Stem Cells

Baishideng Publishing Group Inc



(]' f World Journal of
Stem Cells

Contents Monthly Volume 14 Number 7 July 26, 2022
REVIEW
435 Therapeutic potential of dental pulp stem cells and their derivatives: Insights from basic research toward

clinical applications

Yuan SM, Yang XT, Zhang SY, Tian WD, Yang B

453 Role of hypoxia preconditioning in therapeutic potential of mesenchymal stem-cell-derived extracellular
vesicles

Pulido-Escribano V, Torrecillas-Baena B, Camacho-Cardenosa M, Dorado G, Galvez-Moreno MA, Casado-Diaz A

473 Application of exosome-derived noncoding RNAs in bone regeneration: Opportunities and challenges

Ren YZ, Ding SS, Jiang YP, Wen H, Li T

490 Metabolic-epigenetic nexus in regulation of stem cell fate

Liu Y, Cui DX, Pan Y, Yu SH, Zheng LW, Wan M

MINIREVIEWS
503 Stem cell therapy for insulin-dependent diabetes: Are we still on the road?

Yang L, Hu ZM, Jiang FX, Wang W

513 Prodigious therapeutic effects of combining mesenchymal stem cells with magnetic nanoparticles

Abu-El-Rub E, Khasawneh RR, Almahasneh F

ORIGINAL ARTICLE

Basic Study

527 Application of extracellular vesicles from mesenchymal stem cells promotes hair growth by regulating
human dermal cells and follicles

Rajendran RL, Gangadaran P, Kwack MH, Oh JM, Hong CM, Sung YK, Lee J, Ahn BC

539 miR-3682-3p directly targets FOXO3 and stimulates tumor stemness in hepatocellular carcinoma via a
positive feedback loop involving FOXO3/PI3K/AKT/c-Myc

Chen Q, Yang SB, Zhang YW, Han SY, Jia L, Li B, Zhang Y, Zuo S

556 Intratracheal administration of umbilical cord-derived mesenchymal stem cells attenuates hyperoxia-
induced multi-organ injury via heme oxygenase-1 and JAK/STAT pathways
Dong N, Zhou PP, Li D, Zhu HS, Liu LH, Ma HX, Shi Q, Ju XL

WJSC | https://www.wjgnet.com I July 26,2022 | Volume14 | Issue7 |

Jaishideng®



World Journal of Stem Cells

Contents

Monthly Volume 14 Number 7 July 26, 2022

ABOUT COVER

Editorial Board Member of World Journal of Stem Cells, Wei Zhang, PhD, Associated Professor, School of Medicine,
Southeast University, No. 87 Ding Jiaqiao, Nanjing 210009, Jiangsu Province, China. zhang.wei@seu.edu.cn

AIMS AND SCOPE

The primary aim of World Journal of Stem Cells (W]SC, World ] Stem Cells) is to provide scholars and readers from
various fields of stem cells with a platform to publish high-quality basic and clinical research articles and
communicate their research findings online. WJSC publishes articles reporting research results obtained in the field
of stem cell biology and regenerative medicine, related to the wide range of stem cells including embryonic stem
cells, germline stem cells, tissue-specific stem cells, adult stem cells, mesenchymal stromal cells, induced
pluripotent stem cells, embryonal carcinoma stem cells, hemangioblasts, lymphoid progenitor cells, efc.

INDEXING/ABSTRACTING

The WJSC is now abstracted and indexed in Science Citation Index Expanded (SCIE, also known as SciSearch®),
Journal Citation Reports/Science Edition, PubMed, PubMed Central, Scopus, Biological Abstracts, BIOSIS
Previews, Reference Citation Analysis, China National Knowledge Infrastructure, China Science and Technology
Journal Database, and Superstar Journals Database. The 2022 Edition of Journal Citation Reports cites the 2021
impact factor (IF) for W]SC as 5.247; IF without journal self cites: 5.028; 5-year IF: 4.964; Journal Citation Indicator:
0.56; Ranking: 12 among 29 journals in cell and tissue engineering; Quartile category: Q2; Ranking: 86 among 194
journals in cell biology; and Quartile category: Q2. The WJSC’s CiteScore for 2021 is 5.1 and Scopus CiteScore rank
2021: Histology is 17/61; Genetics is 145/335; Genetics (clinical) is 42/86; Molecular Biology is 221/386; Cell
Biology is 164/274.

RESPONSIBLE EDITORS FOR THIS ISSUE

Production Editor: Yan-Liang Zhang; Production Department Director: X Guo, Editorial Office Director: Jia-Ru Fan.

NAME OF JOURNAL INSTRUCTIONS TO AUTHORS

World Journal of Stem Cells https:/ /www.wijgnet.com/bpg/gerinfo/204

ISSN GUIDELINES FOR ETHICS DOCUMENTS
ISSN 1948-0210 (online) https:/ /www.wjgnet.com/bpg/Gerlnfo/287
LAUNCH DATE GUIDELINES FOR NON-NATIVE SPEAKERS OF ENGLISH
December 31, 2009 https:/ /www.wijgnet.com/bpg/gerinfo/240
FREQUENCY PUBLICATION ETHICS

Monthly https:/ /www.wjgnet.com/bpg/Gerlnfo/288
EDITORS-IN-CHIEF PUBLICATION MISCONDUCT

Shengwen Calvin Li, Catlo Ventura https:/ /www.wignet.com/bpg/gerinfo/208
EDITORIAL BOARD MEMBERS ARTICLE PROCESSING CHARGE

https:/ /www.wignet.com/1948-0210/ editotialboard.htm https:/ /www.wijgnet.com/bpg/gerinfo/242
PUBLICATION DATE STEPS FOR SUBMITTING MANUSCRIPTS
July 26, 2022 https:/ /www.wjgnet.com/bpg/Gerlnfo/239
COPYRIGHT ONLINE SUBMISSION

© 2022 Baishideng Publishing Group Inc https:/ /www.f6publishing.com

© 2022 Baishideng Publishing Group Inc. All rights reserved. 7041 Koll Center Parkway, Suite 160, Pleasanton, CA 94566, USA

E-mail: bpgoffice@wijgnet.com https://www.wjgnet.com

JBaishideng®

WJSC | https://www.wjgnet.com I July 26,2022 | Volume14 | Issue7


https://www.wjgnet.com/bpg/gerinfo/204
https://www.wjgnet.com/bpg/GerInfo/287
https://www.wjgnet.com/bpg/gerinfo/240
https://www.wjgnet.com/bpg/GerInfo/288
https://www.wjgnet.com/bpg/gerinfo/208
https://www.wjgnet.com/1948-0210/editorialboard.htm
https://www.wjgnet.com/bpg/gerinfo/242
https://www.wjgnet.com/bpg/GerInfo/239
https://www.f6publishing.com
mailto:bpgoffice@wjgnet.com
https://www.wjgnet.com

J\|S

Submit a Manuscript: https:/ /www.f6publishing.com

DOI: 10.4252 /wijsc.v14.i7 435

World Journal of
Stem Cells

World | Stem Cells 2022 July 26; 14(7): 435-452

ISSN 1948-0210 (online)

REVIEW

Therapeutic potential of dental pulp stem cells and their derivatives:
Insights from basic research toward clinical applications

Sheng-Meng Yuan, Xue-Ting Yang, Si-Yuan Zhang, Wei-Dong Tian, Bo Yang

Specialty type: Cell and tissue
engineering

Provenance and peer review:
Invited article; Externally peer
reviewed.

Peer-review model: Single blind

Peer-review report’s scientific
quality classification

Grade A (Excellent): A
Grade B (Very good): B, B
Grade C (Good): C

Grade D (Fair): 0

Grade E (Poor): 0

P-Reviewer: Cappare P, Italy;
Moldovan C, Romania; Nath SG,
India; Oliva J, United States

Received: March 14, 2022

Peer-review started: March 14, 2022

First decision: May 11, 2022
Revised: May 25, 2022
Accepted: June 20, 2022
Article in press: June 20, 2022
Published online: July 26, 2022

Jaishideng®

WJSC | https://www.wjgnet.com 435

Sheng-Meng Yuan, Xue-Ting Yang, Si-Yuan Zhang, Wei-Dong Tian, Bo Yang, State Key
Laboratory of Oral Diseases, National Clinical Research Center for Oral Diseases, Engineering
Research Center of Oral Translational Medicine, National Engineering Laboratory for Oral
Regenerative Medicine, West China Hospital of Stomatology, Sichuan University, Chengdu
610041, Sichuan Province, China

Sheng-Meng Yuan, Xue-Ting Yang, Wei-Dong Tian, Bo Yang, Department of Oral and
Maxillofacial Surgery, West China Hospital of Stomatology, Sichuan University, Chengdu
610041, Sichuan Province, China

Corresponding author: Bo Yang, DDS, PhD, Academic Fellow, Chief Doctor, State Key
Laboratory of Oral Diseases, National Clinical Research Center for Oral Diseases, Engineering
Research Center of Oral Translational Medicine, National Engineering Laboratory for Oral
Regenerative Medicine, West China Hospital of Stomatology, Sichuan University, No. 14 3%
Section, Renmin South Road, Chengdu 610041, Sichuan Province, China.
dr.yangbo@scu.edu.cn

Abstract

For more than 20 years, researchers have isolated and identified postnatal dental
pulp stem cells (DPSCs) from different teeth, including natal teeth, exfoliated
deciduous teeth, healthy teeth, and diseased teeth. Their mesenchymal stem cell
(MSC)-like immunophenotypic characteristics, high proliferation rate, potential
for multidirectional differentiation and biological features were demonstrated to
be superior to those of bone marrow MSCs. In addition, several main application
forms of DPSCs and their derivatives have been investigated, including stem cell
injections, modified stem cells, stem cell sheets and stem cell spheroids. In vitro
and in vivo administration of DPSCs and their derivatives exhibited beneficial
effects in various disease models of different tissues and organs. Therefore, DPSCs
and their derivatives are regarded as excellent candidates for stem cell-based
tissue regeneration. In this review, we aim to provide an overview of the potential
application of DPSCs and their derivatives in the field of regenerative medicine.
We describe the similarities and differences of DPSCs isolated from donors of
different ages and health conditions. The methodologies for therapeutic adminis-
tration of DPSCs and their derivatives are introduced, including single injections
and the transplantation of the cells with a support, as cell sheets, or as cell
spheroids. We also summarize the underlying mechanisms of the regenerative
potential of DPSCs.
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Core Tip: In this review, we aim to outline the present understanding of the potential application of dental
pulp stem cells (DPSCs) and their derivatives in the field of regenerative medicine. DPSCs have different
properties and regenerative potentials according to the age and health condition of the donor. For
therapeutic applications, DPSCs can be administered through different methodologies, including by single
injections and the transplantation of the cells and their derivatives with a support, as cell sheets or as cell
spheroids. The underlying mechanisms of the regenerative potential of DPSCs and their derivatives may
occur through direct regulation and immunomodulatory and paracrine effects.
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INTRODUCTION

Dental pulp stem cells (DPSCs) have received major attention since they were first isolated in 2000 due
to their easily accessible properties, lack of ethical problems, high proliferation ability and multidirec-
tional differentiation potential[1-3]. Since then, numerous studies have emerged on the extraction and
identification of DPSCs. Scholars have obtained DPSCs from a variety of dental sources and confirmed
that they are superior to bone marrow mesenchymal stem cells (MSCs) in various characteristics, such
as easier access, higher proliferation, and better neural differentiation[4-8].

In view of their excellent stem cell characteristics, DPSCs, as an important source of postnatal MSCs,
have been widely studied in the field of regenerative medicine in the past two decades, including but
not limited to cerebral ischemia[9], bone and dental loss defects[10,11], the nervous system[12], the
digestive system[13] and the endocrine system[14], and many studies have achieved meaningful
therapeutic effects. Meanwhile, in the application of regenerative medicine, with the continuous
progress of cell culture and modification technologies, the application forms of MSCs continue to
expand, such as the transformation from primitive cells to modified cells and the leap from single-cell
preparations to multicell units[15-17]. These enhanced stem cell applications play an important role in
improving the therapeutic effect of stem cells, which promotes the development of tissue engineering
and regenerative medicine.

However, the mechanism by which DPSCs promote regeneration has not been fully revealed. At
present, two main aspects of MSCs, immunomodulatory and paracrine effects, have been widely
discussed[18-20]. MSCs have been suggested to possibly be involved in the process of immune
regulation in the host by regulating the physiological functions of immune cells such as T cells, B cells,
dendritic cells (DCs), and natural killer (NK) cells[21] or transmitting intercellular signals through
paracrine pathways such as secretomes, exosomes and extracellular vesicles (EVs)[22-24], thereby
inhibiting inflammation and promoting disease improvement. In addition, transplanted stem cells may
directly promote the repair or regeneration of tissue injury by residing at the transplant site and differ-
entiating into corresponding cells[25-29]. As a promising member of the MSC family, DPSCs may also
play a role through the above mechanism in the process of promoting injury repair and reconstruction
or disease improvement[18,30,31].

In this review, we introduce DPSCs from different sources and their characteristics and discuss
several main applications of DPSCs in regenerative medicine in recent years, including cell injections
(cell suspensions), modified cells, cell sheets and cell spheroids. We introduce the background,
biological characteristics, representative examples and preliminary therapeutic effects of these various
derivatives in regenerative medicine and briefly summarize the possible mechanisms of DPSCs in
promoting regeneration.

SOURCES OF DPSCS

Since their discovery, DPSCs have garnered extensive attention due to their easily accessible features
and lack of ethical issues. In 2000, Gronthos et al[1] isolated clonogenic and highly proliferative cells
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from enzymatically disaggregated dental pulp tissue of normal human impacted third molars for the
first time. The isolated cells were termed DPSCs[1]. Since then, many researchers have focused on
DPSCs and successfully isolated these cells from dental pulp tissue of different ages and different states,
as well as using cell sorting technologies to isolate subsets of cells with special phenotypes. These
DPSCs have both the same characteristics and obvious differences.

DPSCs from teeth of different ages

To date, researchers have extracted DPSCs from teeth of different age groups, including children
(deciduous teeth), adolescents, adults, aged (permanent teeth) and even infant donors (natal teeth)[1,32-
34]. The most common are DPSCs from adult permanent teeth (generally less than 30 years old) and
exfoliated deciduous teeth.

Adults (generally less than 30 years old): Adult human health dental pulp tissue derived dental pulp
cells, as subsequently demonstrated by Gronthos et al[1], contained clonogenic cell populations within
them that have the ability to form clones. Although colonies of dental pulp cells occurred at a similar
frequency in comparison to bone marrow mesenchymal stem cells (BMSCs) from bone marrow aspirates
flushed free of hematopoietic cells, DPSCs exhibited a higher proliferation rate than BMSCs in vitro, and
they maintained their high rate of proliferation even after extensive subculturing[1]. In view of this
phenomenon, the authors believe that DPSCs satisfy two of the criteria of a postnatal somatic stem cell:
ex vivo expansion and clonogenicity[35]. Also, transplanted DPSCs can generate a dentin-pulp-like
complex representative of the microenvironments from which they were derived in vivo, which
underscores one of their stem cell natures again: Tissue reconstitution[1,35]. Later studies improved the
immunophenotypic identification of DPSCs from adult healthy teeth and repeatedly confirmed their
multidirectional differentiation ability, finding that DPSCs are positive for mesenchymal lineage
markers (CD13, CD29, CD44, CD73, CD90 and CD105) and negative for monocytic (CD14) and
hematopoietic lineage markers (CD34, and CD45). At the same time, DPSCs have the potential to differ-
entiate into typical mesodermal cell lineages, such as osteogenic, chondrogenic, and adipogenic lineages
[4-7]. In conclusion, DPSCs derived from adult healthy dental pulp have the phenotypic characteristics
and multidirectional differentiation ability of MSCs and meet the criteria for postnatal somatic stem
cells.

Children (deciduous teeth): In 2003, Miura et al[32], for the first time, isolated stem cells from exfoliated
human deciduous teeth, named stem cells from human exfoliated deciduous teeth (SHED), which were
also identified as a population of highly proliferative, clonogenic cells capable of differentiating into a
variety of cell types, including odontoblasts, endothelia, neural cells and adipocytes[32,36,37]. They
could also express MSC markers such as CD29, CD73, CD90, CD105, CD146, and STRO-1[32,38,39].
However, SHED showed higher expression of CD105 and CD146 than DPSCs, suggesting that SHED is
a unique undifferentiated stem cell lineage and may have a higher capacity for differentiation[38].
Subsequent studies confirmed the differences between SHED and adult DPSCs, including that the
SHED exhibited more colony forming units, shorter doubling time, higher proliferation rate, higher
endothelial differentiation potential, stronger osteogenic and adipogenic differentiation ability in vitro
and osteoinductive capacity in vivo[32,38,40,41] etc. Even under the adverse culture conditions of
hypoxia, high glucose and low serum, the above characteristics of SHED were still better than the
characteristics of DPSCs[42]. However, the neurogenic ability of SHED is lower than the neurogenic
ability of DPSCs[43,44]. In short, from the current findings, SHED may be a better seed cell player than
DPSCs in addition to neurogenic ability, which may be attributed to its younger physiological age.

Other ages: In addition to the above two common sources of DPSCs, another study reported that DPSCs
obtained from natal teeth also have the immunophenotypic characteristics (expressed CD13, CD44,
CD73, CD90, CD146, and CD166, but not CD3, CD8, CD10, CD11b, CD14, CD15, CD19, CD33, CD34,
CD45, CD71, CD117, and HLA-DR) and multidirectional differentiation (adipogenic, osteogenic,
chondrogenic, myogenic and neurogenic) potential of MSCs[45]. In addition, compared with the
deciduous pulp, the expression of nestin and CD44 was stronger in the dental pulp of natal teeth.
Positive immune expression of SOX2 (embryonic stem cell marker) was observed only in the dental
pulp of natal teeth, which confirms the presence of a higher percentage of stem/progenitor cell
population compared with the deciduous pulp[34]. In addition, Wu et al[33] specifically compared the
growth and differentiation characteristics of DPSCs from patients of different ages, including children,
adolescents, adults and aged donors. The results showed that although a large portion of cell surface
markers was expressed in all DPSC lines, the expression of CD29 was downregulated in the DPSCs from
aged teeth. At the same time, the doubling time of DPSCs from aged teeth was prolonged, and the
number of apoptotic cells increased with propagation. Moreover, these DPSCs from aged teeth were
completely or partially deprived of lineage differentiation capacity[33]. These results suggest that
DPSCs from younger ages are more suitable as excellent candidates for regenerative medicine stem cell
resource banks.
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DPSCs from different pulp health statuses

Although the sources of healthy dental pulp are very extensive, the sources of unhealthy dental pulp are
more abundant with the trend of frequent occurrence of caries, dental pulp diseases and periodontitis.
Therefore, some researchers have turned their attention to the field of dental pulp in different healthy
states to expand the potential source range of DPSCs.

Yu et al[46] reported that stem cells from inflamed pulp of deciduous teeth (SCIDs) were positive for
cell surface markers, including CD105, CD90, and CD146, and had high proliferation ability and
osteogenic, adipogenic, and chondrogenic differentiation potentials. Except for SCIDs that secreted
more tumor necrosis factor-a (TNF-a) protein, there was no significant difference in proliferation and
differentiation potentials between SCIDs and SHED[46]. Pereira et al[47] also supported that the
morphology, proliferation rate and differentiation potential of inflamed and normal DPSCs are similar

47].

However, Kim et al[48] and Alongi et al[49] reported different results: The abilities of colony forming
and osteogenic differentiation in vitro and in vivo of stem cells from inflamed pulp tissue were decreased
compared with normal DPSCs[48,49]. Another study also confirmed that DPSCs from carious teeth
(DPSCs-CT) are not as efficient as normal DPSCs in differentiating into dopaminergic-like cells[50]. The
colony forming capacity of stem cells isolated from pulp polyps (chronic hyperplastic pulpitis) and
dental pulp with irreversible pulpitis was also lower than the colony forming capacity of healthy
DPSCs, but both cell types (normal and pulpitis) have demonstrated the ability to form pulp/dentin
complexes when transplanted into immunocompromised mice[51,52].

Interestingly, strong staining for CD146 was observed in inflamed pulps during the initial inflam-
matory response, and short-term TNF-a treatment has also been confirmed to enhance dental pulp cell
function, including the ability to form cell colonies, migrate, and differentiate into odontogenic and
adipogenic lineages[53]. Moreover, researchers have also identified and studied DPSCs isolated from
teeth with different stages of aggressive periodontitis (representing different degrees of dental pulp
inflammation) to explore the impact of periodontal infection during the progression of periodontitis on
the pluripotency and regenerative potential of DPSCs within periodontally compromised dental pulp.
The results showed that periodontal inflammation had a negative impact on the colony forming ability
and proliferation of DPSCs, but the relationship between the effect on their pluripotency and the
severity of the disease was uncertain. Although DPSCs from the inflamed dental pulp of teeth extracted
due to aggressive periodontitis appear to have undergone some changes in terms of their stem cell
properties, they still possess the capacity to differentiate into odontoblastic and osteoblastic phenotypes
in vitro and form pulp- and dentin-like tissues in vivo[54]. These data indicate that the stem cell charac-
teristics of unhealthy dental pulp-derived stem cells are unstable, which may be related to the degree of
inflammation in the diseased dental pulp. Further characterization is needed to determine whether they
can serve as a source of therapeutic cells for future regenerative therapies.

Subpopulations of DPSCs

DPSCs showed heterogeneity in the earliest isolation and identification studies: In primary cultured
DPSCs, many of the phenotypic markers were not uniformly expressed but were found in subsets of
cells, which may represent different pulp cell lineages[1], indicating that there are different cell subpop-
ulations in the primary DPSCs isolated and cultured directly, which may dominate the different cell
fates of stem cells. The development and progress of cell sorting technologies make the separation of cell
subsets possible.

Currently, DPSC subpopulations that have been isolated include but are not limited to side
population cells with stem cell phenotypic characteristics[55], bromodeoxyuridine (BrdU)-labeled label-
retaining cells for the localization of dental pulp stem/progenitor cells[56], ALDH1+ cell subpopu-
lations reflecting DPSC niches[57], DPSCs mobilized by G-CSF (MDPCs) with high proliferation rates
and stability[58], CD34~-/CD34+ DPSCs with different neural differentiation potentials[59], thy-1-
positive cells in the subodontoblastic layer with the ability to differentiate into hard tissue-forming cells
[60], and CD271+ dental MSCs with high odontogenic potential[61]. These subsets reflect the origin or
location of stem cells or have high potential in a particular direction of differentiation. For example, a
group of unique multipotent stem cells were recently identified from mouse dental papilla called
multipotent dental pulp regenerative stem cells, exhibiting enhanced osteogenic/odontogenic differen-
tiation capabilities in vitro and in vivo and efficiently regenerating functional pulpo-dentinal complex-
like tissues in vivo[62]. CD146+ human DPSCs have also been reported to be able to regenerate an
increased area of dentin/pulp-like structures in vivo compared with their CD146- counterparts or
mixtures of the two[63]. These results suggest that the use of DPSCs is flexible in tissue engineering, and
taking advantage of a specific side group may be the pathway to achieve accurate and efficient tissue
regeneration.

Regardless of the source of DPSCs, DPSCs are used in the later description of this article, and no
special distinction is made when describing their applications in regenerative medicine.
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DERIVATIVES OF DPSCS

Stem cell-based tissue engineering has been developed for many years, during which the application
forms of stem cells have undergone major changes from primitive cells to genetically modified cells and
from discrete stem cell suspensions to multicellular units, prompting regenerative medicine to take a big
step forward. Here, we will discuss several main derivatives of DPSCs derived from long-term
application, including cell injections, genetically modified cells, cell sheets and cell spheroids, and
introduce their formation background, preparation techniques, biological characteristics and examples
of their application in regenerative medicine.

DPSC injections

The transplantation of DPSCs has been investigated as a potential therapy for a variety of injuries and
diseases, including but not limited to stroke[64], spinal cord injury[65], cerebellar ataxia[66], retinal
degeneration[15], diabetic neuropathy[67], parotid gland injury[68], cystitis[69], Sjogren syndrome[70],
etc. In the treatment of these diseases using DPSCs, injection is one of the more commonly used forms.
Stem cell injections are the easiest cell therapy products to prepare, and the commonly used vehicles at
present for resuspension of stem cells is phosphate-buffered saline[69-73], Hank's Balanced Salt Solution
[15], normal saline[14,67,74-76], and modified medium][66,68,77-79]. These mediators have no
therapeutic effect and only serve as transport vectors for stem cells, so it is possible to observe the
monotherapy effect of transplanted stem cells and rule out the influence of carriers. In addition, DPSC
injections are usually administered by local injection[15,66,69,80], intramuscular injection[67,76,81] and
intravenous injection[67,68,72,82]. Different methods of administration lead to different systemic distri-
butions and different efficacies.

