 
synthesis, secretion, and mineralization. Exosomes can directly regulate the activity of osteoblasts and 
then affect OP. MSCs-derived exosomes promoted the cell cycle of hFOB 1.19 cells, a type of osteoblast, 
and activated their proliferative activity through the MAPK pathway[25]. It was also found that overex-
pression of miR-122-5p in MSCs-derived exosomes of bone marrow can increase the BMD of the femoral 
head through the MAPK pathway[26]. Co-culture of MSCs-derived exosomes with bone marrow MSCs 
from osteoporotic rats resulted in increased levels of osteogenesis-related proteins and mineral 
deposition; in addition, the use of MSCs-derived exosomes promoted bone regeneration in a rat model 
of calvarial defects[27]. One study showed that the infusion of bone marrow MSCs-derived exosomes 
carrying miR-335 into mice with fractures significantly accelerated fracture healing, as miR-335 in 
exosomes was able to inhibit VapB, activate the Wnt/β-catenin pathway, and promote osteoblast differ-
entiation[28]. Notably, exosomal miRNAs derived from MSCs are critical in regulating the function of 
osteoblasts. These miRNAs participate in and regulate some key signaling pathways and alter protein 
expression in osteoblasts. The positive roles of exosomes in osteoblast proliferation and differentiation, 
and the excellent therapeutic performance of exosomes in bone repair and bone mass recovery, indicate 
the potential of MSCs-derived exosomes in the treatment of OP.

EFFECTS OF MSCS-DERIVED EXOSOMES ON OSTEOCLASTS
Osteoclasts originate from hematopoietic progenitor cells in the bone marrow, and play an osteolytic 
role by secreting H+ and cathepsin K[29,30]. Adipose MSCs-derived exosomes inhibited NLRP3 in the 
osteoclasts of diabetic OP rat models and increased BMD[31]. RANKL is a major factor in promoting the 
differentiation of preosteoclasts into osteoclasts, gingiva MSCs-derived exosomes can target Wnt5a in 
periodontal osteoclasts and inhibit the expression of RANKL, thus reducing the differentiation of 
osteoclasts[32]. Of course, as a carrier of miRNA, exosomes will also have an effect on osteoclasts by 
carrying miRNA. Bone marrow MSCs-derived exosomes delivered miR-31a-5p to osteoclasts, which 
increased osteoclast number and bone resorption. In addition, BMD significantly increased in a rat 
model treated with miR-31a-5p inhibitor[33]. These findings suggested that MSCs-derived exosomes 
can regulate osteoclast differentiation, increase bone density, and inhibit OP. Notably, bone marrow 
stromal cell-derived exosomes do not have any effect on osteoclasts at the surface of trabecular bone, 
and therefore do not play a role in preventing bone resorption[34]. There are few studies on the 
regulation of osteoclast differentiation by MSCs-derived exosomes. Therefore, we need to further 
explore the potential of MSCs-derived exosomes in the treatment of OP by regulating osteoclast differ-
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entiation.

EFFECTS OF MSCS-DERIVED EXOSOMES ON BONE IMMUNITY
There is an intricate relationship between the immune system and the skeletal system. Activated 
immune cells release inflammatory mediators and cytokines that upset the balance of bone remodeling 
and activate osteoclasts, leading to bone loss and OP[35,36]. MSCs-derived exosomes can regulate the 
immune system[37]. After treatment with adipose MSCs-derived exosomes in mice with colitis, 
regulatory T cells returned to normal baseline level, and the levels of inflammatory factors such as 
interleukin (IL)-12 and tumor necrosis factor-α reduced[38]. Exosomes derived from adipose and bone 
marrow MSCs can significantly increase the level of type II collagen in articular cartilage, promote 
articular cartilage formation and accelerate the recovery of osteoarthritis in mice[39]. MSCs-derived 
exosomes promote the differentiation of bone marrow MSCs into osteoblasts by inhibiting the 
polarization of M1 macrophages and reducing the levels of inflammatory cytokines such as Il-1β and IL-
6[40]. MSCs-derived exosomes can regulate immunity and inflammation in vivo. Unfortunately, little is 
known about their role in bone immunity. However, available findings suggest the potential of MSCs-
derived exosomes in the treatment of OP by modulating bone immunity.

CONCLUSION
At present, drug treatment of OP still focuses on inhibiting bone resorption and promoting bone 
formation. Drug therapy has a good effect, but long-term use of drugs can cause serious side effects. In 
the field of bone regeneration, stem cell therapy has significant efficacy, and exosomes are one of the 
important carriers of cell information and factors. Therefore, MSCs-derived exosomes may be a 
promising biological agent in the treatment of OP. This review focuses on the mechanism of MSCs-
derived exosomes in the treatment of OP, by delivering miRNA, regulating related targets, and 
regulating bone immunity. Therefore, the potential of MSCs-derived exosomes in the treatment of OP is 
anticipated, but further preclinical studies are needed to prove the safety and reliability of exosome 
therapy and provide strong evidence for the clinical conversion of exosome therapy.
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Abstract
BACKGROUND 
The low survival rate of mesenchymal stem cells (MSCs) caused by anoikis, a 
form of apoptosis, limits the therapeutic efficacy of MSCs. As a proapoptotic 
molecule, mammalian Ste20-like kinase 1 (Mst1) can increase the production of 
reactive oxygen species (ROS), thereby promoting anoikis. Recently, we found 
that Mst1 inhibition could protect mouse bone marrow MSCs (mBMSCs) from H2

O2-induced cell apoptosis by inducing autophagy and reducing ROS production. 
However, the influence of Mst1 inhibition on anoikis in mBMSCs remains unclear.