A study by Kim et al[83] indicated that intravenously injected human DPSCs via the tail vein in nude
mice were distributed mostly to the lungs and rarely detected in other organs at all observed time points
[83]. Another study confirmed that intravenously administered DPSCs did not show liver and kidney
migration in Sprague-Dawley rats[72]. However, another study suggested that SHED transplantation
via the tail vein in nonobese diabetic mice was observed mainly in the liver and spleen[70]. The mode of
administration by intravenous injection can be seen to possibly cause drug distribution in multiple
organs. However, locally administered DPSCs rarely migrated to other organs over time, e.g., DPSCs
were transplanted into the pulp chamber[83]. This result indicated a differential distribution pattern of
transplanted DPSCs between the intravenous and local injections. Both intravenously and locally
injected DPSCs have been shown to improve symptoms of various lesions[15,72,76,80]. DPSCs have also
been shown to migrate and integrate into the site of injuries[15,69,73,74] and differentiate into corres-
ponding cells[68,72,75,79,84].

Shahani et al[71] traced the biodistribution of intramuscularly transplanted human DPSCs in
immunocompetent healthy rats. The results showed that DPSCs started entering into the blood vessels
adjacent to the muscle at hour 24 and gradually metastasized, but the signal intensity in the muscles at
the injection site remained highest, serving as a repository for DPSCs in transplantation. Intramuscular
injection also avoids the lung “first pass effect” compared with intravenous injection, prolonging the
survival of transplanted stem cells in the body and thus providing a sustained delocalized benefit for
systemic diseases[71]. Datta et al[67] compared the effects of intramuscular and intravenous injection of
DPSCs on diabetic neuropathy, and a more rapid improvement in neuropathic symptoms was observed
for DPSC intravenous transplantation. However, DPSC intramuscular injection, especially after
repeated administration, maintained the improved inflammatory state[67]. The study of Hata et al[14]
also confirmed that the therapeutic effects of DPSC transplantation with a single intramuscular injection
lasted for prolonged periods[14], further demonstrating the continued efficacy of DPSC intramuscular
administration. Another study demonstrated that the efficacies of DPSC intramuscular transplantation
were limited to the administration site, but it was difficult to play a role on the opposite side[81],
possibly related to the number of DPSCs that migrated.

In summary, intravenously administered DPSCs are distributed mainly in the lungs and can also be
transferred to the injured area; however, locally injected DPSCs are less likely to migrate to other parts
of the body, whereas intramuscularly injected DPSCs may enter into the blood vessels and metastasize
but are distributed mainly in the local muscles and less in the lungs and persist longer in vivo.
Intravenous administration works more quickly than intramuscular administration, but the effects of
intramuscular transplantation last longer, while the effect of local injection is mostly limited to the site
of administration. In conclusion, regardless of the injection mode, DPSC injections have shown certain
therapeutic effects in the treatment of various diseases.

Modified DPSCs

The combination of cell therapy and genetic engineering has resulted in genetically engineered cells,
which are considered to have greater prospects of therapeutic potential and efficient treatment than
nonengineered cell therapy approaches[85]. Although there are still many factors to consider before
genetically modified stem cells can be directly used in regenerative medicine[86], gene therapy, as an
increasingly mature discipline, has profoundly influenced the development of regenerative medicine.
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Genetically engineered cell therapy using primary cells that overexpress tissue-specific or therapeutic
genes makes it possible to produce therapeutic proteins at sites of regeneration or to differentiate new
cells into the desired cellular lineage and thus promote tissue regeneration[87]. Obtaining the carrier
cells, genetically modifying and expanding the cells in vitro and then using the cells for disease
therapeutic strategies in vivo is a common method of applying genetically engineered cell therapy[88].
Genetically engineered cell therapy often uses MSCs as gene delivery vectors due to their accessibility
for genetic modification in vitro and their ability to be cultured and expanded in vitro[85,87-89]. DPSCs,
a type of MSC, are characterized by self-renewal, multipotent differentiation potential and amplification
in vitro, as well as easy access, low risk of immune rejection and fewer ethical issues; DPSCs are also
considered ideal gene vehicles with wide application prospects[16].

Compared with unmodified DPSCs, genetically modified DPSCs have been shown to be more potent
in treating various diseases. For instance, compared with DPSCs, DPSCs overexpressing hepatocyte
growth factor have been shown to dramatically relieve the disease activity of dextran sulfate sodium-
induced ulcerative colitis[16], promote improvements in postischemia/reperfusion brain injury[90],
promote the grafted DPSC-induced hepatic functional recovery from liver cirrhosis in a rat model[91],
significantly improve periodontal bone regeneration in swine[92] and have a stronger capacity to
significantly reduce ovariectomy-induced bone loss in the trabecular bone of the distal femur
metaphysis[93]. Similarly, Rizk et al[94] engineered sizable three-dimensional (3D) cartilage-like
constructs using human DPSCs, and the results showed that constructs with transforming growth factor
(TGF)-p3-DPSCs showed higher collagen type II and Sox9 mRNA expression than nontransduced DPSC
constructs in vivo[94]. Gene therapy using Runx2-modified DPSCs has also been reported to be more
effective in tibial distraction osteogenesis during bone deposition and new bone formation[95].

These studies indicated that genetically modified DPSCs can not only play the role of DPSCs
themselves but also secrete specific therapeutic proteins to enhance their therapeutic effects, which is a
major direction of innovative applications of DPSCs.

DPSC sheets

Recently, as a cell transplantation system that requires no scaffolds or carriers, cell sheet engineering has
gradually become the research focus of regenerative medicine based on cell therapies and has been used
for regenerative treatment of the esophagus, cornea, heart, etc[96-98]. In contrast to conventional tissue
engineering approaches, cell sheet technology allows cell harvest as a continuous cell sheet with intact
extracellular matrix (ECM) proteins and cell-cell junctions, which facilitates cell transplantation without
any other artificial biomaterials[99]. Compared with the traditional tissue engineering of cell sus-
pensions combined with bioscaffolds, cell-sheet transplantation can better fix the transplanted cells at
the graft site without considering the negative effects of scaffold material degradation[100,101]. In this
trend, DPSC sheets also emerged.

According to previous reports, the initial study used temperature-responsive cell culture dishes to
prepare the DPSC sheet and used it to successfully reconstruct the corneal epithelium[102]. The dish
responds to temperature changes, allowing the formed DPSC sheets to automatically shed. Subsequent
studies also confirmed that DPSC sheets can be prepared within 3-4 d using temperature-responsive cell
culture dishes[103,104]. Although this method is not time-consuming, it requires the use of special
materials and complicated production procedures, which limit its expanded use. Therefore, some
researchers have developed a method of using vitamin C (VC) to induce DPSCs to form cell sheets[105],
and it has gradually become the mainstream preparation method.

VC is an essential micronutrient for humans, a potent antioxidant and a cofactor for a family of
biosynthetic and gene regulatory enzymes, and VC plays an important role in supporting the function
of the immune system[106]. VC also plays a key role in the biosynthesis of collagen and other ECM
constituents[107,108] and promotes the proliferation of stem cells without affecting their differentiation
potential[109]. Therefore, some researchers have predicted that VC alone may induce cell sheet
formation, streamline production procedures or avoid using special materials, and confirmed this
prediction with their studies, developing a simple and inexpensive VC-mediated procedure to obtain
MSC sheets[105]. The authors also explored the mechanism of VC-induced cell sheet formation, and the
optimal dose of VC showed that VC is capable of inducing telomerase activity in MSCs, leading to
upregulated expression of ECM and stem cell markers. Meanwhile, VC induces MSCs to form cell
sheets in a dose-dependent manner, and 20 pg/mL VC is the optimal concentration for complete cell
sheets with a high level of success. However, in the existing reports, the concentration of VC alone to
induce DPSCs to form sheets ranged from 10 pug/mL to 100 pg/mL[110-114], incubated continuously for
10-15 d or until the edge of the cell sheet became slightly rolled up or spontaneously detached from the
bottom of the dish, all of which resulted in the formation of operable sheets consisting of 2-3 layers of
cells. It has even been reported that the harvested whole DPSC sheet contained five or six layers of cells
[17]. Although the use of VC has the above characteristics, the time-consuming disadvantage is also
very prominent.

In addition, some other studies have seeded cells on the surface of the amniotic membrane (AM)[115,
116] or even directly cultured them in basic medium[117] to obtain DPSC sheets. For example, after
DPSCs were seeded on the amniotic membrane and cultured for 2 wk, the cells became confluent and
formed 1-3 layers of cell sheets that adhered to the basement membrane AM[115]. DPSC sheets have
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also been reported to be composed of multilayer cells forming after 4 wk of culture in basal medium
[117]. In addition to the above cell sheet preparation techniques, more recently, scholars have also used
techniques such as near infrared triggering, light induction, and the combination of rough surfaces with
thermoresponsive polymers to accelerate or improve the formation of cell sheets[118-120]. These
techniques need to be further applied to the preparation of DPSC sheets.

To date, use of DPSC sheets has been reported for the regenerative treatment of a variety of injuries,
including but not limited to dental pulp diseases[112], periodontal tissue diseases[121], bone defects
[122], nerve injuries[123,124], etc., and all of these applications have achieved significant results. In one
representative clinical study, autologous DPSC sheets from deciduous teeth were transplanted into
injured young permanent teeth due to trauma. This transplantation was able to regenerate whole dental
pulp, increase the length of the root and reduce the width of the apical foramen at 12 mo after treatment
[125]. Furthermore, the evaluation of DPSC sheets in a rat facial nerve crush injury model in vivo
established that in comparison to untreated controls, nerves treated with dental pulp cell sheets had
greater axon regeneration through the injury site and superior functional recovery as quantitatively
assessed by compound muscle action potential measurements, possibly because the DPSC sheets can
highly express neurotrophic factor (NTF) and continuously deliver the NTF to sites of peripheral nerve
injury[123]. Moreover, bioengineered teeth using human DPSC aggregates combined with decellu-
larized tooth matrix or avulsed teeth after traumatic dental injuries can regenerate 3D dental pulp and
periodontium equipped with vasculature and innervation in both a preclinical pig model and a pilot
clinical trial for treating tooth avulsion[126].

In summary, in cell-based regenerative medicine, the application of cells into the injured site using
cell sheets shows a significant increase in the therapeutic effect compared to dissociated cell injections,
which may be related to the form of cell sheets being able to provide a large number of seed cells and
improve the survival rate of transplanted cells[127,128]. DPSC sheets have also been reported to be more
effective in repairing periodontal bone defects and regenerating soft tissue than pulp stem cell injections
[17]. Moreover, the applications of decellularized cell sheets suggest that in addition to the function of
seed cells in the sheets, extracellular matrix may also play a certain role in regeneration[129]. For
example, a decellularized matrix of DPSC sheets can promote the proliferation and osteogenic differen-
tiation of inoculated human periodontal ligament stem cells[130].

DPSC spheroids

Most studies in cell biology are performed on a two-dimensional (2D) culture basis, although these
studies facilitate microscopic analysis and medium changes and sustain cell proliferation for most cell
types. However, this is generally not considered the natural microenvironment of the cells[131]. A cell
spheroid is a 3D aggregation of cells, which is considered to be closer to the microenvironment in vivo
because its formation mode simulates the natural processes of cells undergoing biological self-assembly
to form complex tissues with 3D architecture and intensive cell-cell contacts from the perspective of
embryonic development[132]. Cell spheroids have been proven to be able to mimic the architectural and
functional characteristics of native tissue. For example, liver spheroids constructed in vitro by liver cells
and endothelial cells have an ultrastructure of liver tissue, such as bile canaliculus-like and Disse’s
space-like structures, and show stable albumin secretion and ammonia removal activity[133]. 3D lung
spheroids of outgrowth cells from healthy lung tissue explants can be expanded to a large quantity and
can form alveoli-like structures and acquire mature lung epithelial phenotypes in vitro[134]. The
introduction of endothelial cells can form capillary networks in spheroids from different kinds of cells,
which is conducive to anastomosing with the host vasculature after transplantation and prolonging the
survival time of cell spheroids[135-137]. In view of the above characteristics, cell spheroids are widely
believed to be able to be used as excellent candidates for basic units of 3D tissue engineering constructs,
thus providing new strategies for tissue defect repair and reconstruction.

At present, techniques to form cell spheroids include mainly pellet culture, spinner culture, hanging
drop (HD), liquid overlay, rotating wall vessel, external force, microfluidics, micromolded nonadhesive
hydrogels[138], microwell culture, medium regulation, bioreactors[139] and bioactive materials such as
cellulose hydrogel film[140,141]. There are also methods to generate cell spheroids by using cell sheets
as prophase tissues[142] or culturing in specific charged culture dishes based on polyion complex
nanoparticles[143]. Some of these methods are still in the research stage and are not ready to be adopted
for large-scale manufacturing. The manufacturing methods of DPSC spheroids have also emerged in an
endless series, including but not limited to serum-free medium culture[144,145], culturing on Matrigel
[146], special 3D Petri dish culture[135,147], low or ultralow attachment culture plates[62,148], culturing
on gelatin methacrylamine/ poly(ethylene glycol) diacrylate (GelMA/PEGDA) composite hydrogels
[149], coculturing with microparticles with a leaf-stacked structure based on polycaprolactone[150], HD
or molded parafilm-based methods[151]. Most of these methods belong to the classification of the
aforementioned technologies.

Regardless of the method, the prepared DPSC spheroids basically have spherical or spheroid-like
shapes, ranging in diameter from microns to millimeters. Since the typical viable rim of cells in
spheroids is approximately 100-300 um, cells die in the center of large spheroids due to the lack of
oxygen and/or nutrients, accumulation of waste products and low pH[146]. Therefore, a larger
spheroid diameter is not better. Histological examination of cell spheroids at the micron level revealed
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that spheroids were compact throughout with small single cells evenly distributed after 24 h of culture
[147], while a diversity of nuclei in the spheroids after 1 wk of culture suggested that cells in the
spheroid were multitype[145]. Real-time reverse transcriptase-polymerase chain reaction analysis also
demonstrated that the stemness/pluripotency markers Oct4, Sox2, NANOG, TP63, and CD44 were
expressed in 3D cultured DPSCs, and the expression level was significantly increased when compared
to 2D cultured DPSCs[145,147]. In addition, compared to 2D cultured DPSCs, the osteogenic,
adipogenic, odontogenic differentiation potential and migration ability of DPSC spheroids are also
enhanced[145,147,152-154]. These results indicate that the stemness of 3D cultured DPSCs is maintained
while the multilineage differentiation potential could be enhanced, which may be related to the
improvement of signal transmissions between cells.

DPSC spheroids have been proved to be able to differentiate into specific phenotypic cells, or
simulate the structural and functional characteristics of the corresponding tissues, and play a
therapeutic role. For example, evidence that DPSC spheroids can differentiate into neuron-like cells with
potential functions under neurogenic induction in vitro has been reported[155]. The expression of
neuronal markers such as microtubule-associated protein 2 in DPSC spheroids was increased after
culture in neurogenic maturation medium or with the addition of central nervous system mitogens such
as EGF and bFGF[156,157]. These DPSC spheroids are able to differentiate into functional neuronal cells
and stimulate neurogenesis in the adult mouse hippocampus through neurotrophic support in vitro
[158]. Dissanayaka et al[135] also confirmed that DPSCs support the survival of the co-cultured
endothelial cells, and they can self-assemble into microtissue spheroids within the microwells of an
agarose mold. Combined with tooth-root slices, these prevascularized, scaffold-free, microtissue
spheroids could successfully regenerate vascular dental pulp-like tissue in immunodeficient mice[135].
In addition to spherical cell spheroids, there are some irregular cell aggregates constructed by 3D cell
culture technology, which are still multicellular units of DPSCs in nature and have corresponding
regenerative therapeutic effects. For instance, some scholars obtained rod-like 3D DPSC constructs by
shaping sheet-like aggregates of DPSCs with a thermoresponsive hydrogel, which could form blood
vessel-rich pulp-like tissues in nude mice[159].

If the cell sheet is still a cell aggregate in a two-dimensional concept, cell spheroids are advancing the
concept of 3D tissue engineering. In 3D cell spheroids, cells are in close contact with each other and
surrounded by extracellular matrix, enabling the simulation of cell-to-cell interactions and cell-
extracellular matrix interactions in vitro. These processes are very important for signal transmission
between cells and guiding cell behaviors such as movement, proliferation and differentiation[138].
Current studies have confirmed that these characteristics can enhance the properties of DPSCs in 3D cell
spheroids, more studies are needed to explore the therapeutic advantages of DPSC spheroids compared
with other DPSC products.

The above derivatives based on DPSCs themselves can be used alone or in combination with
bioscaffold materials for the treatment of diseases, which will not be discussed here. Figure 1 shows an
overview of the main sources of DPSCs, their derivatives and examples of their applications in
regenerative medicine.

MECHANISM OF REGENERATION PROMOTED BY DPSCS

Direct effects on the regeneration process

For years, scholars have failed to fully understand the fate of implanted injured stem cells and their role
in regeneration. The results of some studies show that the implanted stem cells can stay in situ and
differentiate into corresponding cells, thus directly participating in the process of regeneration[25-29].
Researchers have preliminarily revealed this process through stem cell labeling techniques, such as
green fluorescent protein (GFP)/BrdU labeling[26], superparamagnetic iron oxide[160], and
fluorescence-based tracing[161]. For example, BrdU-labeled MSCs migrated into the entire periodontal
tissue, including the periodontal ligament, alveolar bone, cementum and blood vessels, and differen-
tiated into periodontal ligament fibroblasts and osteoblasts 6 wk after implantation in periodontal
defects, confirming that MSC transplantation has the potential to regenerate periodontal tissue and that
transplanted MSCs are at least partially directly involved in the formation of new tissue[29]. The
findings of Hasegawa et al[25] also supported this conclusion[25]. Another example is the combination
of Dil (a fluorescent dye) or GFP-prelabeled hESC-MSCs with the simulated tendon complex to form
tissue-engineered tendons, which were then ectopically transplanted into the back of nude mice or
orthotopically transplanted into the impaired rat Achilles tendon. Four weeks after transplantation, the
transplanted MSCs partially survived and differentiated into the tenocyte lineage, and functional
tendons were regenerated successfully[27].

Similarly, transplanted DPSCs have been proven to be partially involved directly in the process of
tissue regeneration. For instance, 5 wk after DPSCs stably transduced with GFP, GFP-DPSCs were
seeded into tooth slices/scaffolds and transplanted into the subcutaneous space in the dorsum of
immunodeficient mice. The DPSCs were observed to differentiate into endothelial cells and form
neovascularization anastomosed with host vessels by immunohistochemistry and immunofluorescence
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Figure 1 Overview of the main sources of dental pulp stem cells and their derivatives and examples of their applications in regenerative
medicine. Dental pulp stem cells (DPSCs) can be isolated from dental pulp tissue of different ages and health statuses, such as the healthy dental pulp tissue of
adult impacted teeth, the pulp of children's exfoliated deciduous teeth, and the inflamed dental pulp tissue of patients with caries or periodontitis. Using cell sorting
technologies, dental pulp stem cells can be isolated into multiple cell subsets with specific phenotypes, such as CD271+ DPSCs, CD24a+ DPSCs, and CD146+
DPSCs. Several main derivatives of DPSCs derived from long-term applications, including cell injections, genetically modified cells, cell sheets and cell spheroids,
which can be used in the treatment of various diseases such as dental pulp diseases, periodontal diseases, and bone defects. DPSC: Dental pulp stem cell.

staining. This process may be related to the activation of the Wnt/p-catenin signaling pathway by
vascular endothelial growth factor (VEGF)[162]. Luzuriaga et al[163] also confirmed that human
CD31+/CD146+ and Nestin + DPSC-derived cells can survive 1 mo after grafting into the brains of
nude mice, expressing CD31 and VEGF, forming full blood vessels of human origin and integrating into
the host brain vasculature[163]. In short, these results suggest that transplanted stem cells can partially
survive and directly participate in the process of tissue repair and regeneration.

Immunomodulatory effects
In addition, stem cell transplantation has also shown promising results in the treatment of immune-
related diseases[164,165], which suggests that stem cell transplantation may be involved in the process
of immune regulation in the host. Previous studies have confirmed that MSCs have the characteristics of
immunosuppression in vivo and in vitro and are capable of regulating immune cells, such as T cells, B
cells, DCs, and NK cells[21]. MSCs can efficiently suppress the proliferation of T cells[166] and reduce
the production and release of cytokines such as interferon (IFN)-y and interleukin (IL)-17[167,168].
MSCs also efficiently inhibit the maturation of DCs and markedly impair a variety of functions of NK
cells[169]. Furthermore, MSCs are able to inhibit the proliferation of B cells and their capacity to produce
antibodies[20]. MSC-mediated immunosuppression may occur via the concerted action of chemokines
and nitric oxide (NO). In the presence of IFN-y, TNF-a, IL-1A, or IL-1B, MSCs can be stimulated to
express several chemokines at high levels and inducible NO synthase. Chemokines drive T-cell
migration into proximity with MSCs, where T-cell responsiveness is suppressed by NO, while blocking
chemokine receptors could abolish immunosuppression[170]. However, there is a species variation in
the mechanisms of MSC-mediated immunosuppression: Immunosuppression by cytokine-primed
mouse MSCs is mediated by NO, whereas immunosuppression by cytokine-primed human MSCs is
executed through indoleamine 2,3-dioxygenase (IDO). The similarity is that they both exert
immunosuppression via the concerted action of chemokines and immune-inhibitory NO or IDO[19].
DPSCs have also been found to have immunomodulatory functions similar to those functions in
MSCs. Therefore, DPSCs are considered promising candidates for cell therapy for a variety of immune-
and inflammation-related diseases. Previous reports have demonstrated that DPSCs can suppress T cell
proliferation and therefore might be suitable for preventing or treating T cell alloreactivity associated
with hematopoietic or solid-organ allogeneic transplantation. The study also confirmed that DPSCs had
a stronger inhibitory effect on the T cell response than BMSCs[171]. In addition, DPSCs can also inhibit
acute allogeneic immune responses by their release of TGF-f as a result of allogeneic stimulation of T
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lymphocytes[172] and inhibit the proliferation of peripheral blood mononuclear cells (PBMCs) via the
expression of soluble factors partly induced by the secretion of IFN-y by activated PBMCs[173]. In
another study, Toll-like receptors, key molecules that bridge the innate and adaptive immune responses,
were shown to trigger the immunosuppression of DPSCs by upregulating the expression of TGF-$ and
IL-6[174]. In addition, DPSCs could induce activated T cell apoptosis in vitro and ameliorate inflam-
mation-related tissue injuries in mice with colitis, which was associated with the expression of the Fas
ligand (FasL). Knockdown of FasL expression reduced the immunoregulatory properties of DPSCs in
the context of inducing T cell apoptosis[21]. These studies indicate that DPSCs exert their immunoregu-
latory functions mainly by inhibiting immune cells, especially T cells, including inhibiting proliferation,
reducing the release of cellular inflammatory factors, and inducing apoptosis.

Paracrine effects
However, the proposal of secretomes, exosomes or EVs provides a new direction for us to understand
how stem cells promote regeneration: Paracrine cues and derives a cell-free tissue engineering strategy.
Many studies have confirmed that conditioned media/secretomes/exosomes/EVs from BMSCs, DPSCs
or other types of stem cells can perform functions similar to the functions of stem cells themselves,
promote the regeneration of damaged tissue or improve the severity of the disease[18,31,175,176].
Exosomes from different MSCs have been reported for the treatment of liver disease, kidney disease,
cardiovascular disease, neurological disease, immune disease, and skin wounds[24,177]. Exosomes from
MSCs may accomplish changes in the cellular microenvironment and the behavior of their neighboring
cells by transferring factors that modulate different metabolic and signaling pathways, such as the
maintenance of a dynamic and homeostatic environment and the ability to activate angiogenesis, prolif-
eration, migration and differentiation of the main cell types involved in regeneration, thereby restoring
tissue homeostasis and enabling cells within the tissue to recover, repair and regenerate[24,177]. In
addition, some scholars believe that paracrine signaling is mainly responsible for the involvement of
MSCs in the modulation of immune responses and the progression of diseases. Through the release of
secretomes consisting of a diverse range of cytokines, chemokines, and EVs, MSCs convey regulatory
messages to recipient immune cells in the microenvironment[178]. DPSC-derived exosomes have also
been shown to alleviate cerebral ischemia-reperfusion injury by suppressing inflammatory responses,
such as reducing the protein expression of IL-6, IL-18, and TNF-a[18], suggesting that the immunomod-
ulatory effect of stem cells may also be achieved through the paracrine pathway.

In conclusion, DPSCs may promote tissue repair and regeneration by directly differentiating into
corresponding cells, exerting immunomodulatory effects, or by releasing paracrine substances such as
exosomes to maintain microenvironment homeostasis and activate the functions of adjacent cells.