AIM 
To investigate the mechanisms by which Mst1 inhibition acts on anoikis in 
isolated mBMSCs.

METHODS 
Poly-2-hydroxyethyl methacrylate-induced anoikis was used following the 
silencing of Mst1 expression by short hairpin RNA (shRNA) adenovirus 
transfection. Integrin (ITGs) were tested by flow cytometry. Autophagy and ITGα
5β1 were inhibited using 3-methyladenine and small interfering RNA, respe-
ctively. The alterations in anoikis were measured by Terminal-deoxynucleoitidyl 
Transferase Mediated Nick End Labeling and anoikis assays. The levels of the 
anoikis-related proteins ITGα5, ITGβ1, and phospho-focal adhesion kinase and the 
activation of caspase 3 and the autophagy-related proteins microtubules 
associated protein 1 light chain 3 II/I, Beclin1 and p62 were detected by Western 
blotting.

RESULTS 
In isolated mBMSCs, Mst1 expression was upregulated, and Mst1 inhibition 
significantly reduced cell apoptosis, induced autophagy and decreased ROS 
levels. Mechanistically, we found that Mst1 inhibition could upregulate ITGα5 
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and ITGβ1 expression but not ITGα4, ITGαv, or ITGβ3 expression. Moreover, autophagy induced 
by upregulated ITGα5β1 expression following Mst1 inhibition played an essential role in the 
protective efficacy of Mst1 inhibition in averting anoikis.

CONCLUSION 
Mst1 inhibition ameliorated autophagy formation, increased ITGα5β1 expression, and decreased 
the excessive production of ROS, thereby reducing cell apoptosis in isolated mBMSCs. Based on 
these results, Mst1 inhibition may provide a promising strategy to overcome anoikis of implanted 
MSCs.

Key Words: Mouse bone marrow mesenchymal stem cell; Mammalian sterile 20-like kinase 1; Anoikis; 
Integrin; Autophagy; Reactive oxygen species

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In isolated mouse bone marrow mesenchymal stem cell (mBMSCs), Mammalian sterile 20-like 
kinase 1 (Mst1) inhibition could ameliorate not only autophagy formation but also upregulate integrin 
(ITG) α5β1 expression (but not ITGα4, ITGαv, or ITGβ3). In addition, Mst1 inhibition-induced autophagy 
could scavenge the excessive production of ITGα5β1-triggered ROS. Therefore, Mst1 inhibition-based 
infusion may improve the survival of MSCs, thereby serving as an ideal candidate for clinical trans-
plantation in pulmonary arterial hypertension.

Citation: Zhang T, Zhang Q, Yu WC. Mammalian Ste20-like kinase 1 inhibition as a cellular mediator of anoikis in 
mouse bone marrow mesenchymal stem cells. World J Stem Cells 2023; 15(3): 90-104
URL: https://www.wjgnet.com/1948-0210/full/v15/i3/90.htm
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INTRODUCTION
Mesenchymal stem cell (MSC) therapy is characterized by anti-inflammatory, immunomodulatory, and 
regenerative properties, providing an attractive therapeutic approach for pulmonary arterial 
hypertension (PAH)[1]. Despite the therapeutic potential of MSCs for improving the outcomes of PAH 
patients[2,3], no more than 5% of cells survive after transplant[4]. Thus, the low survival rate of the 
grafted cells is widely perceived as the major hindrance for an MSC-based therapy for PAH.

Anoikis occurs when cells detach from the extracellular matrix and subsequently undergo apoptosis, 
and potentially acts as a major enabling factor for the apoptosis of transplanted cells[5,6]. Indeed, after 
isolation from the extracellular matrix (ECM) and injection into the circulatory system for 
transplantation, MSCs will undergo anoikis, also referred to as cell isolation-induced apoptosis, leading 
to a series of alterations in anoikis signalling pathways[3,7,8]. Anoikis can be induced by destruction of 
integrin (ITGs) signalling or deletion of ITGs genes[9]. After isolation, focal adhesion kinase (FAK), a 
key downstream target of ITGs, is recruited to focal adhesion sites, consequently activating cell survival 
signals, such as blocking caspase 3 expression[10]. However, it remains unknown whether ITGs 
signalling is involved in the process of anoikis in MSCs.

Autophagy is a dynamic process that maintains homeostasis by preventing the accumulation of 
excessive biomolecules and impaired cells and organelles. There is accumulating evidence of a link 
between autophagy and anoikis[11]. Previously, we demonstrated that mammalian Ste20-like kinase 1 
(Mst1) inhibition could reduce H2O2-induced apoptosis of mBMSCs by inducing autophagy formation
[12]. Mst1 is a serine/threonine kinase, known as a key mediator in cellular processes, including 
mediating the apoptosis[13]. However, the molecular mechanism by which Mst1 inhibition mediates 
autophagy and anoikis in isolated mBMSCs remains to be clarified.

In this study, we investigated the potential regulatory effect of Mst1 inhibition on ITGs signalling, 
autophagy and anoikis in isolated mBMSCs.

MATERIALS AND METHODS
Cell culture
The mBMSCs were obtained as previously described[12]. Cultured mBMSCs between passages 3 and 5 
were selected for subsequent experiments.

https://www.wjgnet.com/1948-0210/full/v15/i3/90.htm
https://dx.doi.org/10.4252/wjsc.v15.i3.90


Zhang T et al. Mst1 inhibition prevents anoikis of mBMSCs

WJSC https://www.wjgnet.com 92 March 26, 2023 Volume 15 Issue 3

Adenovirus infection
Adenovirus harbouring Mst1 short hair RNA (Ad-sh-Mst1) and the control vector for Mst1 shRNA (Ad-
NC-Mst1) were purchased from WZ Biosciences (China). Vector details have been previously described
[12]. The shRNA sequence targeting Mst1 in mice was GCCCTCACGTA GTCAAGTATT.

siRNA transfection
The small interfering RNAs (siRNAs) were obtained from GenePharma (China). The sense and 
antisense strand sequences of siRNA are as follows: Mouse siRNA-ITGα5, 5'-GCAGGGAGA-
UGAAGAUCUACC' (sense) and 5'-UAGAUCUUCAUCUCCCUGCAG' (antisense); mouse siRNA-ITGβ
1, 5'-GGAGAACCACAGAAGUUUACA-3' (sense) and 5'-UAAACUUCUGUGGUUCUCCUG-3' 
(antisense); and siRNA-negative control (NC), 5'-UUCUCCGAACGUGUCACGUTT' (sense) and 5'-
ACGUGACACGUUCGGAGAATT-3' (antisense). Subsequently, 24 h after infection with Ad-sh-Mst1, 
mBMSCs at 75% confluence were transfected with ITGα5, ITGβ1 or NC siRNA (50 nM) using 
Lipofectamine RNAi MAX (13778500, Invitrogen) according to the manufacturer’s instructions. The 
expression of ITGα5 or ITGβ1 was substantially blocked by the transfected siRNA.

Cell treatment
Petri dishes coated with polyhydroxyethyl methacrylate [Poly-HEMA, 529257, Sigma, United States of 
America (USA)] were used to prevent cells from adhering to the tissue culture plates. Briefly, poly-
HEMA stock material was dissolved in 95% ethanol at a concentration of 12 mg/mL, and 1 mL of 12 
mg/mL poly-HEMA was added to each well of a 6-well plate and then dried overnight on a clean 
bench. Cells were transfected as previously described. Cells (5 × 105) were coated with 12.5 mg/mL 
poly-HEMA in each well for a certain period of time.

To inhibit autophagy, cells were pretreated with 5 mmol/L 3-MA (189490, Selleck, USA) for 1 h and 
then cultured in poly-HEMA-precoated plates for a certain period of time.

Assay of intracellular ROS
As mentioned above, cellular ROS were assessed using the ROS probe 2,7-Dichlorodihydrofluorescein 
diacetate (DCFH-DA), S0033, Beyotime Biotechnology, China)[12]. The mean fluorescence intensity was 
detected via flow cytometry.

Isolation-induced anoikis assay
Anoikis was analysed using an in situ Direct DNA Fragmentation Terminal-deoxynucleoitidyl 
Transferase Mediated Nick End Labeling (TUNEL) Assay Kit [ab66108, Abcam, The United Kingdom of 
Great Britain and Northern Ireland (UK)]. After incubation in poly-HEMA-coated plates, the cells were 
collected and added to 70% ice ethanol for 30 min. Ethanol was then removed, and the cells were 
resuspended in washing buffer and then stained with a staining solution for 60 min. Prior to the 
addition of the PI/RNase A solution, the cells were washed twice with rinse buffer. Quantification 
analysis was performed by BectonDickinson Fluorescence Activating Cell Sorter (BD FACSDiva) 
software, [Ex/Em = 488/520 nm for fluoresceine isothiocyanate and 488/623 nm for propidium iodide)].

Anoikis was also detected by a CytoSelect™ 24-Well Anoikis Assay (XY-CBA-080, Cell Biolabs, USA) 
according to the manufacturer's instructions. Briefly, cells (1 × 106 cells/well) were cultured in each well 
of 24-well plate for 36 h before staining with ethidium homodimer (EthD-1) at 37°C for 1 h. The 
presence of red EthD-1 fluorescence in dead cells was observed by a fluorescence microscope, and cell 
viability was determined using a thiazolyl blue tetrazolium bromide (MTT) assay.

Flow cytometry
Cells were incubated in poly-HEMA-coated petri dishes for 36 h, centrifuged at 300 × g for 5 min and 
cultured in antibodies (ITGα4 [1/500 dilution, 553157, BD], ITGα5 [1/500 dilution, 557447, BD], ITGαv 
[1/300 dilution, 740946, BD], ITGβ1 [1/500 dilution, 561796, BD], ITGβ3 [1/100 dilution, 740677, BD]) for 
1 h according to the operation manual.

Cell adhesion
After culture in poly-HEMA-coated petri dishes, the collected cells were resuspended in complete α-
MEM and then plated in triplicate (5× 104 cells/well) onto wells coated with fibronectin (10 g/mL), 
which was previously blocked with 1% BSA for 1 h. After 6 h, the cells were washed with phosphate 
belanced solution (PBS) and stained with crystal violet. Unbound dye was removed with PBS before 
adding a 10% acetic acid solution. The absorbance was read at 630 nm using a Multiskan MK3 
microplate reader. The experiment was repeated three times. Cell adhesion was calculated according to 
the proportion of adhered cells in the control group.