CONCLUSION

According to published data, DPSCs have become one of the important seed cells of regenerative
medicine. Younger DPSCs, such as DPSCs from natal teeth or SHED, are more suitable as excellent
candidates for regenerative medicine stem cell resource banks. However, due to the lack of abundant
sources of natal teeth, SHED may become the most powerful source of DPSCs in the future. The
establishment of a stem cell bank for SHED is an urgent problem to be solved. In addition, taking
advantage of a specific side group of DPSCs may be the pathway to achieve accurate and efficient tissue
regeneration. However, this does not mean that the use of the total population of DPSCs is meaningless.
The possible reason could be that the tissue is composed of a variety of cells with different functions,
and a certain subpopulation currently reflects only one or a few of its dominant functions. The use of a
subpopulation may not be sufficient to regenerate well-organized native-like tissue. Therefore, the
combined use of several side groups may be more sensible DPSCs can be used in the treatment of
diseases in the form of single injections, cell sheets and cell spheroids, and their therapeutic effect can be
enhanced by gene modifications. DPSC injections may be a useful method for the treatment of systemic
diseases, but for the treatment of localized damaged tissue, which requires in situ tissue regeneration,
how to keep the implanted DPSCs in situ is worth considering; therefore, cell sheets and cell spheroids
with supports are more suitable in this case. Current data show that DPSCs may promote the
improvement, repair and regeneration of diseased and injured tissues by means of immune regulation,
paracrine signaling and direct differentiation into corresponding cells to occupy the injured site.
However, the mechanism by which DPSCs promote regeneration is complex, and the above discussion
does not address all of the mechanism. We should continue to pay attention to the new applications of
DPSCs and improve the mechanism by which DPSCs promote diseased tissue recovery.
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Abstract

The use of mesenchymal stem-cells (MSC) in cell therapy has received consid-
erable attention because of their properties. These properties include high
expansion and differentiation in vitro, low immunogenicity, and modulation of
biological processes, such as inflammation, angiogenesis and hematopoiesis.
Curiously, the regenerative effect of MSC is partly due to their paracrine activity.
This has prompted numerous studies, to investigate the therapeutic potential of
their secretome in general, and specifically their extracellular vesicles (EV). The
latter contain proteins, lipids, nucleic acids, and other metabolites, which can
cause physiological changes when released into recipient cells. Interestingly,
contents of EV can be modulated by preconditioning MSC under different culture
conditions. Among them, exposure to hypoxia stands out; these cells respond by
activating hypoxia-inducible factor (HIF) at low O, concentrations. HIF has direct
and indirect pleiotropic effects, modulating expression of hundreds of genes
involved in processes such as inflammation, migration, proliferation, differen-
tiation, angiogenesis, metabolism, and cell apoptosis. Expression of these genes is
reflected in the contents of secreted EV. Interestingly, numerous studies show that
MSC-derived EV conditioned under hypoxia have a higher regenerative capacity
than those obtained under normoxia. In this review, we show the implications of
hypoxia responses in relation to tissue regeneration. In addition, hypoxia precon-
ditioning of MSC is being evaluated as a very attractive strategy for isolation of
EV, with a high potential for clinical use in regenerative medicine that can be
applied to different pathologies.
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Core Tip: Mesenchymal stem-cells (MSC)-derived EV have a high therapeutic interest. The composition of
extracellular vesicles (EV) depends on the state of source cells, generating physiological changes in
recipient cells. MSC culture preconditioning affects the cargos of EV. Thus, hypoxia exposition leads to
hypoxia-inducible factor induction and regulation of hundreds of genes involved in processes such as
inflammation, migration, proliferation, differentiation, angiogenesis, metabolism, and apoptosis. This
affects the contents of secreted EV. Accordingly, numerous studies have shown that EV from MSC under
hypoxia have a higher regenerative capacity than those obtained under normoxia. Therefore, the former
have a high clinical potential in different pathologies.
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INTRODUCTION

Mesenchymal stem-cells or mesenchymal stromal-cells (MSC) derived from adult tissues are charac-
terized by their low immunogenicity, high proliferation capacity, differentiation capabilities, and
modulation of physiological processes such as inflammation, hematopoiesis, and angiogenesis[1-3].
MSC can be isolated from different tissues for their culture and expansion in vitro. Therefore, they are
currently considered an important therapeutic tool in the field of regenerative medicine[4,5]. However,
one of the main limitations of their use is the need to obtain and expand MSC in vitro, which cannot
always be obtained from the same patient to be treated. Unfortunately, MSC manipulations may cause
cell-functionality loss and genetic instability when performed outside their natural niches[6]. Moreover,
one risk of the application of cell therapy in regenerative medicine is that MSC may remain undifferen-
tiated and produce tumors[7].

Recently, numerous studies have shown that the regenerative capacity of MSC mainly depends on
their paracrine functions. Therefore, an alternative or complement to cell therapy in regenerative
medicine is the use of media enriched in cytokines and other factors secreted by in vitro cultures of
progenitor cells[8]. The MSC secretome is composed by soluble factors and extracellular vesicles (EV)
[9]. The main functions of EV are cell communications and interactions. Their contents depend on their
cellular origin and the physiological conditions in which they are produced[10]. Therefore, precondi-
tioning MSC under conditions that increase their regenerative power, like hypoxia, may induce the
production of EV with enhanced regenerative potential. In the presence of damage, tissues normally
undergo ischemic processes. These reduce the supply of O, and nutrients to damaged areas. This causes
cellular responses that induce the release of factors, promoting vessel formation and tissue regeneration
[11]. Indeed, MSC preconditioning in hypoxia can induce this response, leading to the production of EV
rich in angiogenic factors and inducers of tissue regeneration. In this context, the main aim of this
review is to describe the effects that preconditioning in hypoxia may have on MSC, mainly in the
contents of their EV, and how this strategy has a great potential for regenerative medicine.

MSC AND REGENERATIVE MEDICINE

MSC are multipotent cells first discovered by Friedenstein et al[12] in 1970. They have fibroblast-like
morphology, behaving as colony-forming units-fibroblasts. These cells originate in the mesoderm,
having the ability to differentiate into different cell types including osteoblasts, adipocytes, and
chondrocytes[13]. The minimum characteristics that a cell must have to be considered MSC, according
to the International Society for Cellular Therapy, are: (1) Adhere to plastic under standard culture
conditions; (2) Exhibit several clusters of differentiation (CD): CD-73, CD-90, and CD-105, lacking CD-
11b, CD-14, CD-19, CD-34, CD-45, CD-79a, and human leukocyte antigen-D-related isotype; and (3)
Differentiation potency into osteoblasts, adipocytes, or chondrocytes in vitro[14]. Isolated MSC may
have different origins, such as adipose tissue, placenta, umbilical-cord blood or Wharton’s jelly,
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synovium, periodontal ligament, menstrual blood, and bone marrow, the latter being one of the
essential sources of these cells for research and clinical applications[15-17].

MSC are involved in tissue regeneration, being necessary for maintaining vital functions and delaying
aging. The application of MSC in regenerative therapies is gaining great interest due to their
advantages. Thus, these cells can be isolated and cultured in vitro, have the capacity to undergo
multilineage differentiation, and also possess anti-inflammatory and immunosuppressive properties[5].
Indeed, such cells have great potential to treat various pathologies, including those of the nervous
system, bone, skin, myocardium, and liver, among others[4,18-20]. In this regard, multiple clinical trials
related to these pathologies have demonstrated the potential of MSC in human clinical practice[21-23].
Nevertheless, despite the potential and good results obtained in cell therapy, the risks involved when
using cells in regenerative medicine should be considered, as indicated above. Therefore, in the last few
years, cell-free therapies have gained attention, becoming the preferred options in many instances.

MSC-DERIVED EV AS A NOVEL APPROACH TO CELL-FREE THERAPIES

It is well known that MSC-based cell therapies have beneficial therapeutic effects in different
pathologies. Nevertheless, some studies suggest that these benefits may not be due to the cells
themselves, but mainly linked to their paracrine effects. For instance, at the site of injury[13,24,25], the
EV secreted by these cells are the key players[26]. Thus, the use of MSC-derived EV has been found to
be beneficial to improve cartilage repair and regeneration, cardiac repair after myocardial infarction,
wound healing, and lung repair, among other clinical applications[27-30].

According to their size, biogenesis, release pathway, function, and content, EV have been classified
into microvesicles, exosomes, and apoptotic bodies. Microvesicles range between 100 to 1000 nm in
diameter and are formed through outward outgrowth. Exosomes are vesicles generating after fusion of
multivesicular bodies with plasma membranes, ranging between 40 to 100 nm[10,31]. They should not
be confused with RNA-degrading complexes with the same name found in both archaea and
eukaryotes. On the other hand, apoptotic bodies are released during early apoptosis and are larger than
1000 nm[32,33]. However, there is a lack of consensus about classification and biochemical markers
characterizing the different EV types. Therefore, the International Society for EV stated the following in
the “Minimal Information for Studies of Extracellular Vesicles 2018” (MISEV2018), in relation to the EV
nomenclature: “EV is the preferred generic term for the subject of our investigations, and subtypes
should be defined by physical and biochemical characteristics and/or conditions/sources. When other
terms are used, careful definition is required”[34].

EV may contain proteins, nucleic acids (including coding and non-coding RNA), lipids, and other
metabolites. Normally, the content is rich in cytoskeletal proteins (such as TSG10 or CD63 tetraspanins),
integrins, and major histocompatibility complex molecules[35]. Depending on cell types and microen-
vironments in which they are secreted, contents of EV may change. Thus, EV reflect physiological states
of cells generating them. For this reason, MSC growth under different conditions, such as hypoxia,
presence of trophic and physical factors, or chemical and pharmacological agents, may stimulate
secretion of EV enriched in certain cytokines, growth factors, or non-coding RNA like microRNA
(miRNA)[36].

In relation to the functionality of EV, at first it was thought that they were a mechanism for cells to
get rid of unwanted material. It was later demonstrated that EV play a fundamental role in cellular
homeostasis, being key elements in cell-to-cell communications[33,37]. Thus, these vesicles regulate
different physiological processes such as cell proliferation, differentiation, and migration[38].

EV can be isolated from various sources, including blood, urine, breast milk, amniotic fluid, and
synovial fluid, among others, as well as supernatants from cell cultures such as endothelial, epithelial,
cancer, MSC, etc[39]. There are different purification approaches such as differential and density-
gradient ultracentrifugation, ultrafiltration, size-exclusion chromatography, precipitation,
immunoaffinity, and microfluidic-based methods[33]. Likewise, isolated EV can be characterized by
different techniques like electron microscopy, flow cytometry, nanoparticle tracking analysis, dynamic
light scattering, tunable-resistive pulse sensing, and atomic-force microscopy, among others[38,40].

Using EV in regenerative medicine has some advantages in comparison with whole-cell therapies[41]
including: (1) Can be easily stored, being immediately available for clinical applications; (2) Production
of large quantities of cells is not required; (3) Can be evaluated for safety, dosage, and activity in a
manner similar to conventional pharmaceutical agents; (4) Are stable, exhibiting a long half-life; indeed,
the lipid bilayers of their membranes protect their contents from degradation in vivo; (5) Can be more
easily applied for clinical purposes than proliferative cells; for example, they can be intravenously
injected, circulate through the smallest capillaries, and cross the blood-brain barrier; (6) Risks of
immune rejection, cellular dedifferentiation, or tumor formation are lower than in whole-cell therapies;
and (7) EV can be manipulated for more precise effects as therapeutic agents[10,41]. Therefore, the use
of EV in therapy has become a great tool for regenerative medicine in recent years.
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ROLE OF HYPOXIA-INDUCIBLE FACTOR IN ADAPTATION TO HYPOXIA AND TISSUE
REGENERATION

When oxygen concentrations decrease to less than 5% in tissues, cells have to adapt their metabolism
and functions to such hypoxic conditions. Moderate (< 5% to > 2% O,), severe (£ 2% to 2 0.1% O,), and
anoxia (< 0.1% O,) are hypoxia levels equal or below 5% oxygen concentration. Depending on O,
concentration and hypoxia time, cells show different responses, as observed in human embryonic-
derived MSC[42]. That occurs mainly through activation of hypoxia-inducible factor (HIF). This is a
transcription factor consisting in a heterodimer of two basic helix-loop-helix proteins: Alpha (HIFA) and
beta (HIFB)[43,44]. While expression of the gene encoding alpha subunits is induced by hypoxia, the
gene encoding HIFB, also known as aryl hydrocarbon-receptor nuclear translocator, is constitutively
expressed[45]. There are three alpha subunits (HIF1A, HIF2A, and HIF3A),with the first two well-
known. HIF1A and HIF2A have 48% amino acid sequence identity and similar protein structures.
Although they share functions, they can regulate the expression of different genes[46].

HIF2A, which is also known as endothelial PAS (Period, Aryl-hydrocarbon-receptor, Single minded)
domain protein-1, was originally associated with endothelial development and regulation. Its encoding
gene exhibits a more restricted expression relative to the one of HIF1A[47]. Furthermore, whereas
HIF1A requires very low O, concentrations for stabilization, H2FA can be activated at less severe levels
of hypoxia (approximately 5%). Therefore, HIF1A would act in the initial response, whereas HIF2A
would regulate the response to long periods of hypoxia[48,49]. On the other hand, HIF3A has three
isoforms (HIF3A, neonatal and embryonic PAS, and inhibitory PAS protein). They inhibit the transcrip-
tional activity of HIF1A and HIF2A by preventing their heterodimerization with HIF1B[50,51].

Under normoxia, HIF1A proteins in the cytoplasm are continuously degraded, through the
proteasome pathway[52]. However, when the O, concentration decreases, HIF1A proteins are not
degraded, but rather they are accumulated and translocated into the nucleus (Figure 1). Regulation of
HIF1A levels depends on the presence of an oxygen-dependent degradation domain in the protein. This
domain is constituted by Fe** and two prolyl residues (Pro402 and Pro564). Such residues undergo
hydroxylation through prolyl hydroxylases (PHD1, PHD2, and PHD3) in the presence of oxygen and a-
ketoglutarate, allowing HIF1A to be recognized by the von Hippel-Lindau tumor suppressor protein, a
component of the E3 ubiquitin-ligase complex. That way, it is degraded by the ubiquitin-proteosome
pathway[53,54] (Figure 1).

In addition to PHD, another enzyme, called factor inhibiting HIF1 (FIH), can inhibit the transcrip-
tional activity of HIF1A. In this case, FIH hydrolyzes residues within the C-terminal transactivation
domain of HIF1A, preventing their binding to coactivators to initiate transcription in the nucleus[55].
Under hypoxic conditions, prolyl hydroxylation is inhibited, and, thus, the degradation of HIF1A is also
inhibited. They accumulate and translocate into the nucleus, where they form heterodimers with HIF1B.
That way, they can induce gene transcription through binding to pentanucleotide sequences
(A/GCGTG) called hypoxic-response elements in the promoters of target genes. For transcription of
target genes to occur, coactivators are recruited, mainly p300/CBP[56] (Figure 1).

It has been described that more than 1000 genes can be directly or indirectly regulated by HIF. These
genes are involved in adaptation of cells to hypoxic conditions. They affect different physiological
processes including metabolism, angiogenesis, inflammatory response, cell differentiation, migration,
and apoptosis[57]. In order to present an overview of the various functions of genes regulated by HIFla
and HIF2a, we have analyzed the information contained in Qiagen Ingenuity Pathway Analysis (Qiagen
IPA) web-based software application (https://digitalinsights.qiagen.com/products-overview/
discovery-insights-portfolio/analysis-and-visualization/qiagen-ipa)[58]. This platform allows querying
information gathered from databases and findings described in the literature for a given gene.
Information from 493 references related to genes regulated by HIF1A and 215 for HIF2A were
integrated in the description of functions of human HIF at the time of writing. From the information of
these references, the application shows 191 genes regulated by HIFla and 111 by HIF2a. Among them,
72 are common to both.

Functional analyses of HIF1A- and HIF2A-regulated genes with IPA show categories and functional
annotations in which they are involved. Tables 1 and 2 show these data together with P values and the
number of genes identified for each of the categories obtained from Qiagen IPA. Regarding the
functional annotations, a maximum of the five most significant annotations in each category are shown.
The list of genes for HIF1A and HIF2A obtained from such application, as well as genes corresponding
to each of the categories presented in Tables 1 and 2, are shown in elsewhere (Supplementary Tables 1-
3). Among the functions of genes regulated by HIF1A and HIF2A are those related to glucose
metabolism, vessel formation, inflammatory response, cell proliferation, cell migration, and apoptosis.
Interestingly, they play relevant roles in tissue regeneration[57].

The importance of HIF1A in tissue regeneration has been further demonstrated using a Murphy
Roths large mouse model. These animals are characterized by high basal expression of HIF1A gene
which has been associated with the ability of these animals to regenerate significant ear lesions without
the appearance of fibrotic areas[59]. Indeed, HIFIA induction upregulates genes such as vascular-
endothelial growth factor (VEGF), stromal cell-derived factor-1 alpha protein (SDF-1A), transforming
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Table 1 Functional categories and annotations in ingenuity pathway analyses of genes regulated by hypoxia-inducible factor 1A

‘ : g q Number of
Categories P value Top five functional annotations
genes

Carbohydrate Metabolism 3.50E-20 Glycolysis of cells 22

Cardiovascular System Development 3.31E-15to  Angiogenesis, Vasculogenesis, Growth of blood vessel 84

and Function 4.96E-54

Cell Cycle 742E-16 to  Binding of DNA, Cell cycle progression, Interphase, Binding of protein binding site, 99
1.82E-38 Arrest in interphase

Cell Death and Survival 3.79E15 to Apoptosis, Necrosis, Cell death of tumor cell lines, Apoptosis of tumor cell lines, 150
7.3E-74 Cell viability

Cell Morphology 1.66E-16 to Morphology of tumor cell lines, Tubulation of cells, Transmembrane potential of 77
3.21E-24 mitochondria, Cell spreading, Orientation of cells

Cell Signaling 283E-19to  Cytokine and chemokine mediated signaling pathway, Quantity of Ca®* 48
1.1E-26

Cell-To-Cell Signaling and Interaction 3.31E15 to Binding of tumor cell lines, Binding of blood cells, Adhesion of blood cells, Binding 105
1.99E-36 of leukocytes, Adhesion of immune cells

Cellular Assembly and Organization ~ 5.56E-16 to ~ Organization of cytoskeleton, Microtubule dynamics, Fibrogenesis 52
1.42E-17

Cellular Development 3.47-15 to Cell proliferation of tumor cell lines, Cell proliferation of carcinoma cell lines, Cell ~ 151
2.85E-73 proliferation of breast cancer cell lines, Proliferation of muscle cells, Assembly of

cells

Cellular Function and Maintenance  7.07E-32 Cellular homeostasis 67

Cellular Growth and Proliferation 9.07E-27 to Proliferation of vascular cells, Colony formation, Proliferation of connective tissue 101
2.12E-30 cells, Proliferation of lymphatic system cells, Proliferation of epithelial cells

Cellular Movement 3.31E-15 to Cell movement, Migration of cells, Invasion of cells, Cell movement of tumor cell 132
3.35E-67 lines, Migration of tumor cell lines

Connective Tissue Developmentand ~ 1.36E-16 to Growth of connective tissue, Quantity of connective tissue 46

Function 1.73E-30

DNA Replication, Recombination, 1.67E-18to  Synthesis of DNA, Metabolism of DNA, Degradation of DNA 47

and Repair 8.06E-31

Drug Metabolism, Lipid Metabolism,  2.36E-16 Synthesis of prostaglandin E2 16

Small Molecule Biochemistry

Free Radical Scavenging 6.09E-16 to  Synthesis of reactive oxygen species, Production of reactive oxygen species, 43
5.5E-33 Generation of reactive oxygen species, Quantity of reactive oxygen species

Gene Expression 1.373-18 to Expression of RNA, Transcription, Transcription of RNA, Transactivation, 88
4.01E-31 Transactivation of RNA

Inflammatory Response 548E-20to  Inflammation of absolute anatomical region, Inflammation of organ, Inflammatory 77
2.72E-26 response, Inflammation of body cavity, Immune response of cells

Lipid Metabolism 6.24E-16 to  Synthesis of eicosanoid, Metabolism of eicosanoid, Fatty acid metabolism, 48
9.37E-24 Synthesis of fatty acid, Synthesis of prostaglandin

Organismal Survival 9.55E-37to  Organismal death, Survival of organism 81
2.76E-39

Post-Translational Modification 1.86E-18 Phosphorylation of protein 34

Protein Synthesis 2.10E-15 Metabolism of protein 44

Tissue Development 1.65E-19to  Growth of epithelial tissue, Development of epithelial tissue, Growth of nervous 62
4.13E-46 tissue

Tissue Morphology 3.02E-17to  Quantity of cells, Quantity of tumor cell lines 42
3.06E-26

growth factor beta 1 (TGFB1), platelet-derived growth factor (PDGF), and matrix metallopeptidase 9 (
MMPY), among others. All of them have important functions in healing processes. Therefore, upregu-
lating HIF1A can accelerate wound healing. This has been observed in hyperbaric oxygen therapy

(HBOT) treatments of diabetic skin ulcers. Interestingly, HBOT treatments increased HIF1A levels[60],

probably due to high reactive oxygen species (ROS) concentrations produced by increased O, in the
tissue, which may inhibit PHD and FIH, thus stabilizing HIF1A. In fact, HIF1A activity is decreased in
diabetics, being associated with wound healing difficulty in these patients[61].
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Table 2 Functional categories and annotations in Ingenuity Pathway Analyses of genes regulated by hypoxia-inducible factor 1A

‘ 3 ‘ g Number of
Categories Pvalue  Top five functional annotations
genes

Carbohydrate Metabolism 245E-12to  Quantity of carbohydrate, Uptake of D-glucose, Synthesis of polysaccharide, 44
2.81E-17 Glycolysis, Uptake of monosaccharide

Cardiovascular System 1.00E-11 to  Angiogenesis, Development of vasculature, Vasculogenesis, Endothelial cell 68

Development and Function 8.41E-31 development, Proliferation of endothelial cells

Cell Cycle 6.82E-12to  Mitogenesis, Binding of DNA, Interphase, Arrest in interphase, Cell cycle progression 53
4.39E-19

Cell Death and Survival 1.08E-11to  Cell death of tumor cell lines, Apoptosis of tumor cell lines, Cell viability, Cell survival, 88
5.12E-36 Apoptosis

Cell Morphology 1.11E-11to  Tubulation of cells, Morphology of tumor cell lines, Autophagy of cells, Formation of 67
4.76E-19 cellular protrusions, Autophagy

Cell Signaling 6.16E-12to  Quantity of Ca®*, Synthesis of nitric oxide 29
1.73E-12

Cell-To-Cell Signaling and 717E-12to  Activation of cells, Interaction of tumor cell lines, Binding of tumor cell lines, 62

Interaction 1.36E-26 Activation of blood cells, Binding of professional phagocytic cells

Cell-mediated Immune Response 419E-14to T cell development, T cell homeostasis 26
7.70E-15

Cellular Assembly and 1.74E-12to  Microtubule dynamics, Organization of cytoskeleton, Organization of cytoplasm, 52

Organization 3.51E-20 Development of cytoplasm

Cellular Development 1.10E-11to  Cell proliferation of tumor cell lines, Colony formation of cells, Proliferation of smooth 89
2.98E-39 muscle cells, Cell proliferation of carcinoma cell lines, Cell proliferation of breast

cancer cell lines

Cellular Function and 4.81E-13to  Cellular homeostasis, Lymphocyte homeostasis, Function of blood cells 63

Maintenance 6.37E-27

Cellular Growth and Proliferation  8.67E-13to  Colony formation, Proliferation of connective tissue cells, Proliferation of vascular 72
3.51E-27 cells, Proliferation of lymphatic system cells, Proliferation of epithelial cells

Cellular Movement 9.45E-12to  Invasion of cells, Cellular infiltration, Cell movement of myeloid cells, Migration of 72
2.99E-30 cells, Cell movement of tumor cell lines

Connective Tissue Development 1.56E-16 to  Growth of connective tissue, Quantity of connective tissue cells, Quantity of connective 50

and Function 1.63E-25 tissue, Inflammation of joint, Rheumatic Disease

DNA Replication, Recombination, 4.08E-22 Synthesis of DNA 29

and Repair

Digestive System Development and ~ 1.42E-13 Morphology of digestive system 28

Function

Embryonic Development 1.52E-12to  Development of body trunk, Development of abdomen, Growth of embryo, Formation 60
1.2E-22 of lymphoid tissue, Formation of lung

Free Radical Scavenging 3.11E-13to  Metabolism of reactive oxygen species, Synthesis of reactive oxygen species, 29
1.77E-17 Production of reactive oxygen species

Hair and Skin Development and 1.33E-13 Growth of skin 17

Function

Hematological System 1.17E-11to  Quantity of blood cells, Quantity of leukocytes, Quantity of lymphocytes, Quantity of 52

Development and Function 8.08E-21 myeloid cells, Quantity of T lymphocytes

Inflammatory Response 9.18E-22to  Inflammation of absolute anatomical region, Inflammatory response, Inflammation of ~ 59
4E-24 body cavity

Lipid Metabolism 8.00E-12to  Concentration of lipid, Synthesis of lipid 41
3.77E-16

Lymphoid Tissue Structure and 3.73E-18 Quantity of lymphatic system cells 85

Development

Molecular Transport 7.49E-15 Transport of molecule 44

Nervous System Development and ~ 4.54E-12 Sensory system development 22

Function

Organ Development, Renal and 8.50E-12to  Growth of kidney, Growth of renal glomerulus 11

Urological System Development 3.25E-12
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Organ Morphology 1.78E-13 Morphology of gland 22

Organismal Development 1.92E-12to  Morphology of body cavity, Formation of vessel, Morphology of head, Development of 73
7.70E-25 genitourinary system, Growth of organism

Organismal Survival 7.68E-26 to  Organismal death, Survival of organism 75
1.24E-28

Post-Translational Modification 4.05E-12to  Phosphorylation of protein, Activation of protein 31
1.23E-15

Skeletal and Muscular System 1.08E-11to  Morphology of muscle, Function of muscle, Growth of smooth muscle 39

Development and Function 1.22E-26

Tissue Development 1.73E-13 to  Development of epithelial tissue, Growth of epithelial tissue, Growth of nervous tissue, 58
3.23E-30 Accumulation of cells, Formation of epithelial tissue

Tissue Morphology 3.33E-14to  Quantity of cells, Quantity of progenitor cells 60
2.65E-24
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Figure 1 Hypoxia-inducible factor 1A protein regulation in hypoxia. Hypoxia-inducible factor (HIF) 1A is continuously hydroxylated and degraded by the
proteosome, when O, concentrations are greater than 5%. However, in hypoxia (O, < 5%) HIF1A hydroxylation is inhibited and it accumulates in the cytoplasm. It
then translocates to the nucleus, where it forms a heterodimer with HIF1B. This, together with the coactivator CBP/P300, binds to hypoxic-response elements at
gene-promoter sites, activating transcription of genes involved in biological processes such as angiogenesis, proliferation, migration, inflammatory response,
metabolism, and apoptosis, among others. This produces physiological adaptive responses of cells to hypoxia. HIF: Hypoxia-inducible factor; HRE: Hypoxic-response

elements; PHD: Prolyl HyDroxylases; VHL: Von Hippel-Lindau.
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However, if hypoxia is maintained, wounds may become chronic, and fibrotic processes may appear.
This is because, among the genes regulated by the HIF pathway, there are some that encode pro-fibrotic
enzymes, producing an excess of extracellular matrix. Some of these genes are related to collagen
biosynthesis like collagen type-1V, V, IX and XVIII-Alpha-1 and 2-chains (COL4A1, COL4A2, COL5A1,
COL9A1 and COL18A1, accordingly), and the ones encoding enzymes that produce modifications in
collagen, such as procollagen PHD and lysyl hydroxylases[62].

Inflammation is the first phase activated by injuries, and hypoxia is related to inflammatory
responses. Several protein-encoding genes of nuclear factor kappa-light-chain-enhancer of activated B
(NF-xB) cell complex, such as reticuloendotheliosis (REL)-Associated (RELA) proto-oncogene
(transcription factor p65, also known as nuclear factor NF-kappa-B p65 subunit p65, involved in NF-xB
heterodimer formation, nuclear translocation, and activation) are induced by HIF1A[63]. NF-kB is a
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family of transcription factors whose activation regulates different physiological processes. They include
inflammatory response, as well as cell differentiation, proliferation, and survival[64]. Among the genes
that NF-xB regulates is HIF1A, thus producing a reciprocal regulation[65]. The HIF1A proteins also
induce expression of genes encoding proteins belonging to the Toll-Like Receptor (TLR) family. Thus, it
enhances the activation of NF-kB[66]. This is because TLR have the capacity to recognize pathogen-
associated molecules, inducing immune responses through activation of transcription factors, such as
NF-xB[67].

Upon injury, the resulting hypoxia promotes macrophage recruitment, through regulation of
Sphingosine 1-Phosphate (S1P) levels. It acts as a signal for recruitment, activation, differentiation, and
polarization of macrophages[68]. This may be mediated by induction of expression of genes such as
sphingosine kinase 1. this gene is involved in the last step of S1P synthesis. It has been described that
HIF1A and HIF2A act on M1 and M2 macrophages through different pathways. While HIF1A induces
the gene encoding inducible nitric-oxidase synthase, HIF2A acts through arginase-1, maintaining nitric
oxide homeostasis during inflammation. In the case of HIF1A, its overexpression induces glycolysis
metabolism, resulting in macrophage polarization to M1 (proinflammatory)[69]. However, although
HIF2A has also been associated with the M1 phenotype, other studies have shown that it may promote
anti-inflammatory and pro-resolving/regenerative M2 macrophages[70]. HIF1A may also produce
immunosuppression through induction of Programmed Death-ligand 1 (PD-L1) encoding gene (CD274).
Binding of PD-L1 to its programmed cell death protein 1 receptor on activated T cells inhibits immunity
by counteracting T cell-activating signals[71].

Adaptation to hypoxia also requires metabolic changes. Cells must reduce mitochondrial oxygen
consumption. In this sense, glycolysis is activated as the only way to produce adenosine triphosphate
(ATP) under such hypoxic conditions. Not surprisingly, HIF1A upregulates genes related to glucose
metabolism. Among them is solute carrier family 2 member Al, encoding glucose transporter-1,
necessary for glucose uptake by cells[72]. Also, the genes encoding phosphoglycerate kinase 1 and
pyruvate kinase M1/2 are transcriptionally upregulated by HIF1A[73,74]. Additionally, in the
adaptation to hypoxia, the tricarboxylic acid (TCA) (or Krebs cycle) must be suppressed to prevent
accumulation of ROS in mitochondria. For this purpose, HIF1A induces the gene encoding pyruvate
dehydrogenase (PDH) kinase 1. This inactivates PDH, which is responsible for converting pyruvate to
acetyl-CoA in the TCA[75].

In response to hypoxia caused by tissue damage, cells produce angiogenic factors to induce
generation of vessels, restore oxygen levels, and increase nutrient delivery. HIF1A and HIF2A induce
expression of genes encoding these factors. Among them, VEGF, SDF-1A, C-X-C chemokine-Receptor
type 4 (CXCR4), angiopoietin-2 (ANG-2), PDGF, and TGFB[76] stand out. These factors favor
endothelial-cell proliferation, differentiation, and migration for vessel formation. That also involves the
mobilization and recruitment of endothelial progenitor cells (EPC) from bone marrow[61]. Mobilization
of EPC is mediated by production of SDF-1 in hypoxic tissues. It acts as a chemoattractant of EPC
expressing the CXCR4 receptor[77]. On the other hand, regulation of EPC migration to ischemic tissues
through CXCR4/SDF1 axis is specific to HIF2A[78].

Tissue regeneration also induces cell proliferation and migration processes. HIF activation can affect
cell-cycle progression due to regulation of genes such as cyclin D1 and cellular myelocytomatosis (c-MYC
or MYC)[79,80]. Interestingly, while HIF1A downregulates c-MYC expression and results in cell-cycle
arrest[79], HIF2A upregulates c-MYC expression, promoting cell-cycle progression and proliferation
[81]. Regarding cell migration, HIF regulates genes encoding integrin-alpha and beta-1, 3 and 5 (ITGA1,
ITGAS5, ITGAV, ITGB3, and ITGB5, accordingly) and MMP2, MMP7, and MMP9, which are important in
such processes[82]. The induction of cell migration by hypoxia is essential under physiological
conditions for tissue regeneration after injury. This favors recruitment and homing of inflammatory and
precursor cells, eliminating pathogens and cellular debris, further regenerating damaged tissues[68].

Hypoxia causes important changes in cellular microenvironments that might condition cell viability.
Therefore, another set of important genes regulated by hypoxia are related to cell survival and death.
Thus, HIF1A regulates genes activators of apoptosis such as the ones encoding tumor protein p53 (TP53;
antioncogene) and B-Cell Lymphoma 2 (BCL2)/adenovirus E1B 19 kDa protein-interacting protein 3[83], as
well as anti-apoptotic genes, such as baculoviral inhibitor of apoptosis protein (IAP) repeat containing 2 and
BCL2[83,84]. The balance of expression of these genes, and thus cell survival, will depend on the
adaptation of cells to hypoxic conditions. Thus, cell survival may predominate under mild hypoxia, but
apoptosis is preferentially activated under severe hypoxia[85].

HYPOXIA AND MSC

MSC reside in areas of 3%-9% of oxygen tension, allowing this hypoxic niche it’s capacities for self-
renewal, proliferation, migration, and ultimately, their differentiation[86,87]. Based on this, MSC in
culture have been grown at low levels of oxygen to condition or acclimate them before their therapeutic
use[88]. These cells exposed to hypoxic conditions activate protein kinase B (also known as Akt, name
derived from Ak mouse strain with thymoma transforming tumors) or AKT signaling pathway

WJSC | https://www.wjgnet.com 460 July 26,2022 | Volume14 | Issue7 |



Jaishideng®

Pulido-Escribano V et al. Therapeutic potential of hypoxic MSC-derived EV

mediated by HIF-1 activation to improve their survival and proliferation[89]. However, different modes,
severity, and duration of hypoxic exposure could provoke different responses on MSC. Indeed, cells can
become stressed and even undergo apoptosis under extreme (< 1.5%) oxygen levels[87]. Furthermore, if
hypoxic exposures are maintained, internal energy reserves of glucose are rapidly consumed. That is
due to glycolysis characteristic of MSC causing poor survival after implantation[90].

Ischemic conditions could be solved by providing glucose supplementation to hypoxic MSC. That
allows them to retain their proliferative capacity and differentiation potency[91]. Therefore, survival of
MSC could be improved by preconditioning them at 1%-4% O, for 24 to 48 h prior to implantation[88].
Hypoxia could also reduce cell viability and proliferation of MSC. Nevertheless, reoxygenation
processes might promote recovery of cells, enhancing expression of pro-survival genes, as well as
various trophic factors[92], further promoting multipotency of MSC[93,94]. Therefore, maintenance of
MSC cultures in hypoxia may influence processes such as proliferation[87,94,95], migration[87], differ-
entiation[93,95], metabolism[87], and apoptosis[88,96], which may affect their regenerative capacity.
Interestingly, cyclic hypoxic exposure, defined as periodic exposure to hypoxia interrupted by normoxic
exposure or lower levels of hypoxia[97], could have positive effects on proliferation and migration
abilities of MSC[98].

THERAPEUTIC POTENTIAL OF EV DERIVED FROM MSC PRECONDITIONED IN HYPOXIA

Microenvironments in which MSC are cultivated are extremely important for their proliferation, differ-
entiation, and therapeutic potential. Factors, such as time in culture, oxygen levels, medium
composition, or cell-material interactions, should be considered[99]. As indicated in previous sections,
many factors induced by hypoxia are involved in processes related to tissue regeneration, such as
inflammation, angiogenesis, cell proliferation, and migration[100]. Thus, priming MSC in hypoxia
favors generation of EV enriched in hypoxia-induced factors. Their functions include alterations of
microenvironments for tissue adaptations to low O, concentrations[101-103]. Production and isolation of
these EV for use in regenerative medicine is of great interest from a clinical point of view. Therefore,
numerous studies have evaluated their potential therapeutic applications. In this scenario, time
exposure and degree of hypoxia may represent relevant factors influencing contents and therapeutic
properties of EV (Table 3).

Hypoxia is an important inducer of angiogenesis, which plays a key role in tissue regeneration.
Therefore, diverse studies have analyzed whether MSC-derived EV exposed to low levels of O, are
enriched in angiogenic factors, and likewise, whether this has an impact on their ability to induce vessel
formation. One of these studies showed that MSC cultivated for 72 h under hypoxic conditions (1% O,)
produced exosomes with proangiogenic effects, through overexpression of genes encoding urokinase
receptor [also known as urokinase plasminogen-activator surface receptor (uPAR)], angiogenin (ANG), VEGF
, insulin-like growth Factor (IGF), angiopoietin receptor tyrosine kinase with immunoglobulin-like and epidermal
growth factor (EGF)-like domains 2 (Tie-2) [also known as tyrosine endothelial kinase (TEK)], and interleukin 6
(IL-6)[104]. Additionally, umbilical cord MSC-derived EV have the ability to enhance endothelial-cell
angiogenesis in vitro and in a rat hindlimb ischemia model, being able to restore blood flow[103].
Preconditioning adipose-derived MSC in moderate hypoxia (5% O,) also produced EV with capacity to
increase formation of tubular structures in human umbilical-vein endothelial cells (HUVEC) with
respect to EV obtained in normoxia. On the other hand, effects of EV were greater than those produced
by media obtained after isolation of microvesicles. This indicates that EV, rather than soluble factors in
the media, are responsible for angiogenic induction[32].

In vivo studies have also shown the potential of EV derived from MSC grown under hypoxia on
angiogenesis. For example, in a mouse model of fat grafting, co-transplantation of exosomes in
subcutaneous fat grafting enhanced angiogenesis, neovascularization, and graft survival[105]. A
significant rise in protein synthesis of EGF, fibroblast growth-factors, VEGF/ VEGF receptors (VEGF-R),
Ang-1, and angiopoietin receptor tyrosine kinase with immunoglobulin-like and EGF-like domains 1
(Tie-1) were shown in grafted animals, 30 d after transplantation[106]. Inclusion in hydrogels that allow
local release of EV with high angiogenic capacity has also been used for treatment of spinal-cord injuries
[107]. One of the proteins that has been found to be over synthesized in MSC-derived EV under
hypoxia, compared to those obtained in normoxia, is jagged-1 (JAG1). This is one of the notch ligands.
The notch pathway modulates processes such as angiogenesis, embryonic development, and
hematopoietic stem-cell (HSC) biology[108,109]. HSC from umbilical-cord blood were treated in vitro
with EV from MSC preconditioned in 1% O, for 48 h. As expected, their expansion capacity, self-
renewal, and clonogenic potential was increased through JAG1/notch pathway regulation[110].

Treatment of endothelial cells with hypoxia-conditioned MSC-derived EV modulates angiogenesis-
related signaling pathways. For instance, it has recently been described that EV obtained from MSC
maintained in 5% O, for 6 d induced angiogenesis in HUVEC. That was accomplished through
increased synthesis of high-mobility group box 1. It activates c-Jun N-terminal Kinases pathway (name
derived from viral homolog v-jun, discovered in avian sarcoma virus 17 and named ju-nana, the
Japanese word for 17), and consequently upregulated HIF1A/ VEGF expression[111]. The angiogenic
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Table 3 Use of extracellular vesicles, derived from hypoxic mesenchymal stem cells, in regenerative medicine

Hypoxic
Source of " 7 . . Ao lTror T
NSC Culture preconditions, 0,%, Time of exposition Major findings Ref.
percentage
Human a-Mem deprived of FBS 1 72h Proangiogenic effects with an [104]
umbilical-cord increase in UPAR, angiogenin,
VEGEF, IGF, Tie-2/TEK and IL-6
expression
a-Mem deprived of FBS 1 72h Promoted angiogenesis in vitro [103]
and in vivo
DMEM/ high glucose media 1 48h Enhanced of miRNA-126 exerting  [117]
with 10% Exo depleted FBS and a pro-angiogenic effect in
1% penicillin/streptomycin endothelial cells thereby
activating Spred 1/Ras/Erk
pathway
a-Mem 10% EV free FBS 1 Not defined EV encapsulated in a hyaluronic ~ [107]
acid adhesive hydrogel have
angiogenic properties and nerve
regeneration effects after
traumatic spinal cord injury
Olfactory DMEM supplemented with 10% 3 48h Promoted angiogenesis via miR-  [112]
mucosa EV-depleted FBS 612 transfer
Adipose tissue  a-Mem 10% EV free serum 5 48h Promoted vessel formation in [105,106]
vitro. Enhanced angiogenesis,
neovascularization and graft
survival in vivo. Activation of
VEGF/VEGF-R
EV depleted standard medium 5 72h Promoted angiogenesis [32]
RPMI medium 1 72h Promoted angiogenesis, inhibition [122]
of apoptosis, immunomodulation,
intracellular ATP recovery and
reduction of ROS
Microvascular endothelial cell 1 24h Improved diabetic wound [132]
growth medium 2 media healing. Enhanced fibroblasts
deprived of FBS with proliferation and migration
supplement of 1x serum activating PI3K/ Akt pathway
DMEM/F12 with 10% EV-free 0-20 (5 cycles) Hypoxia 60 miRNA-224-5p in EV decreases [128]
FBS min-reoxygenation 30 TXNIP expression in
min cardiomyocytes and protects them
from hypoxia mediated injury
Bone marrow DMEM with low glucose - 12h Increased of miRNA-21. Synaptic ~ [114]
containing inactivated 15% FBS dysfunction restoration,
inactivation of STAT3 and NF-kB,
reduced plaque deposition and
amyloid-f. Regulation of inflam-
matory responses in APP/PS1
mouse model
DMEM with 10% FBS and 1% 5 6d High HMGBI expression. [111]
penicillin-streptomycin Activation of JNK pathway and
induction of HIF-1a/ VEGF
expression promoting
angiogenesis
Exosome-depleted fetal bovine 1 48h Increased exosomal levels of [115]
serum miRNA-216a-5p. Inhibition of
TLR4/NF-«B and activation of
PIBKAKT signaling pathway
shifting microglial M1/M2
polarization
a-Mem 10% exosomes-depleted 2 48 h Promoted angiogenesis [118]
FBS
Mesenchymal Stem Cells 1 48 h Alleviate intervertebral disc [119]
Medium (Sciencell) 5% degeneration by delivering miR-
exosomes-depleted FBS 17-5p
DMEM/F12 10% exosomes- 3 48h promote cartilage regeneration via  [120]
depleted FBS the miR-205-5p/ PTEN/ AKT
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pathway
DMEM/F12 10% exosomes- 5 48h EV improved chondrocyte prolif-  [121]
depleted FBS eration and migration and

suppressed chondrocyte
apoptosis. miRNA-18-
3P/JAK/STAT or miRNA-181c-
5p/MAPK signaling pathway
may be involved

DMEM low glucose 10% platelet 1 48h EV increase angiogenesis, reduced [116]
lysate neuronal degeneration, brain

atrophy and improved
neurological recovery

a-Mem 10% Exo-removed FBS 0.5 24h Significant enrichment of miRNA-  [124]

210. Promoted survival and
recovery of cardiac functions.
Also, reduced apoptosis and
fibrosis and increased the
mobilization of cardiac progenitor

cells
DMEM/F12 supplemented with 1 72h Overexpression of miR-210 [125]
10% fetal bovine serum regulated PI3K/AKT and p53

signaling by targeting AIFM3
reducing apoptosis and tissue
death after a myocardial
infarction

a-Mem 10% Exo-removed FBS 1 72h Overexpression of miR-125b-5p.  [126]

Ability to modify the direction of
exosomes to ischemic tissue

AIFM3: Apoptosis-inducing factor, mitochondria-associated 3; AKT: Protein kinase B (PKB), named derived from kinase encoded by oncogene in

transforming retrovirus from thymoma cell line AKT-8 of stock A, strain k, AKR mouse; APP: Amyloid precursor protein; ATP: Adenosine triphosphate;

DMEM: Dulbecco’s modified Eagle medium; Erk: Extracellular signal-regulated kinase; Exo: Exosomes; FBS: Fetal bovine serum; GM-CSF: Granulocyte

macrophage colony-stimulating factor; HMGB1: High mobility group box 1 protein; IGF: Insulin-like growth factor; IL-6: Interleukin 6; JNK: Jun N-

terminal kinase; MAPK: Mitogen-activated protein kinase; NF-[IB: Nuclear factor kappa B; P53: Tumor protein 53 (antioncogene); PI3K:
Phosphatidylinositol 3-kinase; PS1: PreSenilin 1, RKCM: Growth medium stem cell; ROS: Reactive oxygen species; RPMI: Gibco Roswell Park Memorial
Institute; Spred 1: Sprouty-related EVH1 domain-containing protein 1; STAT3: Signal transducer and activator of transcription 3; TEK: Tyrosine endothelial

kinase; Tie-2: Tyrosine kinase receptor 2; TLR4: Toll-like receptor 4; TXNIP: Thioredoxin-interacting protein.; UPAR: Urokinase-type plasminogen activator

receptor; VEGF: Vascular endothelial growth factor.
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effects of MSC-derived EV exposed to hypoxia are mediated, in part, by their cargos, specifically by
certain miRNA. One of these miRNAs is miR-612, which inhibits translation of TP53 mRNA, favoring
the activity of HIF-1A-VEGEF signaling, and consequently angiogenesis[112].

According to the properties of MSC-derived EV under hypoxia, their applications may be useful in
multiple disease treatments (Figure 2). Among them is Alzheimer’s disease, which is characterized by
neuronal and synaptic loss caused by deposition of beta-amyloid peptides[113] due to erroneous protein
folding. Experiments have been carried out with an Alzheimer’s transgenic mouse model overex-
pressing mutated forms of human amyloid-precursor protein (APP) and presenilin 1 (PS1).
Interestingly, they improved learning and memory functions after treatment with exosomes from MSC
preconditioned for 12 h under hypoxia. These improvements could be due to reduced p-amyloid
accumulation through increased levels of miR-21 in the brain, synthesis of synaptic proteins, and a
decrease of inflammatory factors[114].

Repair of traumatic injuries of spinal cords have also been studied using exosomes released during 48
h under hypoxia (1% O,). An enrichment of miR-216a-5p in exosomes was observed involving
TLR4/NF-xB/phosphoinositide 3-kinase (PI3K)/AKT signaling cascades. These miR-216a-5p-enriched
exosomes promoted functional behavioral recovery using both in vitro and in vivo models carried out by
shifting microglial polarization from classically-activated macrophage (M1) to alternatively-activated
macrophage (M2) phenotype, effectively switching from pro-inflammatory to non-inflammatory states
[115]. Also, application of EV derived from bone-marrow MSC preconditioned in hypoxia (1% O,)
reduced neuronal degeneration, brain atrophy, and improved neurological recovery. These effects were
due to the EV effects on angiogenesis in a mouse model of cerebral ischemia[116].

In relation to the skeletal system, EV may be used in bone-fracture healing. Thus, exosomes generated
by MSC obtained from human umbilical cord were exposed to 1% O, during 48 h. They promoted bone
fracture healing in an animal model. These exosomes are enriched in miR-126 by the action of HIF1A
exerting proangiogenic effects by means of sprouty-related, N-terminal enabled/vasodilator-stimulated
phosphoprotein homology-1 domain-containing protein 1/Ras (name derived from Rat sarcoma-virus
protein)/mitogen-activated protein kinase (originally called extracellular signal-regulated kinase or Erk)
pathway activation[117].
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EV isolation

Figure 2 Clinical potential of extracellular vesicles from preconditioned mesenchymal stem-cells under hypoxia. Mesenchymal stem-cell
(MSC) exposed to hypoxia secrete extracellular vesicles (EV) that can be isolated and used for clinical purposes, such as treatment of wound healing and bone
fractures, as well as cardiovascular, neurodegenerative, and renal diseases, among others. Isolation of EV is made from MSC culture medium, which can be carried
out in different ways. In this case, the use of a size-exclusion column is shown. EV secreted under hypoxia were enriched in various proteins, nucleic acids (like
microRNA), as well as grow factors that are implicated in modulation and improvement of different biological processes related to tissue regeneration in different
pathologies. EV: Extracellular vesicles; MSC: Mesenchymal stem-cell.
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Also, treatment with EV, released from MSC preconditioned in 2% of oxygen, prevented bone loss,
increasing blood-vessel formation in a rat model of steroid-induced osteonecrosis of femoral head[118].
Additionally, other studies have showed that MSC-derived EV, grown in hypoxia, protect from
intervertebral-disc degeneration through their content in mir-17-5p, which modulates proliferation of
nucleus-pulposus cell (NPC) matrix, via the TLR4/PI3K/AKT pathway[119]. Furthermore, precondi-
tioning in hypoxia also increased the capacity of MSC-derived EV in cartilage regeneration by positively
acting on chondrocytes. Thus, in vivo assays have shown that an injectable silk-fibroin hydrogel,
containing articular chondrocytes and MSC-derived EV in hypoxia promoted cartilage regeneration
[120]. Several miRNA were involved in this process, including miR-18a-3p, miR-181c-5p, miR-205-5p,
miR-337-5p, and miR-376a-5p[120,121].

Treatment with EV derived from MSC has also been proposed for kidney injury. Thus, EV from
adipose tissue-derived MSC cultured 72 h under hypoxia (1% O,) or normoxia conditions were
compared in treatment of kidney injury induced by ischemia in a rat model. Both conditions reduced
tissue damage, but renal regeneration was higher under hypoxia conditions, triggering antiapoptotic,
angiogenetic, immunomodulatory, and anti-oxidative stress responses. This could be due to differences
in proteomic profiles of EV types[122].