Cytokine levels
The supernatants in each group were collected after culture in poly-HEMA-coated petri dishes for 36 h. 
The levels of anti-inflammatory cytokines were measured using a BD™ Cytometric Bead Array (CBA) 
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Mouse Th1/Th2/Th17 Cytokine Kit (561665, BD, USA) in accordance with the instruction manual. The 
levels of interleukin (IL)-4 (IL-4), IL-10, IL-17A and IL-6 in cell supernatants were measured using flow 
cytometry. Data analysis was performed as previously described[14].

Nude mouse tumorigenicity
All animal procedures were approved by the Animal Care and Use Committee of Shandong Provincial 
Hospital Affiliated to Shandong First Medical University (IACUC protocol, Approval No. 2020-333). A 
total of 10 female nude mice (4 wk old) were purchased from Beijing Vital River Laboratory Animal 
Technology Co., Ltd. and raised in a specific pathogen-free environment. Mice were placed at a 
standard room temperature at a normal day-night cycle with free access to standard diet and water. 
Afterwards, 5.0 × 106 mBMSCs (n = 3), mBMSC/NC-Mst1 (n = 3), and mBMSC/sh-Mst1 (n = 4) were 
injected into the right flank near the hind legs of each nude mouse. The tumours were measured with a 
Vernier calliper every 4 d. Sixty days after cell inoculation, all mice were anaesthetized with ether, and 
tissues were collected.

Quantitative real-time polymerase chain reaction (qPCR)
qPCR was performed as previously reported[12]. mBMSCs were differentiated via 21-d exposure to 
osteogenic or adipogenic conditions, and total mRNA from mBMSCs subjected to these conditions and 
siRNA-transfected cells was isolated using TRIzol Reagent (15596026, Thermo Fisher Scientific, USA). 
The RNA was subsequently reverse transcribed into cDNA and amplified using the SYBR® Premix Ex 
TaqTM II kit (RR420, Takara, JPN) and d ABI 7500 real-time PCR system (Applied Biosystems). Each 
experiment was repeated three times. Data were normalized through the 2-ΔΔCT method using the 
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase. The primer sequences are shown in 
Supporting Information Supplementary Table 1.

Western blot analysis
To determine protein expression, Western blot analysis was performed. After culture in poly-HEMA-
coated plates, whole-cell protein extracts were prepared in radio-immunoprecipitation assay lysis 
buffer, subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred onto 
polyvinylidene fluoride membranes. The membranes were then blocked with 5% skimmed milk or 
Bovine serum albumin in Tris-Buffered Saline Tween-20 for 1 h and incubated overnight at 4 ℃ with the 
following primary antibodies (diluted by Western Primary Antibody Buffer, P0023A, Beyotime): Mst1 
(1:1000, ab51134, Abcam), ITGα5 (1:1000, ab150361, Abcam), ITGβ1 (1:1000, ab179471, Abcam), phospho-
FAK (Tyr397) [1:500, 3283S, Cell Signaling Technology (CST)], FAK (1:1,000, 3285S, CST), activated 
caspase 3 (1:1000, ab214430, Abcam), and caspase 3 (1:1000, ab18297, Abcam). GAPDH (1:1000, 5174S, 
CST) served as the loading control. Anti-rabbit IgG and HRP-linked antibodies (1:1000, 7074S, CST) 
were used. The relative protein expression levels were compared with GAPDH using ImageJ software.

Statistical analysis
All results are expressed as the mean ± SD. One-way Analysis of Variance was used for data analysis. P 
< 0.05 was considered statistically significant.

RESULTS
The loss of attachment to ECM increased the rate of aberrant cell apoptosis, ROS levels, and Mst1 
expression and inhibited autophagy in mBMSCs
As the ability to reduce cell adhesivity to culture plates, Poly-HEMA was used to simulate an 
anchorage-independent culture condition. In present study, the sensitivity of mBMSCs to anoikis in 
Poly-HEMA-pre-coated condition were tested.

Using the TUNEL and Anoikis Assay Kit, the results showed an increased rate of mBMSC apoptosis 
in a time-dependent manner under poly-HEMA-induced isolated conditions (Figures 1A, B, D and E), 
suggesting that anoikis of mBMSCs could be induced in precoated poly-HEMA plates. In addition, the 
cell adhesion decreased at 24 h, 36 h, and 48 h compared with that at 0 h (Figure 1G).

Moreover, staining of intracellular ROS with the ROS probe DCFH-DA showed increased ROS levels 
at 24, 36, and 48 h compared with 0 h (Figures 1C and F), demonstrating the production of ROS in poly-
HEMA-induced isolated mBMSCs.

To determine the alterations in Mst1 expression, autophagy and the FAK/Caspase 3 pathway in 
mBMSCs under isolated conditions, the protein level of Mst1, autophagy-related proteins (LC3 II/I, 
Beclin1, p62), p-FAK, and activated caspase 3 was detected by Western blot analysis. The data suggested 
that Mst1 was upregulated in isolated mBMSCs (Figure 1H). Moreover, the expression of p-FAK 
decreased, and the activation of caspase 3 increased in a time-dependent manner (Figure 1I). Similarly, 
LC3 II/I and Beclin1 expression was downregulated, and p62 expression was upregulated in a time-
dependent manner (Figure 1H).