On the other hand, EV derived from MSC cultured in hypoxia have been applied, using models of
myocardial infarction, in several studies. Generally, protective effects of cardiac tissues from ischemic
injury were observed. They were due, at least in part, to the ability of these EV to promote blood-vessel
formation[123]. Additionally, exosomes from conditioned bone-marrow MSC cultured in hypoxia (24 h,
0.5% O,) or normoxia were used. They were injected intramyocardially into infarcted hearts of C57
Black 6 inbred mice strain. Treatment with hypoxia-derived exosomes produced interesting results: (1)
Decrease in fibrotic tissue and apoptotic cardiomyocytes; and (2) Increase in cardiac-progenitor cells.
These exosomes, compared to normoxia ones, had a significant increase in expression of miR-210, which
had positive effects on endothelial cells and cardiomyocytes[124].

Such miRNA were also abundant in EV secreted by rat bone-marrow MSC, cultured in 1% O, for 72
h. Their antiapoptotic effects in cardiomyocytes have also been demonstrated in a rat model of
myocardium infarction[125]. Other EV derived from MSC cultured under hypoxia were also enriched in
miRNA, showing antiapoptotic activity in cardiomyocytes. They include miR-125b-5p, which works
through repression of p53 and BCL2 Antagonist/Killer 1[126]. It has also been shown that EV obtained
from MSC cultured in hypoxia were enriched in miR-26a in relation to EV obtained in normoxia. Such
miRNA is involved in upregulating glycogen-synthase kinase 3 beta (GSK3B) expression, which
enhanced the beta-catenin pathway, reducing ischemia-reperfusion injury in a rat model[127].

Other miRNA enriched in EV, derived from adipose and bone-marrow MSC preconditioned in
hypoxia were miR-224-5p and miR-24. The former decreased synthesis of thioredoxin-interacting
protein, which facilitates degradation of HIF1A. EV enriched in miR-224-5p favored adaptation of
cardiomyocytes to hypoxia, therefore protecting them against myocardial infarction[128]. On the other
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hand, miR-24 decreased in infarcted myocardium of rats. Thus, application of EV containing this
miRNA protected cardiomyocytes from apoptosis, reducing infarct size, and improving cardiac function
[129].

In addition to miRNA, other RNA types have also been identified, showing cardioprotective effects in
EV generated by MSC, under hypoxia conditions. This is the case of long non-coding RNA of urothelial
carcinoma-associated 1, which is related to the anti-apoptotic miR-873-5p/X-linked inhibitor of
apoptosis protein/phosphorylated AMP-activated protein kinase pathway[130].

Exosomes derived from MSC grown under hypoxia may be also useful for treatments of chronic skin-
ulcers. They are associated with pathologies such as diabetes. Their healing is difficult and isa serious
problem for patients and public health systems[131]. Recently, a study has evaluated the potential
application of EV obtained from adipose-tissue stem cells maintained at 1% O, for 24 h. In vitro assays
showed that they promoted fibroblast proliferation and migration. That was accomplished by activating
PI3K/ AKT pathway in a more effective way than when EV obtained under normoxia were used. Differ-
ential expression analyses of miRNA contents between both types of EV showed upregulated miR-21-
3p, miR-31-5p, and miR-126-5p and downregulated miR-99b and miR-146a. They may be involved in
signaling pathways related to fibroblast proliferation and migration, modulating immune responses.
Indeed, treatment with hypoxia-derived EV improved healing in a diabetic nude mice model of wound
healing, which was carried out via downregulation of IL-6, upregulation of VEGF and modulation of
extracellular matrix[132]. Additionally, EV derived from umbilical cord MSC exposed to 1% O, for 3 to 6
h were used in a full-thickness skin-injury mouse model, improving wound healing with respect to EV
obtained in normoxia. In this case, it was demonstrated that EV in hypoxia had anti-apoptotic effects on

endothelial cells due to miR-125b, which suppressed expression of TP53-inducible nuclear-protein 1
[133].

CONCLUSION

In recent years, the therapeutic potential of using MSC-derived EV has become apparent. This is because
the regenerative effects of MSC are partly due to their paracrine activity. Besides, the contents of EV can
be modulated through preconditioning of MSC under different culture conditions. Among they,
exposure to hypoxia stands out. HIF activation affects hundreds of genes involved in processes such as
inflammation, migration, proliferation, differentiation, metabolism, and cell apoptosis. That is related to
the contents of secreted EV, and thus their therapeutic potential, which is better than the one of EV
obtained under normoxic conditions. Therefore, hypoxia preconditioning of MSC is a very attractive
strategy for isolation of therapeutic EV. They have a high potential for use in regenerative medicine and
can be applied to different pathologies. However, studies published to date show a great variability.
That includes sources of MSC, culture media, O, concentrations, and exposure times to hypoxia, as well
as methods of EV isolation. Such factors may influence the degree of induction of HIFIA and HIF2A,
and therefore MSC responses and EV cargos. Thus, it would be necessary to perform studies to optimize
and standardize conditions for obtaining EV in the future according to their therapeutic applications.
Also, in vivo studies carried out so far have been performed mainly in animal models. Only two active
MSC-derived EV clinical trials in recruitment phase in which hypoxia is being evaluated are shown in
ClinicalTrials (https://clinicaltrials.gov): “Treatment of Severe COVID-19 Patients Using Secretome of
Hypoxia-Mesenchymal Stem Cells in Indonesia” (ID: NCT04753476) and “Regeneration of Posterior
Cruciate Ligament Injury Using Hypoxic Conditioned Allogenic Adipose Mesenchymal Stem Cell and
Condition Medium” (ID: NCT04889963). Therefore, in order to ascertain the greater potential effect-
iveness of EV obtained from MSC preconditioned in hypoxia, it would be necessary to carry out a
greater number of properly designed clinical trials.

Using EV in regenerative medicine is very promising, as shown above. Yet, possible adverse effects
associated with the use of the ones derived from MSC in human clinical practice must be taken into
account. One of them is that the contents of EV may enhance tumor-cell activity[134]. In any case, that
should be significantly lower -if it exists- than using whole stem-cells. Therefore, these risks should be
properly evaluated in animal models and potential clinical trials. In this regard, there are several
challenges for the use of MSC-derived EV in regenerative medicine that must be properly addressed
beforehand. These include: (1) Identification of the most suitable MSC sources for each pathology; (2)
Optimization and consensus of culture methods and conditions to obtain EV with greater regenerative
capacity; (3) Scaling up of production for clinical use; (4) Control of variability and stability of produced
EV; (5) Increase in clinical trials to make them statistically significant; and (6) A better understanding of
pharmacokinetics and biodistribution of applied EV[135].
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Abstract

With advances in the fields of regenerative medicine, cell-free therapy has
received increased attention. Exosomes have a variety of endogenous properties
that provide stability for molecular transport across biological barriers to cells, as
a form of cell-to-cell communication that regulates function and phenotype. In
addition, exosomes are an important component of paracrine signaling in stem-
cell-based therapy and can be used as a stand-alone therapy or as a drug delivery
system. The remarkable potential of exosomes has paved the pathway for cell-free
treatment in bone regeneration. Exosomes are enriched in distinct noncoding
RNAs (ncRNAs), including microRNAs, long ncRNAs and circular RNAs.
Different ncRNAs have multiple functions. Altered expression of ncRNA in
exosomes is associated with the regenerative potential and development of
various diseases, such as femoral head osteonecrosis, myocardial infarction, and
cancer. Although there is increasing evidence that exosome-derived ncRNAs (exo-
ncRNAs) have the potential for bone regeneration, the detailed mechanisms are
not fully understood. Here, we review the biogenesis of exo-ncRNA and the
effects of ncRNAs on angiogenesis and osteoblast- and osteoclast-related
pathways in different diseases. However, there are still many unsolved problems
and challenges in the clinical application of ncRNA; for instance, production,
storage, targeted delivery and therapeutic potency assessment. Advancements in
exo-ncRNA methods and design will promote the development of therapeutics,
revolutionizing the present landscape.
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Core Tip: The key to bone regeneration is the mutual balance between osteoblasts, osteoclasts and
angiogenesis. As a critical factor in bone regeneration, exosome-derived noncoding RNA (exo-ncRNA)
has been extensively studied. However, the detailed mechanism of exo-ncRNA in bone regeneration is still
unclear, and further research is necessary. This article summarizes the research on exo-ncRNA in bone
regeneration.
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INTRODUCTION

Exosomes

Although extracellular vesicles (EVs) were first mentioned in the late 1960s[1], it was not until the last
decade that they were named[2]. According to characteristics and cell sources, EVs can be divided into
three types: Apoptotic bodies, microvesicles, and exosomes[3]. Exosomes are small EVs[4] that were first
found in reticulocytes[5]. Johnston named these structures as exosomes in 1987[6]. The formation and
secretion of exosomes is a complex biological process. Exosomes express biological effects through the
paracrine pathway and transport bioactive substances to regulate intercellular communication[7].
Therefore, stable and efficient separation and extraction methods are the prerequisites for their clinical
application. Although diverse exosome isolation techniques have been developed based on their
biophysical and biochemical properties, there is still a lack of standardized and large-scale clinical
isolation and purification methods.

Biogenesis and isolation of exosomes

Exosomes are spherical endocytic vesicles with a diameter of 40-150 nm. They are formed in
intracellular multivesicular bodies (MVBs) and removed from various cell types[8,9]. Although the
biogenesis mechanism of exosomes has not been fully elucidated[10], recent studies have implicated
that exosomes originate from the endocytotic-exogenous pathway[11]. The formation process of
exosomes mainly includes the following three phases: (1) The constitution of endocytic vesicles by
invagination of the plasma membrane; (2) MVBs with intracavitary vesicles are produced in the Golgi
complex; and (3) Mature MVBs are fused with the plasma membrane and then released into the
extracellular space as exosomes (Figure 1)[2,12-14].

Exosomes can be identified from the extracellular matrix (ECM) in almost all types of eukaryotic cells
[15]. Based on the different physiochemical properties of exosomes, various separation and purification
techniques have been developed[16,17]. Ultracentrifugation is the most widely used and most basic
isolation method[18,19]. However, exosomes obtained by ultracentrifugation are time-consuming and
low-yield and contain other vesicles, proteins, or aggregates of proteins and RNAs. Martinez-Greene et
al[20] enhanced the production and purity of exosome preparations by combining polymer-based
precipitation and size exclusion chromatography. Recently, the application of microfluidics in exosome
isolation has received more attention. Wang et al[21] used a three-dimensional nanostructured
microfluidic chip to capture exosomes. Ultrafiltration with size exclusion indicated higher yields with
satisfactory purity[22]. Unfortunately, so far, no extraction/separation method is perfect.

Identification of exosomes

As a subclass of EVs, exosomes can be obtained from various cell types and extracellular media[23].
Although there is no consensus on the specific markers of EV subtypes[24], exosomes are mostly 30-200
nm in diameter and round or oval in shape[25]. Exosomes are composed of diverse molecules such as
RNA, proteins and carbohydrates[26]. The proteins are composed of the transmembrane family and
endosomal proteins. Various proteins in exosomes can be used as potential biomarkers, such as annexin,
MYVB-producing proteins such as ALIX, and tumor susceptibility gene 101 protein[27]. The tetraspanins
CD?9, CD81 and CD63 are well-established markers of exosomes[28].
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Exosomes and noncoding RNA

Exosomes have been demonstrated to contain proteins and nucleic acids, and exosomes can regulate the
functional activity of proteins and nucleic acids via transcriptional and translational regulation[29].
Currently, the genome-wide analysis has demonstrated that a significant portion (> 66%) is actively
transcribed into noncoding RNAs (ncRNAs) that have functional roles in regulating the expression of
protein-coding genes[30]. NcRNAs include microRNAs (miRNAs), long ncRNAs (IncRNAs) and
circular RNAs (circRNAs)[31]. Length is an essential criterion for defining ncRNA. ncRNA with more
than 200nt is called IncRNA and miRNA is about 20 nt and is the best-known group of small ncRNA
[32]. Mature miRNA sequences are located in introns or exons of ncRNA, many of which are produced
by introns (mirtron) of Pri-miRNAs (pre-mRNAs)[33]. CircRNAs range from 100 nt to over 4 kb in
length and have remarkable stability due to their lack of exposed ends that are susceptible to nuclear
degradation and contain single or multiple exons[34-36]. Numerous publications have indicated that
exosomes are closely related to bone regeneration[37-40]. In particular, exosome-derived ncRNAs (exo-
ncRNAs) have obtained extensive attention as an essential component of exosomes[41].

Bone regeneration

Bone is a dynamic tissue that remodels and regenerates itself throughout life activities[42]. Bone
regeneration is a complex procedure that demands coordinating multiple cell types and biogenesis, such
as osteoblasts, osteoclasts, endothelial cells, chondrocytes and mesenchymal stem cells (MSCs)
(Figure 2)[43-46].

Mechanistically, intramembranous or endochondral ossification is a pathway to bone regeneration
[47]. Intramembranous ossification is primarily the differentiation of stem cells into osteoblasts, which in
turn deposit a mineralized ECM. The sources of stem cells mainly comprise bone marrow, fat,
peripheral blood, and the umbilical cord[48]. In endochondral ossification, osteoblast progenitor cells,
osteoclasts, and vascular endothelial cells enter the hypertrophic cartilage. The next step is to differ-
entiate osteoblast progenitor cells into osteoblasts to form trabecular bone, hematopoietic cells, and
endothelial cells to form bone marrow so that hypertrophic cartilage is absorbed[49]. Finally, the balance
and coordination among various cells complete bone regeneration. During these processes, several
signaling pathways are involved in osteogenesis, including bone morphogenetic proteins (BMPs),
Notch, Hedgehog, and Wnt/p-catenin[50]. The BMP group is one of three subfamilies of the
transforming growth factor (TGF) family[51]. Smad1/5 is regulated by BMP receptor complex[52].
Multiple miRNAs regulate osteogenesis by balancing bone morphogenetic protein receptor 2
(BMPR?2)/ Activin receptor type 2b competition for BMPR-triggered phosphorylation of Smads[53].
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ROLES OF EXO-NCRNAS IN BONE REGENERATION

Roles of exo-ncRNAs in osteogenic differentiation

Osteocytes are fully mature and differentiated osteoblasts usually derived from mesenchymal cells,
including bone-marrow- and adipose-derived MSCs[54]. Growing evidence indicates that ncRNAs
influence MSC differentiation[55]. For example, miR-214 impedes the osteogenic differentiation of MSCs
by reducing the expression of BMP2[56]. Furthermore, ncRNAs promote osteogenic differentiation in
addition to their inhibitory effect. Dai et al[57] remarked that miR-217 improves the expression of Runt-
related transcription factor (RUNX2) to promote proliferation and osteogenic differentiation of bone
MSCs (BMSCs) significantly by targeting Dickkopf-1[57]. Nevertheless, little is understood about the
regulatory functions of exo-ncRNAs in these procedures, and we summarize their role in osteogenic
differentiation (Table 1).

Regulatory mechanisms of exosome-derived miRNAs in osteogenic differentiation

MiRNAs are 19-24 nucleotide ncRNA molecules[58] that can an regulate mRNA transcription and
inhibit protein translation[59]. Exosome-derived miRNAs (exo-miRNAs) are important components of
exosomes and largely determine the impact of exosomes on target cells[60]. Recent studies implicate
that BMPR2 is the target gene of exo-miR-100-5p. Further research has confirmed that miR-100-5p
inhibits osteogenesis of human BMSCs via targeting BMPR2 and inhibiting the BMPR2/smad1/5
pathway[61]. Exo-miRNA-128-3p promotes osteogenic differentiation via targeting Smad5[62]. Jiang et al
[63] observed that exo-miRNA-21 inhibits osteogenesis through regulating MSC-derived exosomes
pulled from osteoporosis patients via targeting Smad7. Additionally, exo-miR-424-5p attenuates
osteogenesis via regulating the WIF1-mediated Wnt/p-catenin axis[64]. The CXCL12/CXCR4 axis
regulates osteogenic differentiation by regulating the BMP2/Smad/Osterix axis[65,66]. Exo-miR-23a
released from fibroblasts inhibits osteogenic differentiation via silencing CXCL12[25]. As a highly
conserved signaling pathway, Wnt signaling positively affects osteogenic differentiation[67]. Previous
studies have confirmed that many sirtuin family members are closely related to the Wnt signaling
pathway[68,69]. Yang et al[70] showed that exo-miR-130a-3p promotes the osteogenic differentiation of
Adipose-derived stem cells via inhibiting sirtuin 7[70]. Wnt activates Yes-associated protein
(YAP)/transcriptional co-activator with PDZ-binding motif (TAZ), and the Hippo pathway regulates
YAP[71,72].

As an essential gene in the Hippo signaling pathway, Mps One binder 1 (MOB1) regulates the
expression of downstream genes, including YAP/TAZ[73]. Exo-miR-186 promotes osteogenesis by
targeting MOB1 in postmenopausal osteoporosis[74]. A study has indicated that FZD4 explicitly
activates the Wnt signaling pathway[75]. In contrast, exo-miR-129-5p from the jaw of diabetic rats
targets FZD4 to inhibit the B-catenin signaling pathway[76]. As an E3 ubiquitin ligase, FBXW7 can
inhibit osteogenic differentiation by regulating the degradation of substrates[77]. Exo-miR-101 increases
osteogenic differentiation via inhibiting FBXW?7 to control the HIF1a/FOXP3 axis[78]. As a tumor
suppressor gene, PDCD4 wields antitumor activity via facilitating apoptosis[79]. Zhang et al[80]
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S)::)gs::n::s NcRNA Pathway Up/down Mechanism Animal model Ref.
BMSC IncRNA H19 HOXa H10 Up Promoted osteogenesis Mice [105]
HBMSC IncRNA MALAT1 SATB2 Up Promoted osteogenesis Mice [108]
MM IncRNARUNX2-AS1 RUNX2 Up Inhibit osteoblast differen-  Mice [102]
tiation
Prostate cancer cells IncRNANEAT1 RUNX2 Up Promoted osteogenesis Mice [109]
BMSC miR-101 FBXW7 Up Promoted osteogenesis N/A [78]
BMSC miR-122-5p SPRY2 Down Promoted osteogenesis Rabbit [86]
HiPS-MSC miR-135b PDCD4 Down Promoted osteogenesis Rat [80]
HBMSC miR-935 STAT1 Down Promoted osteogenesis Rat [87]
BMSC miR-21 SMAD?7 Down Inhibit osteoblast differen- N/A [63]
tiation
BMSC miR-424-5p WIF1 Down Promoted osteogenesis N/A [64]
Osteoclast miR-23a-5p RUNX2 Down Inhibit osteoblast differen- N/A [89]
tiation
Fibroblasts miR-23a CXCL12 Down Inhibit osteoblast differen- N/A [25]
tiation
BMSC miR-186 Mob1 Down Promoted osteogenesis Rat [74]
hASCs miR-375 IGFBP3 Down Promoted osteogenesis Rat [83]
ADSC miR-130a-3p SIRT7/Wnt Down Promoted osteogenesis N/A [70]
Bone Tissues miR-100-5p BMPR2/smad1/5/9 Down Inhibit osteoblast differen-  Rat [61]
tiation
ADSCs miR-141-5p KCNQ10T1 Up Promoted osteogenesis N/A [90]
Serum circ_0006859 ROCK1 Up Inhibit osteoblast differen- N/A [118]
tiation
DPSCs circLPAR1 SATB2 Up Promoted osteogenesis N/A [115]
EPC IncRNAMALAT1 ITGB1 Up Promoted osteoclasto- Mice [153]
genesis
Osteoblast circ_0008542 RANK Up Promoted osteoclasto- Mice [156]
genesis
ASCs miR-378 Sufu Up Promoted angiogenic Rat [140]
BMMSC miR-126 PI3K/ Akt Down Promoted angiogenic Mice [132]
BMSC miR-21-5p AKT and MAPK Up Promoted angiogenic Rat [136]
HRMECs IncRNA SNHG7 XBP1 Up Inhibit angiogenic N/A [142]
BMSC miR-126 SPRED1 Down Promoted angiogenic Rats [128]
BMSC miR-224-3p RB1CC1 Up Promoted angiogenic Rats [125]
BMSC miR-21-5p SPRY2 Down Promoted angiogenic Rats [138]
SHED miR-26a TGF-3/SMAD2/3 Up Promoted angiogenic Mice [131]

BMSC: Bone mesenchymal stem cell; HRMEC: Human retinal microvascular endothelial cells; BMMSC: Bone marrow mesenchymal stem cell; ASC:
Atypical squamous cell; EPC: Endothelial progenitor cell; ADSC: Adipose-derived stem cell; HASC: Human adipose-derived stem cell; N/ A: No animal;

MM: Multiple myeloma.
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demonstrated that exo-miR-135b relieves the harshness of Osteonecrosis of femoral head (ONFH) via
diminishing the level of PDCD4-induced apoptosis of osteoblasts. Insulin-like-growth-factor-binding
proteins (IGFBPs) are regulators of the functions of IGF[81]. A previous study reported that IGF-2
enhanced BMP9-induced osteogenic differentiation[82]. Recently, it has been reported that exo-miR-375
restricts the expression of IGFBP3 from plying osteogenic effects[83]. Previous studies have shown that
SPRY?2 inhibits the Ras/MAPK signaling pathway[84,85]. Liao et al[86] demonstrated that miR-122-5p
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promotes osteoblast differentiation by suppressing the SPRY2 declaration and creating receptor tyrosine
kinase (RTK) activity through RTK/Ras/MAPK signaling. As noted by Zhang et al[87], exo-miR-935
deters signal transducer and activator of transcription 1 expression and stimulates osteoblast expansion
and differentiation potential. Also, upregulated exo-miR-935 alleviates osteoporosis presentation[87].
RUNX2 is concerned with the regulation of bone metabolism via multiple pathways[88]. Yang et al[89]
found that osteoclast-derived exosomes including exo-miR-23a-5p inhibit osteogenic differentiation via
abating RUNX2. There is an interaction between exo-IncRNAs and exo-miRNAs. According to one
study, exo-IncRNA-KCNQ1OT1 inhibits apoptosis of primary osteoblasts by sponging miR-141-5p[90].

Regulatory mechanisms of exo-IncRNAs and circRNA in osteogenic differentiation

LncRNAs are abundant in the genome, and > 27000 have already been recognized in the human genome
[91]. LncRNA can serve not only as a critical molecule in regulating bone and cartilage degeneration,
promoting bone metastasis, and repairing spinal cord injury, but also as a new class of potential
biomarkers and therapeutic targets for the treatment of cancer[92,93].

More importantly, IncRNAs can action as miRNAs sponges via binding miRNAs[94]. Furthermore,
IncRNAs and miRNAs exert their biological functions by forming a large and complex regulatory
network interacting with each other, leading to regulation of gene expression. LncRNA/miRNA
interactions allow proper function of the musculoskeletal system, control of bone homeostasis and
regeneration, and osteogenic differentiation of stem cells[95,96].

It was reported that IncRNA MEGS3 could inhibit the adipogenic and osteogenic differentiation of
human adipose-derived stem cells by regulating the expression of miR-140-5p[97]. Previous studies
indicated that IncRNA Rmst was induced by BMP9 via the Smad signaling pathway. Further studies
found that the IncRNA Rmst-miRNA-Notch regulatory axis could be a key mediator of BMP9-induced
osteogenic differentiation of MSCs[98]. Moreover, IncPCAT1 promotes the osteogenic differentiation of
PDLSCs by sponging miR-106a-5p and upregulating the expression of the miR-106a-5p-targeted gene
BMP2[99]. Jia et al[100] have found that LINC00707 is involved in the osteogenic differentiation of
BMSCs. Mechanistically, LINC00707 can sponge miR-370-3p and upregulate Wnt2B to promote the
osteogenic differentiation of HBMSCs[100]. All these data demonstrate that IncRNAs can promote
osteogenesis through multiple pathways. Numerous publications have indicated that the RUNX2 gene
plays a vital role in the osteogenic differentiation process[101]. Li et al[102] identified that myeloma-cell-
derived exo-IncRNA RUNX2-AS1 could be loaded into exosomes and delivered to MSCs, thereby
inhibiting the osteogenesis of MSCs[102]. Mechanistically, RUNX2-AS1 can form RNA duplexes with
RUNX2 pre-mRNA, and this duplex transcriptionally suppresses RUNX2 expression via decreasing
splicing efficiency[101,103]. Previous studies have confirmed that Hoxal0 can participate in regulating
osteogenic differentiation[104]. More recently, Wang ef al[105] demonstrated that exo-H19 can regulate
the expression of Hoxal0 through competitive binding to miR-467 and promote osteogenic differen-
tiation[105]. Moreover, exo-IncRNA-H19 stimulates osteogenesis via mediating Angptl/Tie2-NO
signaling in mice[106]. Metastasis Associated Lung Adenocarcinoma Transcript 1 (MALAT1) may act as
a prognostic biomarker for lung cancer metastasis[107]. exo-IncRNA MALAT1 improves osteoblast
action via moderating the miR-34c/SATB2 axis, which may enhance the osteogenic activity via
functioning as a miR-34c sponge to upregulate SATB2 expression[108]. In addition, exo-IncRNA NEAT1
boosts osteogenic differentiation of human BMSCs. Mechanistically, NEAT1 upregulates RUNX2
expression through competitively binding to miR-205-5p[109].

Exosome-derived circRNAs play essential roles in osteogenic differentiation. circRNAs are
endogenous covalently linked RNA molecules that do not have 5'-3'polarity or poly A tails[110].
CircRNAs have diverse roles, such as modulating translation and functioning as miRNA sponges[111].
CircRNAs are enriched in exosomes, implying the potential of circRNAs as biomarkers for complicated
diseases[112]. For example, hsa-miR-31 is considered a miRNA inhibitor of osteogenic differentiation
[113,114]. Xie et al[115] demonstrated that exo-circLPAR1 has an osteogenic effect via competitively
binding to hsa-miR-31[115]. Also, previous studies reported Hsa_circ_0006859 expression in different
diseases but did not discuss the related cell signaling[116,117]. Zhi et al[118] reported that exo-
Hsa_circ_0006859 inhibits osteogenesis by sponging miR-431-5p to upregulate Rho-associated kinase 1
(ROCK1)[118].

Roles of exo-ncRNAs in angiogenic differentiation

Blood vessels serve as channels for transporting nutrients and oxygen[119]. There is a firm connection
between the growth of blood vessels in bones and osteogenesis[120]. Bone tissue is a highly vascularized
tissue, and the development of the vascular system requires a synergistic interaction between
osteoblasts and angioblasts[121]. Endothelial progenitor cells (EPCs) are acknowledged to stimulate
bone restoration via facilitating neovascularization and osteogenesis[122,123]. In line with this,
endothelial cells are also implicated in the vascularization of the bone tissue[54].

Regulatory mechanisms of exo-miRNAs and IncRNAs in angiogenic differentiation
Exosomal miRNAs regulate the progression of angiogenic differentiation through diverse mechanisms.
ONFH is naturally known to develop at a cellular level, inferring the value of adopting cytotherapy
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[124]. Liao et al[86] demonstrated that BMSC-derived exosomes modified through miR-122-5p promote
angiogenesis and healing.

However, there is a lack of specifically related mechanisms. According to one study, lower levels
miR-224-3p promote angiogenesis of ONFH by upregulating FIP200[125]. In contrast, according to
another study, exo-miR-100-5p inhibits angiogenesis of human umbilical vein endothelial cells
(HUVECs) via targeting BMPR2[61]. Vascular endothelial growth factor (VEGF) is a critical factor in
blood vessel growth and is also involved in bone development and regeneration[126]. For example,
miR-126 promotes angiogenesis via inhibiting negative regulators of the VEGF pathway[127]. Huang et
al[128] demonstrated that exo-miR-126 promoted angiogenesis of HUVECs by suppressing SPRED1 and
PIK3R2[128]. As a member of the miRNA-26 family, miR-26a has a vital role in bone regeneration by
promoting angiogenesis-osteogenesis coupling[129,130]. Wu et al[131] reported that exo-miR-26a
stimulates angiogenesis by upregulation of the TGF-/Smad2/3 pathway[131]. Exo-miR-126 downreg-
ulated PIK3R2 to trigger the PI3K/ Akt signaling pathway in HUVECs. Further analyses in mice
confirmed that exo-miR-126 improved angiogenesis in the wound site[132]. In addition, MSC exo-
miRNAs promotes diabetic foot repair. exo-miRNA-210-3p can stimulate angiogenesis via promoting
VEGEF gene expression and triggering proangiogenic essential proteins[133]. However, exo-miRNA-100
inhibits angiogenesis by regulating the mTOR/HIF-10/ VEGF pathway[134]. Exosome-derived miR-let-
7c promotes angiogenesis in multiple myeloma (MM)[135]. Huang et al[136] demonstrated that exo-
miRNA-21-5p stimulates angiogenesis via VEGFR and AKT and MAPK pathway upregulation[136].
However, exo-miR150 inhibits HUVEC tube formation by downregulation of VEGF[137]. miR-21-5p is
highly expressed in mag-BMSC-Exos and acts as a key mediator of mag-BMSC-Exo-induced regulation;
mechanistically, exo-miR-21-5p boosts angiogenesis in HUVECs via regulating SPRY[138]. ASCs-Exos
can stimulate angiogenesis and neovascularization in ischemic disease[139]. Mechanistically, miR-378-
ASCs-exos not only promote osteogenic differentiation, but also increase cell migration and angiogenic
capacity. miR-378-ASCs-Exos upregulate the Shh signaling pathway by targeting Sufu to enhance
osteogenesis and angiogenesis[140].

Behera et al[106] demonstrated that exo-Inc-H19 acts as a sponge to absorb miR-106 and control the
expression of Angptl. In line with this, exosomes promotion of angiogenesis via Angptl triggers Inc-
H19/Tie2-NO signaling in endothelial cells[106]. XBP1, as a primary transcription factor, has been
shown to regulate protein homeostasis in cells under endoplasmic reticulum stress[141]. Cao et al[142]
reported that exo-IncRNA SNHG? inhibited tube formation of human retinal microvascular endothelial
cells via regulating the miR-34a-5p/XBP1 signal pathway[142].

Roles of exo-ncRNAs in osteoclast differentiation

Osteoclasts are generated by monocyte-macrophage precursors of the hematopoietic lineage in the bone
marrow[143]. The role of osteoclasts is to remove the organic and inorganic parts of bone, and is crucial
to healthy bone function[144]. miR-124 reduces the proliferation of osteoclast precursors and negatively
regulates osteoclastogenesis[145]. miR-214 and miR-21 promote osteoclastogenesis via targeting the
PTEN/PI3K/AKT pathway[146]. Although the regulation of osteoclasts by ncRNA is currently compre-
hended, there have been few studies on the role of exo-ncRNA in osteoclast differentiation.

Regulatory mechanisms of exo-ncRNAs in osteoclast differentiation

Signaling between osteoblasts and osteoclasts is vital for osteoclast maturation[147]. miRNAs play
paramount functions in the postlitranscriptional control of gene expression[148]. miRNAs induce the
translational repression or degradation of their target genes via binding to the complementary
sequences in the 3'-UTRs of their marker mRNAs[149]. Xu et al[150] investigated the effects of
osteoclast-secreted exo-IncRNAs on osteogenesis in the process of particle-induced osteolysis. The
results showed that miR-214 levels in exosomes were significantly up-regulated in osteoclast-specific
miR-214 transgenic mice. Further studies have found that in ovariectomized mice, preventing exosome
formation by downregulating Rab27a increased osteoblast activity. Taken together, osteoclast-derived
exosomes transferred miR-214 into osteoblasts to suppress their activity[151]. Coculture systems of
osteoblasts and osteoclasts to simulate bone regeneration have been reviewed by Borciani et al[152]. Cui
et al[153] reported that EPC-derived exosomes stimulated osteoclastogenesis via the IncRNA-
MALAT1/miR124 pathway. Exo-IncRNA-MALAT1 can negatively control miR-124 activity.
Furthermore, there was a negative correlation between miR-124 mRNA and ITGB1. They also indicated
that EPC-derived exosomes increased neovascularization in a mouse femoral fracture model. CircRNAs
were discovered as ncRNAs with covalently closed structures, and they regulate disease occurrence and
development[154]. m6A methylation is an ordinary state of RNA methylation, and it participates in and
regulates many vital functions of RNA[155]. circ_0008542 in osteoblast exosomes enables osteoclast-
induced bone resorption via m6A methylation[156].

NcRNA includes not only several types that have been introduced above but also other types. For
example, tRNA-derived small RNAs (tsRNAs) are a recently discovered form of ncRNA[157,158].
TsRNAs participate in translation inhibition and exert control in various physiological phenomena
[159]. Fang et al[160] reported that tsRNA-10277-loaded BMSC exosomes improved osteogenic differen-
tiation capacity of dexamethasone-induced BMSCs[160]. In addition, the ECM plays a significant role in
bone repair and regeneration[161]. Hyaluronic acid (HA) exists naturally as a critical component of the
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ECM. Zhai et al[162] focused on the recent applications of HA in bone regeneration. Recently, the
emergence of decellularized ECM scaffolds have been studied in bone regeneration[163]. Decellularized
ECM scaffolds promote osteogenic differentiation of stem cells and maintain cytokines that regulate
bone regeneration[164,165].

CONCLUSION

Opportunities

Over the past few decades, due to the development of genetic engineering, the surface of exosomes has
been packed with inhibitors of ncRNA and marker molecules by modifying the isolation and
purification of exosomes. Researchers have delivered targeted ncRNAs to designated tissues or organs
through exosome carriers.

Different research methods can have multiple effects. The most common delivery of miRNAs to
target cells is via exosomes or liposomes[166]. Tahmasebi et al[167] proposed novel tissue-engineering
methods premised upon miRNA-incorporated polycaprolactone nanofibers in treating bone lesions and
defects. It is well established that ECs and MSCs are critical performers in orthopedic tissue
regeneration and vascularization. Coculture studies have demonstrated that ECs and MSCs have
synergistic effects on tissue regeneration[46,168].

Hypoxic preconditioning of MSCs can enhance their biological functions[169]. In fact, hypoxic MSCs
are close to the in vivo environment[170]. Liu et al[171] showed that hypoxia enhanced the production of
exo-miR-126, which further promoted fracture healing[171]. Liu et al[172] explored biomaterial-
mediated chemical signaling through a model lithium-binding bioactive glass-ceramic (Li-BGC).
Mechanistically, Li-BGC-exo transfers proangiogenic miR-130a and in turn, promotes the angiogenesis
of ECs via activating the AKT pathway[172]. Liu et al[173] previously reported that knee loading
protects against osteonecrosis of the femoral head via enhancing vessel remodeling[173]. Knee loading
stimulates type H vessel formation and promotes angiogenesis via downregulating exo-miR-214-3p
[174].

In diagnostics, numerous studies have found differential expression of exo-ncRNAs in various
diseases[175,176]. It implies that exo-ncRNAs have advantages as biomarkers over non-exo-ncRNAs.
Meanwhile, exo-ncRNAs are concerned with bone regeneration processes like cell proliferation,
migration, and angiogenesis. Exo-ncRNAs promote intercellular and intertissue crosstalk in a paracrine
and autocrine manner, leading to multiple applications in diseases like femoral head necrosis, bone
defects, and osteoporosis.

In therapeutics, upregulation or downregulation of exo-ncRNAs may have different clinical
consequences. For instance, Lv et al[177] utilized electroporation for packaging miR-21-5p mimic into
exosomes. The study indicated that the miR-21-5p promotes angiogenesis and vessel maturation[177].
Additionally, overexpressed exo-miR-122-5p weakens ONFH aggravation[87]. There may also be
therapeutic effects by decreasing the number of harmful ncRNAs in exosomes. In addition, the use of
exo-ncRNAs has multiple potential benefits. Exosomes holding a characteristic cargo can function as a
drug delivery system. The use of exosomes as endogenous vehicles can evade the immune response.
Despite the great potential of exo-ncRNAs as biomarkers and therapeutics for bone regeneration, there
are still many obstacles before their clinical application.

Challenges

The investigations and clinical transformation of exo-ncRNAs in bone regeneration have exposed
several challenges. First, we need to explore more efficient exosome purification methods to exclude
exogenous exosomes and RNA interference. Exosomes, microvesicles, and smaller vesicles are different
but still disorganized[178,179]. In addition, according to the existing technology, there is still a lack of
efficient and fast methods for extracting and isolating exosomes. Second, further study is needed on the
pharmacokinetics and toxicity of potential exo-ncRNAs. Expansion of exosome production by
increasing intracellular calcium concentration and serum starvation or transfer of the oncogene c-myc
may alter exosome content (including ncRNA) and increase tumorigenic potential[180,181]. Third, an
extensive study is needed to comprehend fully the mechanism by which exo-ncRNAs exert their
physiological roles. Fourth, further investigations are demanded in the future to characterize whether
miRNAs, circRNAs, IncRNAs, and other ncRNAs may form competing endogenous RNA networks.
Hence, if we better understand the bioactive molecules’ exact mechanism, we can improve bone tissue
regeneration. Fifth, the expression profile of miRNAs is altered with age. For example, miR-183-5p
increases with aging, suppresses osteogenic differentiation in BMSCs, and reduces Hmox1 levels[182].
Sixth, most of the current research focuses on cellular experiments and a small number of animal
models. It is urgent to use large-scale animal and clinical models to conduct investigations to determine
whether exo-ncRNAs can play a role in regulating homeostasis. Overall, the transition of exo-ncRNAs
from basic laboratory studies to clinical application remains challenging. Nonetheless, these studies
provide renewed approaches for potential clinical diagnosis and therapeutic direction for exosome-
mediated human diseases.
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Abstract

Stem cell fate determination is one of the central questions in stem cell biology,
and although its regulation has been studied at genomic and proteomic levels, a
variety of biological activities in cells occur at the metabolic level. Metabolomics
studies have established the metabolome during stem cell differentiation and
have revealed the role of metabolites in stem cell fate determination. While
metabolism is considered to play a biological regulatory role as an energy source,
recent studies have suggested the nexus between metabolism and epigenetics
because several metabolites function as cofactors and substrates in epigenetic
mechanisms, including histone modification, DNA methylation, and microRNAs.
Additionally, the epigenetic modification is sensitive to the dynamic metabolites
and consequently leads to changes in transcription. The nexus between
metabolism and epigenetics proposes a novel stem cell-based therapeutic strategy
through manipulating metabolites. In the present review, we summarize the
possible nexus between metabolic and epigenetic regulation in stem cell fate
determination, and discuss the potential preventive and therapeutic strategies via
targeting metabolites.

Key Words: Metabolism; Epigenetic regulation; Stem cell fate; Nexus effect
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Core Tip: Stem cell fate can be regulated by metabolites. Recent studies have suggested that there is a
nexus between metabolism and epigenetics, as several metabolites could function as cofactors and
substrates in epigenetic mechanisms. We review many basic and preclinical studies, and the results
support this view. This finding may provide a clue to further studies on the co-effects of metabolism and
epigenetics in cell fate determination.

Citation: Liu Y, Cui DX, Pan Y, Yu SH, Zheng LW, Wan M. Metabolic-epigenetic nexus in regulation of stem cell
fate. World J Stem Cells 2022; 14(7): 490-502
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INTRODUCTION

Stem cells are specialized cells with a capacity for prolonged self-renewal and production of various
lineage cells, which contribute to the development, maintenance and repair of organs, such as teeth, hair
follicles, and liver. These long-lived cells produce proliferating progenitors that differentiate into
functional cells. Disorder of this procedure results in hyperplasia, hypoplasia or dysfunction of the
organs[1]. How such cell fate determination is regulated is one of the central questions in stem cell
biology. High-throughput sequencing has been conducted to establish gene expression profiles of both
embryonic and adult stem cells, which helps address the crucial genes in stem cell fate regulation[2].
Epigenetic mechanisms, including histone modification, DNA methylation, and microRNAs (miRNAs),
have uncovered the post-transcriptional regulation associated with stem cell fate[3]. Parallel proteomics
studies have expanded our understanding of stem cell biology through constructing protein expression
profiles of various stem cell populations. Despite these findings, the molecular network that regulates
stem cell fate, maintaining pluripotency or initiating differentiation, is not completely understood due
to the expression differences between mRNA and protein, the inconsistency between protein expression
and its function, or the discordance between gene expression and cellular phenotype[4].

Although genomics and proteomics discuss the biological events at the gene and protein levels,
respectively, several biological activities in cells occur at the metabolic level, including cell signaling,
energy transfer, and intercellular communication[5]. To establish the metabolome, the collection of all
metabolites at a specific time, metabolomics has been developed as one of the important components in
system biology. Metabolomics is considered to be a prospective approach in various areas of researches,
such as development, pathology, diagnosis, and environmental science, since it elaborates what
happens in cells[6]. To address what occurs during regulation of stem cell fate determination,
metabolomic research has been conducted to construct metabolic profiles of embryonic stem cells and
differentiated neurons and cardiomyocytes in mice. Stem cells are characterized by highly unsaturated
metabolites that regulate cell differentiation through oxidative reactions, suggesting the vital role of
metabolism in stem cell fate determination. Metabolism is considered to function as a major energy
source during the process[5,7,8]. Recent studies have demonstrated that lipid metabolism provided 90%
of acetyl-CoA in histone acetylation. S-adenosylmethionine (SAM), one of the methionine metabolism
metabolites, functions as a methyl donor in histone as well as DNA methylation[9]. Additionally, the
epigenetic modification could be sensitive to the dynamic change in the metabolites, leading to changes
in transcription. These findings provide compelling evidence that establishes the nexus exists between
metabolism and epigenetics and propose a novel stem cell-based therapeutic strategy through manipu-
lating metabolites[10-12].

In the present review, we summarize the nexus between metabolic and epigenetic regulation in stem
cell fate determination, along with potential preventive and therapeutic strategies targeting metabolites
(Figures 1 and 2).

LIPID METABOLISM

Lipids, crucial in maintaining cellular homeostasis, is attached to epigenetic reprogramming of
homeostasis[13]. Acetyl-CoA from lipid metabolism could promote histone acetylation and drive
cellular growth. Hence, acetyl-CoA is a crucial indicator for cell growth and development. Furthermore,
acetyl-CoA reduces the production of b-hydroxybutyrate, an inhibitor of histone deacetylases (HDACs),
which functions as antiproliferative and prodifferentiative properties[14]. The relation between lipid
metabolism and epigenetic modification of gene expression in different stem cells has been reported by
several studies[15].
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Figure 1 Schematic diagram of metabolic network. SAM: S-adenosylmethionine; TCA: Tricarboxylic acid; o-KG: a-ketoglutarate.
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Lipid metabolism contributes 90% of acetyl. Chromatin structure opening occurs when histone
acetylation is present, activating stem cell transcription[16]. This suggests that lipid availability
regulates the pluripotency of stem cells and promotes cell differentiation[17]. Itokazu group’s research
on the importance of gangliosides in neural stem cells (NSCs) found that when the cellular histone
deacetylase activity was inhibited by fatty acids, the levels of acetylated histone H3 and H4 on the
GM2/GD?2 synthase gene increased, promoting neuronal differentiation of NSCs[18]. Ardah et al[19] and
Boddeke et al[20] also showed that the increased level of saturated fatty acids promoted NSC differen-
tiation into neurons. Murray et al[21] reported that butyrate promoted myogenic differentiation of
satellite cells.

Cornacchia et al[22] showed that the level of H3K27Ac, H3K9Ac and H4K8Ac was elevated by
activation of histone acetylation in human pluripotent stem cells, while histone deacetylases (HDAC),
sirtuin 1 (SIRT1) and HDAC1lwere limited. Similar evidence has also been reported in animal studies[23,
24]. The level of H3K27ac decreased in the presence of low fatty acid metabolism in the gonads, leading
to male differentiation-specific signal inhibition[25]. Acetyl-CoA production can be regulated by acetyl-
CoA carboxylase , a rate-limiting enzyme whose activation limits the production of acetyl-CoA, thus
promoting stem cell pluripotency. This is a traditional pathway in human as well as mouse embryonic
stem cells (ESCs)[26,27]. These results show that lipid metabolism affects stem cell differentiation
through histone acetylation modification.

AMINO ACID METABOLISM

Amino acids are one of the most fundamental substrates in cells, and are essential for metabolism of
proteins, lipids and nucleotides. Previous reports have demonstrated that amino acid metabolism
affected maintenance of stem cell pluripotency. In this review, we highlight the amino acids that
influence stem cells critically.

Glutamine

Glutamine is the most abundant amino acid in metabolism, and is especially active in synthesis of
nucleotides and fatty acids[28,29]. Glutamine changes a-ketoglutarate (a-KG) through deamination[30],
which is a critical substrate for modification of proteins and DNA by demethylases. The mechanism is
that 0-KG acts as a substrate for Jumonji-C and ten-eleven translocation (TET), which regulate
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demethylase interaction with histone and DNA, respectively. Demethylases are essential for stem cell
pluripotency acquisition and maintenance. Many studies have highlighted the role of glutamine
metabolism in the maintenance and differentiation of stem cells.

DNA methylation correlates with the repression of expression. a-KG positively regulates
demethylation of DNA and promotes stem cell differentiation[31,32], and is key to the determination of
stem cells fate as an appropriate balance between H3K9me?2 acquisition and H3K27me3 depletion.
Tischler et al[33], Xing et al[34] and Zylicz et al[35] came to similar conclusions in experiment on mouse
primordial germ cell-like cells (PGCLCs). Okabe et al[36] have reported that histone H3K9me3
demethylation induced by an increase in a-KG activates transcription, leading to steatoblast cellular
differentiation. Glutamine also regulates fetal oocyte differentiation through DNA demethylation
enzyme TET1[37].

As DNA demethylation can lead to higher levels of 5-hydroxymethylcytosine, several recent studies
have reported that a-KG fluctuations influence ESC differentiation[38]. The self-renewal of ESCs
decreases with deficiency of glutamine, but can recover with 0-KG supplementation[39]. Hepatic stellate
cell (HSC) and effector T cell differentiation is also promoted by a-KG. A surprising finding is that o-KG
can suppress tumor initiation and influence progression. These effects are inhibited by succinate and
fumarate, providing a possible therapy for cancer[40].

Singh et al[41] have suggested that a-KG induced cell death, with degradation of hypoxia-inducible
facor-1la and suppression of histone H3 (Lys 27) acetylation. The exact mechanism of histone acetylation
regulated by a-KG still needs to be explored. Morris et al[42] has shown that a-KG was an effector of p53
-mediated tumor suppression, whose accumulation in p53-deficient tumors can drive tumor cell differ-
entiation and inhibit malignant progression. Ascorbate has a positive effect on HSC differentiation and
suppresses leukemogenesis[43].

All these studies above highlight the importance of glutamine in cell fate determination.

Methionine

Methionine is an essential amino acid that plays an irreplaceable role in the synthesis of SAM.
Methionine in the normal diet promotes production of SAM, which serves as a methyl donor for
methyltransferases of histones and DNA[44]. The fluctuation of methionine and SAM levels regulates
H3K4me3 formation and maintains the undifferentiated state of human ESCs/induced pluripotent stem
cells (iPSCs)[45]. Kosti et al[46] have reported that limited methionine level was associated with
neuronal differentiation, along with reduction of H3K27me3. Tang et al[47] have also provided evidence
that reduced conversion of methionine to SAM lead to reduced ESC pluripotency. Zhang et al[48] have
also found similar evidence that SAM played an important role in the differentiation of B cells into
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plasmablasts, and SAM deficiency was accompanied by induction of H3K27me3. The theory may be an
attractive option for improving therapeutic effectiveness in patients with systemic lupus erythematosus.
Fluctuation in the methionine cycle is related to cancer epigenetics. The increase in H3K4me3 and
H3K27me3 level in cells treated with methionine in cancer stem cells parallels the increase in SAM to
some extent[49,50]. This may provide a new therapy for cancer[51].
Taken together, these findings show that methionine has an important influence on stem cell fates.

Proline
Proline is a nonessential amino acid derived from glutamine metabolism. Pyrroline-5-carboxylate (P5C)
is an intermediate product of both proline biosynthesis and catabolism. P5C is converted to proline by
P5C reductase (Pycrl). Emerging evidence indicates that L-proline influences the epigenetic landscape
of stem cells by regulating histones and DNA methylation[52,53]. L-Proline regulates H3K9 methylation
and activates reprogramming of stem cells. Supplementation with L-proline increases DNA 5-methyl-
cytosine and reduces of 5-hydroxy-methylcytosine, which promotes DNA methylation. It has recently
emerged that hypermethylation lead to a-KG depletion, limiting the activity of TETs and Jumonji, and
resulting in increased DNA and histone methylation .A study on mouse embryonic stem cell has shown
that L-proline influenced the balance between self-renewal and differentiation[54]. Proline availability
increases DNA and histone methylation, and is an essential procedure in embryonic-stem-to-
mesenchymal like transition[55].

Proline is one of the most important amino acids in stem cell fate determination because of its
epigenetic effects.

Glycine

Glycine takes part in one-carbon metabolism as a methyl group provider through the glycine cleavage
system[56]. The glycine cleavage system is a multienzyme complex consisting of four individual
components: glycine decarboxylase, amino methyltransferase, glycine cleavage system protein H, and
dihydrolipoamide dehydrogenase[57]. It has been revealed that glycine influenced stem cell
pluripotency by controlling the synthesis of SAM, thus promoting H3K4me3 modification, and open
euchromatin[58]. This process is present in human and mouse PSCs[59].