https://f6publishing.blob.core.windows.net/3ce97378-4fed-42da-9f1b-1bcc616b3036/WJSC-15-90-supplementary-material.pdf
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Figure 1 Mouse bone marrow mesenchymal stem cells exhibit susceptibility to anoikis under detachment conditions. A: Terminal-
deoxynucleoitidyl Transferase Mediated Nick End Labeling (TUNEL)-positive cells (apoptotic cells) of mouse bone marrow mesenchymal stem cells (mBMSCs) 
cultured in precoated Poly-2-hydroxyethyl methacrylate conditions for 0 h, 12 h, 24 h, 36 h and 48 h using flow cytometry; B: Fluorescence staining images of dead 
cells; C: Reactive oxygen species (ROS) levels were measured using the ROS probe 2,7-Dichlorodihydrofluorescein diacetate by flow cytometry at 0 h, 12 h, 24 h, 36 
h and 48 h; D: Quantitative analysis of the rate of TUNEL-positive cells; E: Quantification of live cells using a thiazolyl blue tetrazolium bromide assay; F: Quantitative 
analysis of the intracellular ROS level; G: Cell adhesion was expressed as fold changes between 0 h groups; H and I: Mammalian Ste20-like kinase 1 (Mst1), 
microtubules associated protein 1 light chain 3 II/I, p62, Beclin1, phospho-focal adhesion kinase, and activated caspase 3 expression levels at 0 h, 12 h, 24 h, 36 h 
and 48 h were evaluated by Western blot analysis; The expression of protein was expressed as the fold change relative to glyceraldehyde-3-phosphate 
dehydrogenase. Values are the mean ± SD of three independent experiments in each case. TUNEL: Terminal-deoxynucleoitidyl Transferase Mediated Nick End 
Labeling; ROS: Reactive oxygen species; Mst1: Mammalian Ste20-like kinase 1; LC3-II/I: Microtubules associated protein 1 light chain 3 II/I; p-FAK: Phospho-focal 
adhesion kinase; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase. cP < 0.01; bP < 0.05; aP > 0.05.

Mst1 inhibition upregulated ITGα5 and ITGβ1 expression in isolated mBMSCs
The mBMSCs were infected with adenovirus containing Mst1 shRNA. The effect of shRNA on inhibiting 
Mst1 expression were measured by qPCR and Western blot (Supplementary Figure 1).

Evidence has shown that ITGs, the heterodimeric cell surface adhesion receptors, mediates anoikis. In 
this study, the alterations of ITGs in isolated mBMSCs/sh-Mst1 were tested.

The expression profiles of ITGα5, ITGαv, ITGα4, ITGβ1, and ITGβ3 in poly-HEMA-treated mBMSCs 
were compared by flow cytometry. Compared with the control mBMSC levels, the poly-HEMA-treated 
isolated mBMSC levels of ITGα5, ITGαv, ITGα4, ITGβ1, and ITGβ3 were significantly decreased 
(Figure 2). Compared with isolated mBMSCs, isolated mBMSCs/sh-Mst1 show an upwards trend in 
ITGα5 and ITGβ1 expression. However, there was no difference of the expression profiles of ITGαv, ITG
α4, and ITGβ3 between isolated mBMSCs and isolated mBMSCs/sh-Mst1 (Figure 2). This study 
suggested that the inhibition of Mst1 could reactivate the expression of ITGα5 and ITGβ1.

Suppression of Mst1 expression protected mBMSCs from anoikis by activating autophagy.
mBMSCs were cultured in precoated poly-HEMA plates for 36 h. A significant decrease in cell apoptosis 
was observed in mBMSCs/sh-Mst1 (Figures 3A, B, D and E). Similar to the above results, cell adhesion 
was ameliorated by silencing Mst1 expression (Figure 3G). These results indicated that Mst1 inhibition 
suppressed ECM-isolatedinduced anoikis in mBMSCs.

In addition, flow cytometric analysis confirmed decreased ROS levels in isolated mBMSCs/sh-Mst1 
compared with those of isolated mBMSCs, whereas ROS levels were re-elevated by the autophagy 
inhibitor 3-MA (Figures 3C and F).

Western blot assay further suggested the above conception. FAK, has been recognised as the key 
mediator of cell–substrate adhesion. Western blot analysis results showed that mBMSC/sh-Mst1 
exhibited robust FAK activation (Figure 3I). Similar to apoptosis, the activation of caspase can induce 
anoikis. Thus, we tested effect of Mst1 inhibition on the activation of caspase 3 by Western blotting. In 
Figure 3I, silencing Mst1 expression significantly inhibited caspase 3 activation in suspension-grown 
mBMSCs. This study indicated that silencing Mst1 expression could reactivate the FAK/Caspase3 
pathway in anchorage-independent mBMSCs. However, 3-MA, an autophagy inhibitor, had no effect on 
the expression of ITGα5 and ITGβ1 or on cell adhesion (Figure 3I).

Consistent with the previous results, Mst1 inhibition reactivated autophagy in mBMSCs under 
isolated conditions, which can be demonstrated by the upregulated expression of LC3 II/I and Beclin1 
and downregulated expression of p62 (Figure 3H). Furthermore, the number of mBMSCs/sh-Mst1 
undergoing anoikis was increased after pretreatment with 3-MA (Figure 3H). In conclusion, the 
protective effect of Mst1 knockdown on anoikis in mBMSCs is associated with autophagy.