NUCLEOTIDE METABOLISM

Noncoding RNA (ncRNA) is RNA that does not encode a protein. ncRNA is transcribed from the
genome and exerts its effects at the RNA level. Global ncRNA abundance influences cell fate determ-
ination and differentiation, and is important in embryonic development and its dysregulation causes
cancer[60-62].

There are reports suggesting that long noncoding RNA (IncRNA) Inc13728 positively regulates
expression of zinc finger BED-type containing 3 to promote the adipo-genic differentiation of human
adipose-derived mesenchymal stem cells[63]. IncRNA has effects on hematopoietic cells in
hematopoiesis regulation and the early stage of cell fate determination. Wu et al[64] have reported that,
in hematopoietic stem cells and in differentiated lineage progenitors, IncRNA expression is given
priority.

Griffiths and his colleagues have demonstrated that miRNA181a inhibition activated the early latent
neurogenic gene to restore CA1 neurons, providing a positive clinical outcome in survivors of forebrain
ischemia[65]. Zhang et al[66] have shown that miR-124 inhibited pancreatic progenitor cell proliferation
to maintain a quiescent state, thus determining the fate of pancreatic progenitor cells. In cancer cells,
miRNA might be a preferential pathway in cell reprograming. It has been reported that glucose
transporter type 1 (GLUT1), GLUT3 and GLUT4 were overexpressed in most cancers. miR-122 regulates
lipid levels in liver. miR-185 and miR-342 inhibit migration and invasion of prostate cancer cells, which
could be a therapeutic option for prostate cancer[63]. He et al[67] have shown that miR-146a from
exosomes had an effect on p-cell dedifferentiation, which provide a new therapy for type 2 diabetes[65].
High expression of miR-130a can increase osteogenic differentiation of bone marrow mesenchymal stem
cells, which could be a potential therapy for age-related bone loss[69,70]. Huang et al[71] have reported
that miR-330-5p negatively regulated differentiation of mesenchymal stem cells.

In summary, ncRNA plays an essential role in stem cell fate determination and could act as a
breakthrough point in disease therapy. However, we still have a long way to go to understand the
whole regulatory network of ncRNA.

GLUCOSE METABOLISM

Glucose and oxygen are important regulatory elements that help direct stem cell fate. In the undifferen-
tiated state, stem cells, and their artificially reprogrammed equivalent iPSCs, are characterized by
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limited oxidative capacity and active anaerobic glycolysis. The importance of optimizing glucose
metabolism during nuclear reprogramming by epigenetic regulation has been demonstrated in several
studies.

Glycolysis

Glycolysis is defined as a cytosolic redox reaction that transform a single glucose molecule into two
pyruvate molecules accompanied by generation of two net ATP and two reduced NADH molecules.
Although glycolysis is not as energetically efficient as complete oxidation, this pathway can occur in the
absence of oxygen and enables a fast rate of ATP production, which may also be the reason why some
highly proliferating cell types typically utilize glycolysis.

High glycolytic flux could be frequently observed in various stem cell populations and is critical for
the acquisition and maintenance of cell pluripotency[72]. Li et al[73] have shown that GLIS family zinc
finger 1 could directly bind to and open chromatin structure at glycolysis-related genes to promote
glycolysis. Higher glycolytic flux subsequently upregulates cellular acetyl-CoA and lactate levels,
leading to increased acetylation of H3K27 and pluripotency gene loci.

Glycolytic flux can be influenced by several factors, including epigenetic regulators and environ-
mental conditions. For example, NAD-dependent histone deacetylase SIRT6 has been proved to act as a
key regulator of glucose homeostasis, and its absence favors the metabolic profile of anaerobic
glycolysis, which may activate gene reprogramming and pluripotency maintenance[74]. The epigenetic
modifications are essential for the cell fate decisions in NSCs as well. High glucose levels increase
H3K14 acetylation level, which can lead to premature neurogenetic differentiation of NSCs, providing a
promising target for intervention in fetal neurodevelopment deficits[75]. Protein glycosylation is one of
the most diverse and complicated co- and post-translational modifications, regulating self-renewal,
pluripotency, and differentiation of stem cells through epigenetic mechanisms by histone modification
and DNA methylation[76]. Glycolytic flux can also be regulated by oxygen. Glycolysis increases at 5%
oxygen and acetylation of H3K9 and H3K27 is elevated, while H3K27 trimethylation is downregulated,
leading to a more open chromatin structure and altered fate of human PSCs[77,78].

In summary, glycolysis is the dominant metabolic phenotype that controls stem cell fate.

Glucose oxidative phosphorylation
Glucose oxidative phosphorylation is another critical pathway for maintaining bioenergetic homeostasis
as a bridge between the tricarboxylic acid (TCA) cycle and ATP synthesis. Oxidative phosphorylation is
a more efficient pathway for ATP production compared to glycolysis, producing 36 ATP molecules per
glucose. Oxidative phosphorylation promotes stem cell differentiation. Uittenbogaard et al[79] have
provided evidence that enhancing oxidative phosphorylation can trigger neuronal differentiation by
generating H3K27ac. Oxidative phosphorylation also mediates hematopoiesis stem cell differentiation
toward definitive hematopoiesis through actyl-CoA metabolism[80].

Several TCA-cycle-related metabolic intermediates like NADH, FADH, fumarate and succinate are
reported to contribute to epigenetic regulation of transcription and be connected with stem cell fate.

NADH: NAD"is a coenzyme that serves as a co-substrate for sirtuins, an HDAC family, and catalyzes
deacetylation of histone lysine; a crucial protein post-translational modification[81-83].

NAD/NADH ratio can dictate the fate and function of different cell types. Increased NAD*
production is required for cell differentiation[34]. Bmall regulates primary myoblast proliferation and
differentiation through increasing cytosolic NAD*. Reduced NAD"level prevents the differentiation of
preadipocytes[85]. Okabe et al[36] have confirmed that high NAD*levels upregulated the TCA cycle,
increasing 0-KG and contributing to histone H3K9 demethylation and transcriptional activation. Zhu et
al[85] have demonstrated that increasing cytosolic NAD levels could restore hypoxic cell proliferation
and myofiber formation in Bmall-deficient myoblasts, influencing oxygen-dependent myoblast cell fate.
The effect of NAD/NADH ratio on stem cell fate is caused by generation of L-2-hydroxyglutaric acid,
an analog of a-KG that regulates histone and DNA methylation by competitive inhibition of Jumonji-
domain histone demethylase (JHDM) and TETs. There are reports revealing that increased NAD*levels
delay aging-related phenotypes, which may provide new therapeutic option for type 2 diabetes and
heart failure[86,87]. Besides, NAD"is a cosubstrate of Sirtuins, potentially regulating T cells, and could
provide a therapeutic option for immune-related diseases[88].

In summary, NAD* plays a key role in a diverse array of biological processes.

FADH: FAD, the oxidized form of FADH?2, is a cofactor of human lysine-specific demethylase-1 (LSD1),
and plays a pivotal role during early embryonic development and differentiation of ESCs and cancer
stem cells[89-92]. LSD1 catalyzes the demethylation of mono- and dimethylated K4 or K9 on histone H3
via the FAD-dependent enzymatic oxidation[93]. Recent studies have found that LSD1 inhibition can
enhance death in rhabdomyosarcoma cells[94]. Decreased expression of LSD1 is involved in the
programmed oocyte death by autophagy in perinatal mice through promotion of H3K4me2 expression
[95]. FAD also regulates NSC proliferation through modulation of histone methylation by affecting the
action of LSD1. In addition, LSD1 is highly expressed in a few aggressive cancer types and is closely
related with differentiation, proliferation, migration and invasion of cancer cells and poor prognosis.
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Succinate: Succinate accumulation can decrease 0-KG/succinate ratio, leading to inhibition of TET and
JHDM enzymes and delayed differentiation of primed human PSCs. This effect can be reversed when
the a-KG/succinate ratio increases[32,86]. Accumulation of succinate, resulting in genetic and epigenetic
changes like histone hypermethylation, may lead to transformation of normal cells to cancerous cells[96,
97] . Wong et al’s study in colorectal cancer cells showed that promoting accumulation of succinate
upregulated DNA methylation and stem cell features[98]. AA6 is a novel compound succinic acid,
identified as an inhibitor of a-KG dehydrogenase, which can increase the a-KG level in diabetic human
cardiac mesenchymal cells and in the heart of high-fat diet, leading to DNA demethylation, and has
beneficial effects of cardiac mesenchymal stem cells protection in diabetes[99].

Fumarate: Fumarate is reported to inhibit 0-KG-dependent dioxygenases involved in DNA and histone
demethylation. Laukka et al[100] have shown that fumarate downregulates global 5-hydroxymethyl-
cytosine level in neuroblastoma cells via TET inhibition. Furthermore, Sharda et al[101] have reported
that fumarate promotes monomer-to-dimer transition of malic enzyme 2 to enhance mitobiogenesis,
linking metabolism to mitobiogenesis. Aberrant accumulation of fumarate may mediate epigenetic
reprogramming. Some studies have reported the link between fumarate accumulation, epigenetic
changes, and tumorigenesis. Accumulation of fumarate, inhibiting Tet-mediated demethylation, induces
epithelial-to-mesenchymal transition; a phenotypic switch associated with cancer initiation, invasion
and metastasis[102]. This implies that fumarate accumulation contributes to the aggressive features
tumors[103].

Pentose phosphate pathway

The pentose phosphate pathway (PPP) is another glucose metabolism pathway, divided into oxidative
and nonoxidative arms, producing NADH and ribose-5-phosphate and/or xylulose-5-phosphate that
influence the regulation of transcription[104]. NADPH production in the pathway is involved in folate
metabolism[105]. Previous studies have reported that regulation of the PPP resulted in iPSC
reprogramming[106]. The PPP actively provides energy and metabolic intermediates for proliferation
and pluripotency in cancer cells, ESCs and iPSCs[107,108]. Intracellular pH increase selectively activates
catalysis, enhancing PPP flux, leading to nucleotide upregulation, increased NADPH/NADP* ratio, and
cell proliferation[109].

It remains to be elucidated whether PPP is linked to stem cell epigenetic remodeling.

OTHER POTENTIAL INFLUENTIAL FACTORS

Structure

The structure of scaffolds can affect stem cell metabolism. Three-dimensional graphene foam has better
properties than two-dimensional foam for NSC differentiation. However, the possible mechanism needs
to be explored[110].

Micronutrients

Vitamin C: Vitamin C is a crucial micronutrient that may be involved in stem cell pluripotency by
activating H3K36 and H3K9 demethylases through Jumonji-C function[111]. A study using human
PGCLCs also indicated the pathway[112,113]. Micronutrients influence stem cells specification.

Folic acid: Folic acid is first metabolized to dihydrofolate and then to tetrahydrofolate, taking part in
DNA synthesis, influencing DNA and histone methylation[105]. Several studies have elucidated the role
of folate metabolism in regulating of the epigenetic landscape of stem cells[114,115]. Li et al[116] have
shown that folic acid deficiency in NSCs decreased cell proliferative capacity but increased apoptosis.
Kasulanati ef al[117] in a study of ESCs have provided more evidence for the effect of folic acid on PSC
pluripotency. Pei et al[118] in a study of mouse ESCs have demonstrated that under folate deficiency
conditions, H2AK119ubl1 increases, and expression of neural tube closure-associated genes decreases.
This suggests a possible mechanism for neural tube defects. Xie et al[119] have shown that folate
inhibition can activate histone modification of monomethylation at lysine 4 of histone H3 transcription,
suggesting that epigenetic regulation varies for different histone modifications.

Crosslinking: Horitani et al[120] have reported that glucose along with triglyceride increased metabolic
stress spikes in mice, resulting in demethylation of H3K27me3, and expression of senescence-like
phenotypes in bone marrow stem/progenitor cells. This could provide a therapeutic method for
patients with cardiovascular disease and type 2 diabetes.
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CONCLUSION

This review summarizes the recent studies about the metabolic-epigenetic nexus and provides
compelling evidence that metabolism regulates stem cell fate determination through epigenetic
mechanisms, such as histone acetylation, histone methylation and DNA methylation, in a variety of
physical and pathological phenomena. The latest studies have also suggested that potential manipu-
lation of metabolites held great promise in developing novel preventive, diagnostic and therapeutic
strategies for a variety of diseases, which still requires further study prior to application in clinic
settings.

There are still some essential questions. For example, what is the outcome of the regulation of
metabolism on the epigenetic and transcriptional procedures of stem cells. The interplay of metabolism
and epigenetics also brings out the complexity in environmental exposures studies, as the method of cell
metabolism and potential transgenerational inheritance has been changed[15,121].

Furthermore, there were still some limitations. Most studies have attached importance to the level of
enzymatic activity in cells, and we must accept that there is a difference between the measured and
actual values[15]. All researches were conducted under experimental and not physiological conditions,
and it is not hard to conclude that there might be some variation.

In summary, when it comes to the mechanism of stem cell fate determination, there is indeed
interplay between metabolism and epigenetics. We need more accurate data acquisition and more
realistic simulation as well as more specific mechanisms. The development of new technologies makes it
easier to measure cellular metabolic status, and the accumulation of past studies supports our further
exploration in this field.
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Abstract

In insulin-dependent diabetes, the islet f cells do not produce enough insulin and
the patients must receive exogenous insulin to control blood sugar. However,
there are still many deficiencies in exogenous insulin supplementation. Therefore,
the replacement of destroyed functional p cells with insulin-secreting cells derived
from functional stem cells is a good idea as a new therapeutic idea. This review
introduces the development schedule of mouse and human embryonic islets. The
differences between mouse and human pancreas embryo development were also
listed. Accordingly to the different sources of stem cells, the important research
achievements on the differentiation of insulin-secreting B cells of stem cells and
the current research status of stem cell therapy for diabetes were reviewed. Stem
cell replacement therapy is a promising treatment for diabetes, caused by
defective insulin secretion, but there are still many problems to be solved, such as
the biosafety and reliability of treatment, the emergence of tumors during
treatment, untargeted differentiation and autoimmunity, etc. Therefore, further
understanding of stem cell therapy for insulin is needed.
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Core Tip: Diabetes mellitus is one of the major health problems. Although traditional treatments such as
exogenous insulin injection can relieve diabetes to a certain extent, they have failed to achieve a radical
cure. Stem cell replacement therapy is a promising treatment for diabetes. So in this review, we introduce
the development schedule of mouse and human embryonic islets and summarize the important research
progressions in stem cell therapy for diabetes.
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INTRODUCTION

Diabetes mellitus is one of the major health problems now. This disease currently affects more than 425
million individuals and the prevalence of it is a year by year (http:/ /www.idf.org/diabetesatlas). About
537 million adults (20-79 years) worldwide are living with diabetes. This number is predicted to rise to
643 million by 2030 and 783 million by 2045. Among all patients with diabetes, about 10% individuals
suffer from type 1 diabetes mellitus (T1DM), a kind of diabetes that is caused by the autoimmune
destruction of insulin-secreting B cells in the pancreas, and about 90% of those are affected by type 2
diabetes mellitus (T2DM) due to the insulin resistance in key metabolic tissues and the dysfunction of
pancreatic insulin-secreting B cells[1,2]. Because both types of patients require exogenous insulin
supplementation to regulate blood sugar, they are collectively call insulin-dependent diabetes[3].

Although treatment can be effective, it often induces hypoglycemia and complex complications[4,5].
Therefore, B cells replacement therapy had transplant in 1966[6] and the development of schemes for
islet isolation[7], and the first clinical islet transplantation was carried out in 1977[8]. However, both
pancreas and islet transplantation are severely limited affected by donor tissue sources and immun-
osuppressive demand[9,10].

Compared with the limitations of human donor-derived B cells, the differentiation of insulin B cells
from pluripotent stem cells (PSCs) may be a more suitable method. Embryonic stem cells were first
isolated by Evans and Kaufman in 1981[11], and human embryonic stem cells were first cultured in 1998
by Thomson et al[12]. In 2007, Voltarelli ef al[13] conducted a phase I/II trial of TIDM patients with
hematopoietic stem cells (one kind of adult stem cells) transplantation, which showed that autologous
stem cells transplantation could produce insulin. In this review, we will summarize the specific process
of differentiation of definitive endoderm (DE) into insulin-secreting B cells in the existing literature, and
discuss the advances of promising stem cell therapy for insulin-dependent diabetes in recent years, and
finally, explore its future development direction.

PANCREAS DEVELOPMENT: FROM MULTIPOTENT PANCREAS PROGENITORS TO
ENDOCRINE CELLS

The pancreas is an important organ with both endocrine and digestive functions. Because human
materials are difficult to obtain, most researchers currently use mouse models to explore pancreatic
embryonic development. In this review, mouse embryonic age is converted into human embryonic age,
and the possible process of human pancreatic embryonic development is described from front to back
on the basis of mouse model according to the timeline.

The timeline of human embryonic development is based on age estimates until 60 d post conception
when identifiable human characteristics become apparent and then the name changes from embryo to
fetus[14].

Under the activation of epidermal growth factor, fibroblast growth factor 1, 7 and 10 (FGF1, FGF7and
FGF10), multipotent pancreas progenitors (MPPs) proliferate in a large amount[15]. The levels of FGF7
and FGF10 parallel MPPs expansion[16], and they activate the proliferation of human pancreatic
epithelial cells in vitro[17]. During 6-7 wpc, pancreatic trunk and tip domains are formed from the
foregut[18], and the former will continue to differentiate into ductal cells and endocrine cells, while the
latter will differentiate into acinar cells. Progenitors in the tip domain have the ability to develop into all
pancreatic epithelial cells initially, including acinar, ductal, and endocrine cells. The cells remaining at
the distal end of the epithelial structure then undergo acinar differentiation, while those near the apical
end become bipotent progenitors (endocrine/duct), also known as sex determining region Y-box 9
(SOX9") bipotent progenitors. Acinar apical cells are isolated from the trunk by the antagonistic
relationship between Nirenberg and Kim homeobox factor 6.1 (NKX6.1) and pancreas transcription
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factor 1A (PTF1A). PTF1A is gradually localized only in tip cells, while NKX6.1, SOX9 and hepatocyte
nuclear factor 1 homeobox B (HNF1B) are located in the trunk domain, whilst SOX9, NKX6.1 are limited
to ductal lineages ultimately. Under the mediation of FGF7, FGF 10, lamimin-1, and WNT-activating
ligands, the ducts and acini form the exocrine part of the pancreas[19]. Acini secrete digestive enzymes
such as trypsin, chymotrypsin, lipase and amylase, and their differentiation is regulated by a series of
transcription factors, including PTF1A and MIST1[20], While the molecular mechanisms by which ducts
are regulated is not completely clear, it is thought that HNF1B and HNF6 are active in ductal cells[19].
Ductal cells are polar and ciliated, forming tubular networks and secreting bicarbonates and mucins[21].

During 7-8 wpc, insulin*cells are first detected in human pancreas[18]. At around 8 wpc, the left
ventral bud degenerate and the right ventral bud fuse with the dorsal bud due to the gut rotation
movement[22]. The expression of transcription factor neurogenin 3 (NGN3) increases with the
appearance of human fetal B cells around 8 wpc, but the expression of NGN3 in human fetus is transient
and reaches its peak around 10-14 wpc, and cannot be detected after 35 wpc[23]. Around €9.5, a small
group of cells in the thickened DE epithelium begin to express the basic helix-loop-helix transcription
factor NGN3[24]. Studies have shown that these NGN3* cells are islet progenitors because SOX9*
bipotent progenitors depend on the regulation of NGN3 to differentiate into endocrine or ductal cells,
and cells expressing NGN3 produce all islet lineage cells[18]. The evidence to this effect are as follows:
islet cells are not observed in NGN3 knockout mice[24]. Mice with NGN3 gene defects failed to develop
all endocrine cells and died of diabetes 1-3 d after birth[24]. Genealogical tracing experiments showed
that NGN3* cells could produce all pancreatic endocrine cells[25].

In adult pancreas, purified NGN3* cells activated by partial ductal ligation could differentiate into all
islet cell types after being injected into embryonic pancreas in vitro[26]. In human, biallelic mutations of
NGNB3 caused permanent neonatal diabetes mellitus[27]. The efficiency of endocrine cells induced by
NGN3 was low. Only 3%-4.5% of SOX9* progenitors express NGN3 at the peak, which means that in
order to produce a sufficient number of islet cells in the human body, it takes a long time for endocrine
cells to be induced, and it is still unknown why only some SOX9* cells activate the expression of NGN3
[23].

After the expression of NGN3, pro-endocrine cells trigger the expression of downstream endocrine
transcription factor genes. These include pancreatic and duodenal homeobox 1 (PDX1), NKX6.1, paired
box protein 4 and 6 (PAX4 and PAX6), neurogenic differentiation 1, aristaless related homeobox,
regulatory factor X6, NKX2.2 etc., expressed around 8 wpc[28]. These progenitors migrate into
mesenchyme and form islets composed of o, B, 6, pancreatic polypeptide (PP) and & cells. Glucagon,
insulin, somatostatin (SST), PPY and ghrelin are produced respectively. Insulin acts on peripheral
tissues such as liver, muscle, and adipose tissue to increase glucose utilization and lower blood glucose,
while glucagon increases blood glucose concentration by acting on liver, brain, adipose tissue, and heart
[29]. These two hormones are the key to maintaining blood glucose homeostasis. There is a close
paracrine regulatory loop between a and B cells. For example, B cells secrete urocortin 3 to stimulate the
release of SST, and SST inhibits the secretion of glucagon from a cells[30]; a cells also produce ghrelin to
inhibit insulin secretion and stimulate their own glucagon secretion[31]. Around 8.5 wpc, the expression
of glucagon or SST can be probed; at 9 wpc, cells with polypeptide* or ghrelin*appear[18,32]. Not all
cells with the positive expression of NGN3 are identical in their developmental potential, and we do not
fully understand how NGN3* cells decide to differentiate into specific endocrine subtypes yet.

Although most researchers currently use mouse models to explore pancreatic embryonic
development due to the lack of human materials, we cannot ignore the differences between mouse and
human pancreatic embryogenesis. The following outlines the differences between human and mouse
pancreatic embryogenesis that are currently known (Table 1).

IMPORTANT ACHIEVEMENTS IN DIFFERENTIATION OF PLURIPOTENT STEM CELLS
INTO INSULIN-SECRETING B CELLS

After fertilization, mammalian embryos undergo a series of cellular divisions to form morulae and are
transformed into blastocyst by further cell division. The cells at the outer layer of the blastocyst differ-
entiate into the trophoblast, forming the majority of the placenta that sustains nutrient supply to the
embryo, and the inner cell mass (ICM) cells located inside the blastocyst maintain pluripotency and
produce all cell types of the extraembryonic tissues and the embryos. In 1981, Evans and Kaufman[11]
demonstrated that mouse ICM cells could be isolated and cultured in vitro without losing their
pluripotency. Because they could mimic the differentiation ability of ICM cells, the cultured cells were
called embryonic stem cells. Embryonic stem cells are a class of cells isolated from early embryos that
could proliferate and self-renew indefinitely. Whether in vivo or in vitro, embryonic stem cells can be
induced to differentiate into almost all types of cells in the inner, middle and outer germ layers. If
embryonic stem cells are transplanted into patients, it is possible to replace a variety of damaged cells,
and restore the corresponding function.
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Table 1 The differences between human and mouse pancreatic embryogenesis

Differences Mice Human Ref.
Morphological change  Early separation of foregut from notochord: e8.75 Delayed separation of foregut from notochord: 4-5 wpc [58,59]
Early formation of tip and trunk of pancreass: e14-e15 The tip and trunk pancreas form late: 6-8 wpc [18,60,
61]
Late islet formation: Endocrine cells do not aggregate until Islet formation is early: formation begins at 12 wpc [62,63]

Expression of
transcription factors

Endocrine cell
formation

birth to form islets

PDX1: Early expression, the current intestinal and PDX1: Late expression, delayed until the foregut and [58,59]
notochord is still in contact with the expression notochord separated from each other

NKX2.2: When it was confined to NGN3+ progenitor cells, NKX2.2: This expression does not appear until the cells [18,64]

it was widely expressed in mouse MPPs up to e13 have differentiated into endocrine lineage in human

SOX17: It was not present in mouse pancreatic epithelial ~ SOX17: Markers specific to the endoderm of the human [65]
cells islet

a cells: 8.5 a cells: 8-9 wpc [25,62,
B cells: €10.5-e.12.5 B cells: 6 wpc o

0 cells: e14.5 6 cells: 10 wpc

PP cells: €10.5-e.12.5 PP cells: 17 wpc
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Embryonic stem cells were the first type of stem cell used to induce P cell in vitro. In 2001, Lumelsky et
al[33] induced mouse embryonic stem cells to differentiate into insulin* cells by “five-stage differen-
tiation protocol” for the first time. In 2005, D' Amour et al[34] also designed a "five-stage differentiation
protocol" to induce embryonic stem cells to differentiate into insulin producing cells (IPCs). This
method mainly simulated the process of pancreatic development in vivo. In 2008, Kroon et al[35]
designed a "four-stage differentiation protocol" based on the "five-stage differentiation protocol" of
D'Amour’s team. The result showed that after pancreatic endoderm derived from human ESCs was
transplanted into mice in vitro, the team obtained IPCs that were matured, functional and responsive to
the changes of glucose level in the environment, and its function was similar to that of human mature
islets. In 2014, Pagliuca et al[36] induced human ESCs to differentiate into insulin-secreting B cells for the
first time.