Inhibition of ITGα5β1 reversed the protective effects of Mst1 inhibition against anoikis in mBMSCs
To determine whether ITGα5 or ITGβ1 contributes to anoikis resistance in mBMSC/sh-Mst1 cells, 

https://f6publishing.blob.core.windows.net/3ce97378-4fed-42da-9f1b-1bcc616b3036/WJSC-15-90-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/3ce97378-4fed-42da-9f1b-1bcc616b3036/WJSC-15-90-supplementary-material.pdf


Zhang T et al. Mst1 inhibition prevents anoikis of mBMSCs

WJSC https://www.wjgnet.com 96 March 26, 2023 Volume 15 Issue 3

Figure 2 Changes in integrin protein expression in detached mouse bone marrow mesenchymal stem cells/sh-Mammalian Ste20-like 
kinase 1. Cells were cultured in detached conditions for 36 h. A: Flow cytometry analysis investigating the expression of integrinα5 (ITGα5), ITGαv, ITGα4, ITGβ1 
and ITGβ3; B: Data are expressed as the fold change compared to the control groups. Values are expressed as the mean ± SD, n = 3. ITG: Integrin. cP < 0.01; bP < 
0.05; aP > 0.05.

siRNA was used to knock down ITGα5 or ITGβ1 expression, respectively (Supplementary Figure 2).
In isolated mBMSC/sh-Mst1, cell apoptosis was increased, and cell adhesion was blocked by siRNA-

mediated ablation of ITGα5 or ITGβ1 (Figures 4A, B, D, E and G). Similarly, p-FAK expression was 
downregulated and caspase3 activation was upregulated using ITGα5 or ITGβ1 siRNA (Figure 4I). In 
addition, LC3 II/I, Beclin1 and p62 expression was also reversed by ITGα5 or ITGβ1 siRNA (Figure 4H). 
In addition, the results in Figures 4C and F suggested that the ROS level was reduced by ITGα5 or ITGβ1 
siRNA.

The properties and biological safety of mBMSCs/sh-Mst1
In isolated conditions, the levels of anti-inflammatory cytokines IL-4, IL-10 and IL-17A increased, while 
the level of pro-inflammatory cytokine IL-6 decreased in mBMSCs/sh-Mst1 compared with those of 
other mBMSCs (Figure 5A).

We assessed the effect of silencing Mst1 expression on the osteogenic differentiation of mBMSCs. In 
Figure 5B, Mst1 inhibition was correlated with increased osteogenic differentiation of mBMSCs. 
Subsequently, qPCR was performed to accurately determine the role of Mst1 inhibition on osteogenic 
differentiation in mBMSCs. As known as the markers of osteoblast differentiation, we tested the mRNA 
levels of runt-related transcription factor 2 (Runx2) and alkaline phosphatase (ALP). We found that the 
expression of Runx2 and ALP were both increased in mBMSC/sh-Mst1 (Figure 5B)[15].

There was no tumour-like mass in animals injected with mBMSC/sh-Mst1 after 60 d post-injection. 
After 60 d post-injection, we collected the subcutaneous tissue and the lung, liver, kidney and heart. 
There were no difference of the weights of the lung, liver, kidney and heart among each group (Figures 
5C and Supplementary Table 2). It also showed that no stromal structures appeared in subcutaneous 
tissue of mBMSCs/sh-Mst1 groups (Figure 5C).

DISCUSSION
Convincing suggestion has confirmed that anoikis limits the therapeutic efficacy of MSC transplantation 
for tissue repair[16]. Herein, this study has proven that mBMSC/sh-Mst1 could survive after isolation 
from the ECM, and this response was mediated by the effect of Mst1 inhibition-induced autophagy on 
ITGα5β1-modulated production of ROS.

https://f6publishing.blob.core.windows.net/3ce97378-4fed-42da-9f1b-1bcc616b3036/WJSC-15-90-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/3ce97378-4fed-42da-9f1b-1bcc616b3036/WJSC-15-90-supplementary-material.pdf
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Figure 3 Mammalian Ste20-like kinase 1 inhibition-induced autophagy reduced cell apoptosis in detached mouse bone marrow 
mesenchymal stem cells. A: Terminal-deoxynucleoitidyl Transferase Mediated Nick End Labeling (TUNEL)-positive cells analysed by flow cytometry; B: 
Representative images and quantification of fluorescence staining of dead cells; C: Reactive oxygen species (ROS) levels were measured using the ROS probe 2,7-
Dichlorodihydrofluorescein diacetate by flow cytometry. D: Quantitative analysis of the rate of TUNEL-positive cells. E: Quantification of live cells using a thiazolyl blue 
tetrazolium bromide assay. F: Quantitative analysis of the intracellular ROS level. G: Cell adhesion was evaluated as the fold change compared back to the control 
groups; H and I: Mammalian Ste20-like kinase 1 (Mst1), microtubules associated protein 1 light chain 3 II/I, p62, Beclin1, phospho-focal adhesion kinase, and 
activated caspase 3 expression were evaluated by Western blot analysis. glyceraldehyde-3-phosphate dehydrogenase served as a control. Values are the mean ± 
SD, and experiments were completed in triplicate. 3-MA: 3-methyladenine; TUNEL: Terminal-deoxynucleoitidyl Transferase Mediated Nick End Labeling; ROS: 
Reactive oxygen species; Mst1: Mammalian Ste20-like kinase 1; LC3-II/I: Microtubules associated protein 1 light chain 3 II/I; p-FAK: Phospho-focal adhesion kinase; 
GAPDH: Glyceraldehyde-3-phosphate dehydrogenase. 1. Control group; 2. Anoikis group; 3. Anoikis + sh-NC group; 4. Anoikis + sh-Mst1 group; 5. Anoikis + sh-Mst1 
+ 3-MA group. cP < 0.01; bP < 0.05; aP > 0.05.

Corresponding alterations in cell-ECM isolation and autophagy also exist[17]. As a special type of 
apoptotic cell death, anoikis contributes to the loss of cell attachment to the ECM[18,19]. In the present 
study, we observed increased cell apoptosis and inhibited autophagy, as well as upregulated Mst1 
expression in isolated mBMSCs. One hypothesis derived from a combination of previous studies is that 
Mst1 inhibition can not only overcome anoikis but also induce autophagy in isolated mBMSCs. In this 
study, we confirmed that mBMSCs averted anoikis by Mst1 inhibition-induced autophagy. Autophagy 
promotes cell survival or apoptosis in a stimulus-dependent manner. A series of experiments have 
elucidated the role of autophagy in promoting cell survival during anoikis[20]. Accordingly, our results 
established Mst1 inhibition-induced autophagy as a survival mechanism in isolated mBMSCs.

ITGs are transmembrane αβ heterodimers, with at least 18 well-known α and 8 β subunits. An 
increasing amount of experimental data has demonstrated that cells can overcome anoikis by changing 
ITGs expression[21]. In addition, ITGs-mediated cell adhesion to ECM is critical for maintaining 
appropriate cellular function and survival[22]. Therefore, the upregulation of ITGs allows cells to 
survive during anoikis[9,22,23]. This study has proved that the expression of ITGα5 and ITGβ1 were 
increased in cultured mBMSCs/sh-Mst1 under cell isolation conditions. Furthermore, upregulated ITGα
5 and ITGβ1 expression may be the underlying mechanism of anoikis resistance in mBMSCs/sh-Mst1. 
These results suggested the role of ITGα5β1 downstream of Mst1, as well as a collaboration between ITG
α5 and ITGβ1, in anoikis-resistant mBMSCs/sh-Mst1.

ITGs relay signals from the ECM to initiate intracellular signalling through intracellular ROS 
production[24], by which p-FAK expression is mediated[25]. Moreover, a recent study confirmed that 
excessive or persistent increases in ROS levels might promote the process of anoikis[26]. However, high 
ROS levels may also promote the formation of autophagy, which could contribute to reducing ROS 
accumulation[27]. Despite the essential role of increased ROS levels in anoikis resistance reported in 
several studies[28], we still hypothesized the necessity of appropriate cellular regulation of ROS levels 
for anoikis inhibition. As a result, we speculated that a negative-feedback loop was formed among Mst1 
inhibition-induced autophagy, Mst1 inhibition-triggered ITGα5β1 and ROS levels. Mst1 inhibition 
increased ITGα5β1 expression, thereby facilitating cell adhesion. In addition, Mst1 inhibition-induced 
autophagy reduced the level of ITGα5β1-triggered ROS in isolated mBMSCs, which contributed to the 
evasion of anoikis, elucidating why 3-MA did not affect the expression of ITGα5 or ITGβ1.

Mst1 has been known to play a key role in the signalling pathway that controls manifold cellular 
processes[29]. In the present study, silencing Mst1 expression was found to ameliorate the anti-inflam-
matory cytokine production, osteogenic differentiation capability and cell proliferation of mBMSCs, 
thereby making mBMSCs/sh-Mst1 an attractive target for anti-inflammatory, immunomodulatory, and 
regenerative therapies and potentially improving the curative efficacy of mBMSCs in PAH[1-3].
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Figure 4 Upregulated integrinα5β1 expression triggered by Mammalian Ste20-like kinase 1 inhibition protected mouse bone marrow mesenchymal stem cells from anoikis. A: Terminal-deoxynucleoitidyl Transferase 
Mediated Nick End Labeling (TUNEL)-positive cells analysed by flow cytometry; B: Representative images and quantification of fluorescence staining of dead cells; C: Reactive oxygen species (ROS) levels were measured by flow cytometry; D: 
Quantitative analysis of the rate of TUNEL-positive cells; E: Quantification of live cells using a thiazolyl blue tetrazolium bromide assay; F: Quantitative analysis of the intracellular ROS level; G: Cell adhesion was evaluated as the fold change compared 
back to the control groups; H and I: Western blotting was used to measure the expression levels of Mammalian Ste20-like kinase 1 (Mst1), microtubules associated protein 1 light chain 3 II/I, p62, Beclin1, phospho-focal adhesion kinase, and activated 
caspase 3. glyceraldehyde-3-phosphate dehydrogenase was used as the loading control. Values are expressed as the mean ± SD. Measurements were performed in three replicates. 3-MA: 3-methyladenine; TUNEL: Terminal-deoxynucleoitidyl 
Transferase Mediated Nick End Labeling; ROS: Reactive oxygen species; Mst1: Mammalian Ste20-like kinase 1; LC3-II/I: Microtubules associated protein 1 light chain 3 II/I; p-FAK: Phospho-focal adhesion kinase; GAPDH: Glyceraldehyde-3-phosphate 
dehydrogenase. 1. Control group; 2. Anoikis group; 3. Anoikis + sh-NC group; 4. Anoikis + sh-Mst1 group; 5. Anoikis + sh-Mst1 + si-NC group; 6. Anoikis + sh-Mst1 + si-ITGα5; 7. Anoikis + sh-Mst1 + si-ITGβ1. cP < 0.01; bP < 0.05; aP > 0.05.

Regardless of the extraordinary safety profile of MSC therapy verified in clinical trial data, several 
scholarly reviews have proposed that MSCs play a role in tumorigenesis and progression[18,30,31]. 
Therefore, the enhancement of the anti-anoikis ability of MSCs may promote tumorigenesis. However, 
in the present study, tumorigenic experiments in nude mice demonstrated the safety profile of mBMSC/
sh-Mst1 administration.

CONCLUSION
In summary, the mechanism by which Mst1 inhibition acts on anoikis in mBMSCs was expounded in 
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this study. First, Mst1 inhibition was demonstrated to ameliorate not only autophagy formation but also 
ITGα5β1 expression. Second, Mst1 inhibition-induced autophagy could scavenge the excessive 
production of ITGα5β1-triggered ROS. Third, silencing Mst1 expression not only ameliorated the 
pluripotency of mBMSCs but also retained the safety profile of mBMSCs. Overall, Mst1 inhibition-based 
infusion may improve the therapeutic efficacy of MSCs, thereby serving as the ideal candidate for 
clinical transplant therapy in PAH.

Figure 5 The properties and biological safety of mouse bone marrow mesenchymal stem cells/sh-Mammalian Ste20-like kinase 1. A: The 
levels of interleukin-4 (IL-4), IL-10, IL-17A and IL-6 were measured using a Cytometric Bead Array Cytokine Kit in detached mouse bone marrow mesenchymal stem 
cells (mBMSCs); B: Representative images of alkaline phosphatase (ALP) staining of mBMSCs after culture in osteogenesis induction medium for 21 d; C: 
Quantitative real-time polymerase chain reaction analysis of the relative mRNA expression levels of runt-related transcription factor 2 (Runx2) and ALP in mBMSCs 
cultured in adipogenesis induction medium for 21 d; D: Nude mice were subcutaneously implanted with mBMSCs (n = 3), mBMSCs/NC-Mst1 (n = 3), and 
mBMSCs/sh-Mst1 (n = 4). Representative images of the heart, liver, spleen, lung and kidney in each group 60 d postinjection; E. Paraffin-embedded subcutaneous 
sections derived from cell-injection sites were stained with haematoxylin and eosin. Data are the mean ± SD of three technical replicates. mBMSCs: Mouse bone 
marrow mesenchymal stem cells; Mst1: Mammalian Ste20-like kinase 1; IL: Interleukin; Runx2: Runt-related transcription factor 2; ALP: Alkaline phosphatase. cP < 
0.01; bP < 0.05; aP > 0.05.

ARTICLE HIGHLIGHTS
Research background
Anoikis plays a limiting role in the therapeutic efficacy of mesenchymal stem cells (MSCs). As a 
proapoptotic molecule, mammalian Ste20-like kinase 1 (Mst1) can increase the production of reactive 
oxygen species (ROS), thereby promoting anoikis. Recently, Mst1 inhibition was found to protect mouse 
bone marrow MSCs (mBMSCs) from H2O2-induced cell apoptosis by inducing autophagy and reducing 
ROS production. However, the influence of Mst1 inhibition on anoikis in mBMSCs remains unclear.
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Research motivation
To investigate whether Mst1 inhibition could reduce anoikis in isolated mBMSCs.

Research objectives
To investigate the mechanisms by which Mst1 inhibition acts on anoikis in isolated mBMSCs.

Research methods
Poly-2-hydroxyethyl methacrylate-induced anoikis was used following Mst1 inhibition in mBMSCs. 
Integrin (ITGs) levels were tested by flow cytometry. Autophagy and ITGα5β1 were inhibited using 3-
methyladenine and small interfering RNA, respectively. The alterations in anoikis were evaluated by 
Terminal-deoxynucleoitidyl Transferase Mediated Nick End Labeling and anoikis assays. The levels of 
the anoikis-related proteins ITGα5, ITGβ1, and phospho-focal adhesion kinase, which activate caspase 3, 
and the autophagy-related proteins microtubules associated protein 1 light chain 3 II/I, Beclin1 and p62 
were detected by Western blotting.

Research results
In isolated mBMSCs, Mst1 expression was upregulated, and Mst1 inhibition significantly reduced cell 
apoptosis, induced autophagy and decreased ROS levels. Mechanistically, we found that Mst1 
inhibition upregulated ITGα5 and ITGβ1 expression but not ITGα4, ITGαv, or ITGβ3 expression. 
Moreover, ITGα5β1 upregulation and autophagy induction by Mst1 inhibition played an essential role 
in terms of the protective efficacy of Mst1 inhibition on averting anoikis.

Research conclusions
Mst1 inhibition ameliorated autophagy formation, increased ITGα5β1 expression, and decreased the 
excessive production of ROS, thereby reducing cell apoptosis in isolated mBMSCs. On this basis, Mst1 
inhibition may provide a promising strategy to overcome the anoikis of transplanted MSCs.

Research perspectives
In isolated mBMSCs, Mst1 inhibition ameliorated not only autophagy formation but also ITGα5β1 
expression (not ITGα4, ITGαv, or ITGβ3). Mst1 inhibition-induced autophagy scavenged excessive ITGα
5β1-triggered ROS. Consequently, Mst1 inhibition-based infusion may improve the therapeutic efficacy 
of MSCs, thereby serving as an ideal candidate for clinical transplantation in pulmonary arterial 
hypertension.
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