Induced pluripotent stem cells are autologous pluripotent stem cells with multipotent differentiation
potential generated by reprogramming somatic cells. In 2006, Takahashi et al[37] reprogrammed mouse
somatic cells into pluripotent stem cells by adding four transcription factors (Oct3/4, Sox2, c-Myc, and
KIf4) for the first time. They showed that pluripotent stem cells can be directly induced by the addition
of only a few defined factors. Until now, the classical induction pattern of four transcription factors has
been broken, and the number of added transcription factors has been reduced from four to two or even
one[38]. Since ectopic expression of c-Myc can cause tumorigenicity of progeny, generation of
pluripotent stem cells with minimal factors may reduce the risk of treatment. The study found that
neural stem cells expressed endogenous levels of Sox2 and c-Myc higher than embryonic stem cells in
adult mice, and that exogenous Oct4 together with either KIf4 or c-Myc is sufficient to induce plu-
ripotent stem cells. In 2016, Zhu et al[39] reprogrammed skin cells to transform into endodermal
progenitors using drugs and genetic molecules for the first time. After adding four other molecules, the
endodermal progenitors were transformed into pancreatic precursors and they developed into fully
functional pancreatic p cells. These cells protect mice from diabetes and are capable of producing
different doses of insulin in response to the changes in blood glucose levels.

Adult stem cells are a kind of undifferentiated cells that exist in differentiated tissues. They have the
characteristics of self-renewal and multi-differentiation potential, and they exist in a variety of tissues
and organs. Bone marrow mesenchymal stem cells[40], adipose mesenchymal stem cells[41,42] and
pancreatic mesenchymal stem cells[43,44] are widely studied. In 2013, Lima et al[44] induced pancreatic
mesenchymal stem cells to differentiate into induced pluripotent stem cells (iPSCs) by adenovirus
transfection of PDX1, NGN3, macrophage-activating factor A and PAX4.

THE PROGRESSIONS IN STEM CELL THERAPY FOR INSULIN-INDEPENDENT DIABETES

At present, among many methods for treating diabetes, islet replacement therapy can be regarded as an
effective treatment method to relieve diabetes, especially for insulin dependent type 1 diabetes.
However, there are two problems in islet donors[45,46]: (1) islet donors are in short supply, and
recipients may face huge costs for surgery and postoperative follow-up treatment; and (2) the most
critical is the existence of organ immune rejection. The emergence of stem cell therapy provides a new
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way to solve these problems.

As mentioned above, stem cells are produced in various ways and from various sources. Different
types of stem cells have different applications and clinical limitations (Table 2). Embryonic stem cells
(ESCs, derived from the ICM of pre-implanted embryo) have limitations such as high tumorigenic risk,
obvious host immune rejection and ethical controversy[36,38,39]. Therefore, the clinical application of
ESCs is not clear. The biological characteristics of IPSCs (derived from embryonic gonadal ridge or
postnatal testes) are highly similar to ESCs, and their biggest advantage lie in: by obtaining specific
IPSCs from diabetic patients themselves, immune rejection and ethical controversies in ESCs
transplantation can be effectively avoided[41]. IPSCs-derived P cells have been considered as a potential
alternative source of B cells for TIDM[47] (Figure 1). However, IPSCs technology still faces the following
problems[48-50]: (1) high genetic variability between individual cell lines can result in immature
function of derived P cells. This mutation has been found to be repairable using genome editing tools
such as CRISPR-Cas9, etc[51]. To target diabetes caused by single-gene disease in 2020 the study
demonstrated that CRISPR-Cas9 correction of diabetes-induced gene variants enhances differentiation
of autologous SC-cells, corrects glucose in diabetic mice, and alleviates endoplasmic reticulum and
mitochondrial stress in f cells, thereby protecting pancreatic B cells[52]; (2) IPSCs have very low differ-
entiation efficiency in vitro and may become cancerous. In 2022, Chinese scholar Deng Hongkui's
research group[53] adjusted the in vitro differentiation scheme and realized efficient induction of differ-
entiation, thus making it possible to prepare functional mature islet cells on a large scale in vitro. The
research team transplanted islet cells differentiated from IPSCs into diabetic money model, which
effectively reversed diabetes in mice, and no tumor-causing phenomenon was observed in all tran-
splanted mice during the observation period of up to 48 wk. And this year, Chinese researchers have
found[54] that the bromine-containing domain and the additional terminal domain family protein
inhibitor I-BET151 can effectively promote the amplification of PPs. These expandable islet progenitors
(ePPs) maintain the islet progenitor status for a long time and have the ability to efficiently differentiate
into functional mature islet B cells (ePP-B). In particular, ePP-B cells can be transplanted in vivo to
rapidly improve diabetes in mice, and thus have great potential in cell transplantation therapy; and (3)
There is transplantation immune rejection. Studies have shown that using CRISPR gene editing to knock
out the f2-microglobulin gene could eliminate all HLA class I molecules, or deleting double alleles of
HLA-A and HLAB, leaving only one allele of HLA-C. This allows the IPSCs-induced f cells to avoid T
and NK cell attack after transplantation[55]. Mesenchymal stem cells (MSCs) are adult stem cells
(derived from postnatal tissues) with self-replicating ability and multidirectional differentiation
potential. Among them, human bone marrow MSCs, umbilical cord blood mesenchymal stem cells and
adipose tissue MSCs are widely used. In recent years, MSC based clinical trials in patients with TIDM
and T2DM diabetes were conducted, and in 2014, the first islet organ transplantation from MSC was
performed in T1D patients to evaluate the efficacy and safety of stem cells in the treatment of type 1
diabetes[47]. In 2018, it was found that MSCS (ASC) in adipose tissue can effectively reduce blood
glucose, improve insulin sensitivity, improve islet B cell function and reduce fat deposition in liver of
type 2 diabetic mice[56].

ViaCyte's research and development focuses on the targeted differentiation of pluripotent stem cells
into PPs, which are encapsulated and trialed to treat type 1 diabetes. These pancreatic progenitor cells
encased in biomaterial "envelopes" (cysts) require further differentiation in vivo to develop into islet cells
for optimal implant size for therapeutic effect and long-term viability of transplanted cells[54]. In July
2021, the company released the latest clinical data of its VC-02 islet cell replacement therapy for type 1
diabetes: implanted islet progenitor cells produced endogenous insulin in patients with clinical
manifestation of increased glucose reactive C-peptide levels, with time delay, and decreased HbA1C.
This led to the further development of stem cell therapy for diabetes. ViaCyte, in partnership with
CRISPR Therapeutics, is currently developing immune avoidant stem cell lines that combine the two
strategies. Methods designed to induce immune protection may produce cells that cannot be recognized
and thus cleared by the immune system[57], which will further improve the safety of stem cell-derived
islets transplanted into diabetic patients and effectively improve their postoperative quality of life.
Unlike ViaCyte, Vertex is designed to grow fully differentiated islet cells in the laboratory and
transplant them directly into patients without encapsulation. In February 2021, the FDA approved the
application for clinical trial of a new drug (VX-880) for the treatment of type 1 diabetes with stem cells.
In October, Vertex's clinical trial showed that the first patient treated with its stem-derived islet cells not
only resumed insulin production 90 d after treatment, but also reduced daily insulin use by 91 percent.

CONCLUSION

In the past 20 years, researchers have made great progresses on how to induce stem cells to differentiate
into pancreatic cells, and then insulin-secreting p cells. We also have a further understanding of the
treatment of diabetes by islet transplantation. However, although some studies have been able to induce
stem cells to differentiate into insulin-secreting B cells, these cells are cells with immature phenotypes,
which are different from normal human f cells. Moreover, these studies have low differentiation
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Table 2 Advantages and disadvantages of different types of stem cell therapy for diabetes

Cell types Advantages Disadvantages Ref.
Embryonic stem  High degree of differentiation ESCs is weak in directional differentiation and difficult to induce [35,
cell 36]

Induced
pluripotent stem
cell

Adult stem cell

There are ethical issues: ESCs are usually allogeneic

Teratoma, immune rejection and gene mutation may occur after
transplantation

IPSC technology does not use embryonic or egg cells, At present, the differentiation scheme of induced pluripotent stem cells  [39]
so ethical problems are less likely is not mature, and the induction efficiency is low, the stability is poor,
and the cost is high

Proprietary stem cells can be made from a patient's The use of virus vectors poses security problems
own cells, so there is less immune rejection

It is easy to achieve targeted differentiation, and The direction of differentiation is limited, not omnipotent [43,
some studies have shown that adult stem cells can be 44]
used to treat diabetes After transplantation, the ability of induced differentiated cells to

secrete insulin was usually lower than that of normal islet p cells, and
the cell survival rate was also lower

The efficiency of inducing differentiation at different stages is still low
based on reprogramming and small molecule screening

IPSC: Induced pluripotent stem cell.

Transplantation Encapsulation before transplantation

Encapsulation islets

e 7

Biopsy Reprogramming CRISPR-Cas9 Differentiation

R e I e

Patients

l

Somatic cell Patients iPSCs Correct iPSCs iPSCs-derived {3 cell

Direct transplantation
DOI: 10.4252/wjsc.v14.i7.503 Copyright ©The Author(s) 2022.

Figure 1 Application of induced pluripotent stem cells in the treatment of diabetes mellitus. The In insulin-dependent diabetes patients, induced
pluripotent stem cells (IPSCs)-derived f cells can be induced by autologous IPSCs and then directly or indirectly transplanted back into the body after encapsulation
to achieve the effect of diabetes treatment. For patients with monogenic diabetes, such as Wolfram syndrome patients, IPSCs-derived f cells with correct coding can
also be obtained after CRISPR-Cas9 gene modification technology and then transplanted. IPSCs: Induced pluripotent stem cells.
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efficiencies, thus stem cells cannot fully develop into insulin-secreting f cells.

Therefore, the selection of stem cells, the identification of maturation inducing factors in vivo, and the
improvement methods of culture efficiency are all problems that need to be solved. In addition, there
are other difficulties to overcome as follows: (1) the evaluation method of stem cells derived endocrine
cells function; (2) the selection of surface antigens of progenitors in specific differentiation stage and the
formulation of cell purification methods; and (3) the appearances of tumor, untargeted differentiation
and autoimmunity during the treatment with stem cells, as well as the biosafety and reliability of the
treatment.

On the whole, the application of genomics, epigenomics, proteomics and other methods to charac-
terize the differentiation products and the cooperation with biotechnology and pharmaceutical
departments are conducive to promoting the development of progenitors in specific stages to mature
insulin-secreting P cells. In the near future, stem cell replacement therapy may be clinically applicable to
diabetes.
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Abstract

Mesenchymal stem cells (MSCs) have gained wide-ranging reputation in the
medical research community due to their promising regenerative abilities. MSCs
can be isolated from various resources mostly bone marrow, Adipose tissues and
Umbilical cord. Huge advances have been achieved in comprehending the
possible mechanisms underlying the therapeutic functions of MSCs. Despite the
proven role of MSCs in repairing and healing of many disease modalities, many
hurdles hinder the transferring of these cells in the clinical settings. Among the
most reported problems encountering MSCs therapy in vivo are loss of tracking
signal post-transplantation, insufficient migration, homing and engraftment post-
infusion, and undesirable differentiation at the site of injury. Magnetic nano-
particles (MNPs) have been used widely for various biomedical applications.
MNPs have a metallic core stabilized by an outer coating material and their ma-
gnetic properties can be modulated by an external magnetic field. These magnetic
properties of MNPs were found to enhance the quality of diagnostic imaging
procedures and can be used to create a carrying system for targeted delivery of
therapeutic substances mainly drug, genes and stem cells. Several studies
highlighted the advantageous outcomes of combining MSCs with MNPs in
potentiating their tracking, monitoring, homing, engraftment and differentiation.
In this review, we will discuss the role of MNPs in promoting the therapeutic
profile of MSCs which may improve the success rate of MSCs transplantation and
solve many challenges that delay their clinical applicability.

Key Words: Mesenchymal stem cells; Magnetic nanoparticles; Tracking; Homing;
Migration; Differentiation
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Core Tip: Mesenchymal stem cells (MSCs) have been thoroughly investigated in many disease models and
they showed great therapeutic potential. Despite the confirmed therapeutic abilities of MSCs, many
challenges still exist which hinder the transfer of these cells to the treatment guidelines. The incorporation
of magnetic nanoparticles (MNPs) with MSCs has been reported to increase the therapeutic outcomes of
MSCs by solving major challenges that impede their long—term regenerative effects. MNPs are able to
improve the ability to track and deliver MSCs and to increase their migration, homing, survival and differ-
entiation in vitro and in vivo. This may help increase the success rate of MSCs transplantation and thus
increase the chance to include these cells in the treatment guidelines used in different clinical settings.
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INTRODUCTION

Mesenchymal stem cells (MSCs) are the mostly investigated stem cells due to their enchanting, wide-
range therapeutic and regenerative potential[l]. Since their discovery by Friedenstein in 1970, MSCs
have been thoroughly analyzed and characterized to discover the mechanistic explanations for their
therapeutic abilities[2]. MSCs are easily reached stem cells and can be isolated from many sources
including bone marrow (BM), adipose tissues and umbilical cord (UC)[3]. These cells are extensively
studied compared to other types of stem cells because they are ethically benign and have low
teratogenic tendency[3]. In addition, MSCs have an acceptable safety profile and less likely to cause
serious side effects[3]. MSCs beneficial effects have been linked primarily to the ability of MSCs to
secrete a cocktail of therapeutically active paracrine factors[4]. These paracrine factors secreted by MSCs
can attenuate many pathological processes including apoptosis, necrosis, fibrosis, and inflammation and
initiate repairing mechanisms in the damaged organs[4]. MSCs immunomodulatory functions also
contribute strongly to their curative potential[5]. Moreover, MSCs can exert actual regeneration of the
injured tissues by adopting the intrinsic machinery and differentiating to many functional cell types
such as osteocytes, chondrocytes, adipocytes, and cardiomyocytes-like cells[6]. Endogenous or
exogenous MSCs must migrate and home in the damaged tissues in order to gain their therapeutic
benefits[3]. After homing in the damaged tissues, MSCs should endure the harsh microenvironment that
may present[/]. Despite the numerous studies that highlighted the therapeutic efficiency of MSCs, many
serious obstacles encumber the shift of MSCs from bench to bedside and delay their presence in the
treatment guidelines[8]. The most reported post-transplantation challenges that researchers bump into
when they use MSCs in clinical studies: (1) The disparities in the differentiation potential between in
vitro and in vivo[9]; (2) The shift in their immunological characteristics and cytokines secretion profile
under different stress microenvironments that may exist at the site of injury mainly Hypoxia and
inflammation[5]; (3) The poor homing and migratory abilities of administered MSCs which may vary
based on the route of injection and microenvironment status[10]; and (4) The loss of signal emitted from
labelled cells due to the leakage of contrast agent after being injected, leads to difficulties in tracking and
monitoring of these cells[11].

Magnetic nanoparticles (MNPs) have gained great attention among the medical researchers due to
their unique biochemical and physical characteristics, their intrinsic biocompatibility and being
biodegradable through normal cellular pathways which make them suitable for wide range of
biomedical applications[12]. The intrinsic magnetic field elicited by the MNPs, which can be modulated
externally by an applied magnetic field , is the basis for using these MNPs as contrast agents for
biomedical imaging[13], biomarkers and biosensors[14], and targeted drug[15], cell and gene delivery
[16]. Combining MNPs with stem cells was found to enhance their therapeutic performance and solve
many challenges that hamper their regenerative potential and delay their clinical applications[17]. There
are many types of MNPs that have been fabricated, but the most non-toxic and non- immunogenic
MNPs that have been used with MSCs are iron oxide nanoparticles (IONs) such as magnetite (Fe,O,) or
its oxidized form maghemite (y-Fe,O,)[18-20]. These iron oxides based MNPs can be synthesized with
different particles’” diameters such as Superparamagnetic iron oxide (SPIO) nanoparticles (50-200 nm
diameter)[21] and ultra-small SPIO (USPIO) nanoparticles (around 35 nm diameter)[22] and different
types of stabilizing non-toxic coating substrates such as dextran, polyethylene glycol, and Silica[23]. In
general, the uptake of MNPs by MSCs is mediated mostly through endocytosis. MNPs usually are
engulfed by MSCs to form endosomes, which then transformed into Mature multivesicular endosomes
(MVEs). The MVEs then combined with lysosomes and get digested and decomposed into Fe**. The free
iron released into the cytoplasm of MSCs modified many cellular pathways to induce and promote their
survival, migration, homing, anti-apoptosis and anti-inflammatory, and differentiation. These
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magnetized MSCs can be further modulated and guided to enhance their therapeutic outcomes by
external magnetic fields. The internalization of MNPs inside MSCs can be also achieved by passive
diffusion if their particle size is small and by using MNPs that bind specific cell surface immune marker
found on MSCs. The prodigious power of using MNPs with MSCs to potentiate their tracking,
migration and homing, differentiation and regenerative abilities will be the focus of this review.

MNPs AS A CONTRAST AGENT TO TRACK MSCs

The use of MSCs in the clinical settings requires more accurate tracking methods of MSCs after
transplantation to determine their destinations, survival and final differentiated fates[24]. To visualize
transplanted MSCs using imaging modalities importantly the computed tomography, positron emission
tomography, and magnetic resonance imaging (MRI), these cells must be labelled with contrast agents
[25-28]. The problem with the traditional contrast agents is the high leakage rate which causes the loss of
emitted signal after short time course[29]. The contrast features of MNPs and their high safety profile
encouraged many researchers to use them for labeling MSCs prior to injection[18]. MSCs labelled with
MNPs have less leaking tendency and do not affect their stemness[30], rate of proliferation and the
differentiation potential beside providing higher contrast-to-noise ratio for effective imaging[31,32].

IONSs are the most commonly used MNPs for labelling and tracking MSCs due to their non-toxic and
non-immunogenic features, high spatial resolution and penetration depth, and the non-ionizing
radiation characteristics[33]. Superparamagnetic iron oxide nanoparticles (SPIONs), ultra-small SPIO-
poly (acrylic acid) (USPIO-PAA)[34], glucosamine-modified USPIO-PAA (USPIO-PAA-GIcN)[35], and
microgel iron oxide (MGIO)[36] are the most studied MNPs for MSCs labelling and tracking by multiple
imaging methods. Using SPIONs for stem cell labeling and tracking is a relatively new application.
Recently, ferumoxytol (Feraheme®, AMAG Pharmaceuticals), an ultrasmall SPION used clinically as an
MRI contrast agent[37]. Ferumoxytol colloidal particle size is less than 50 nm and can be phagocytized
efficiently by the MSCs-which have an inherited phagocytosis property- and can then be imaged and
tracked by MRI[37]. FeraTrack™, a dextran coated SPIONSs, have a positive surface charge making it cell
penetrable through a vesicular endocytosis route[38]. FeraTrack™ has gained utility as a biocompatible
MRI contrast agent for cell tracking purposes due to their high safety profile[38]. Mesentier-Louro et al
[39] used FeraTrack to track BM-MSCs at site of injury in a rodent model of optical nerve injury[39].
They reported that the after injecting FeraTrack™ labeled MSCs intravitreously, they migrated to the
site of optical nerve injury and remained there for up to 18 wk which is suitable to monitor their
integration with the host tissues at the site of injury using MRI. The incorporation of cationic
compounds such as poly-l-lysine and protamine onto the surface coating of SPIONs can enhance
labeling of MSCs by promoting interactions with the negatively charged cell surface[39]. Guldris et al
[35] studied the contrast characteristics of SPIOs and USPIOs coated with PAA, and USPIO-PAA-GIcN
as labeling agents for MSCs in vitro[35]. A portion of these MNPs was cultured with MSCs for 24 h ata
concentration of 100 pg mL-1. In the second group, the conditions were maintained, but polylysine
(PLL) was used to promote particle uptake. The study found that in the absence of PLL, SPIO-PAA
showed a very low and non-homogeneous labeling efficiency. USPIO-PAA and USPIO-PAA-GIcN
showed little to no internalization by MSCs, while combining USPIO-PAA-GIcN with polylysine
enhances their biocompatibility with MSCs and increases the detection sensitivity by MRI in both in
vitro and in vivo experiments[35]. Studies also reported that using an external pulsed magnetic field
opened channels in the cell membrane and increased the uptake of SPIONs by MSCs which intensified
the contrast signal[40,41]. Interestingly, Ngen and Artemov[42] developed a dual-contrast agent by
combining SPIONs and gadolinium chelate to monitor and track MSCs[42]. This dual contrast agent
generates powerful positive contrast and increases the signal gain[42]. Furthermore, this dual-contrast
agent was also able to distinguish between dead and live cells at the site of injury. This helps in
estimating the percentage of MSCs survival rate, as Gadolinium dependent positive contrast is
expunged in the live cells, whereas enhanced contrast level found in dead cells[42].

MGIO particles were studied to track human fetal MSCs through using 1.5T MRI[43]. MGIO particles
were found to achieve high detection sensitivity with low cellular toxicity through a simple incubation
protocol, which makes them useful for cellular tracking using standard MRI scanners[43]. These results
were similar to that reported by Maildnder et al[44] using adult BM-MSCs[44]. The tracking efficacy
achieved by MGIO was higher than that achieved with USPIO particles and the larger polystyrene
particles[43]. Extracellular vesicles (EVs) are secreted lipid bilayered vesicles containing enzymes,
nucleic acids and lipoproteins that are involved in intercellular communication. MSCs can activate
various repairing machineries by secreting EVs[45]. SPIONs were also used to facilitate the labelling and
imaging of EVs derived from MSCs. Dabrowska et al[46] labeled these EVs derived from MSCs using
the fluorescent lipophilic stain PKH26 and SPION nanoparticles conjugated with rhodamine (Molday
ION Rhodamine B™) which was found to be highly biocompatible with EVs to be imaged using MRI
[46]. The prospective use of MNPs in MSCs tracking is highly encouraging. MRI and MNPs are comple-
mentary and provide integrated information, like tracking and monitoring MSCs transplanting and
engulfing overtime, and this will provide more information to guide further therapy.
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MNPs TO ENHANCE THE HOMING OF TRANSPLANTED MSCs

Most of MSCs curative applications require injecting these cells directly to the injured tissues or
delivering them intravenously, which requires their migration and homing in the damaged tissues[47,
48]. MSCs homing is one of the major challenges in clinical settings because only a small percentage of
delivered MSCs reaches the desired injury site and integrates with host tissues, while the majority of the
administrated cells are trapped in the draining organs and get washed.

Recently, MNPs have been used to improve the homing percentage of transplanted MSCs at the site
of injury[49]. Among all nanoparticles, SPIONSs are the most extensively used nanomaterials to increase
MSCs homing tendency without affecting their viability, proliferation and differentiation[31,32]. MSCs
labeled with SPIONs exhibit enhanced homing due to magnetic attraction[50]. Several research groups
have investigated the homing and tracking of MSCs after being labelled with SPIONs. Meng et al[51]
used SPIONs and green fluorescent protein (GFP) reporter gene to create a double labelling of
Wharton’s Jelly human umbilical cord-derived MSCs (W]-MSCs)[51]. These cells were injected to a nude
mouse with cutaneous tissue injury. In this work, they used 25 pg/mL of SPION, and they divided the
nude mice into three groups: The first group treated with WJ-MSCs only, the second group treated with
GFP/SPIONs-positive WJ-MSCs, and the third group treated with SPIONs/GFP-positive WJ-MSCs and
exposed to an external magnetic field (0.5T)[51]. In all three groups, MSCs were injected subcu-
taneously. The results showed a remarkable increase the migration abilities of GFP/SPIONs-labeled W]-
MSCs in vivo without changing their inherited characteristics. The employment of a non-invasive
external magnetic field provides a rapid guided homing of W]-MSCs to the targeted injury site. Yun et al
[48] used 15 pg/mL Rhodamine B, which was added to SPIONSs to label MSCs that were injected to
mouse model of wounded olfactory bulb. The Rhodamine B/SPIONs-labelled MSCs showed an
improved homing by upregulating various homing factors mainly CXCR4 and CXCR4-SDF-1[51]. Yun
et al[48] also used a magnetic field of 0.32 T to direct the Rhodamine B/SPIONs-labelled MSCs rapidly
to the site of injury. Based on many studies, SPIONs enhance the MSCs homing by stimulating the
expression of chemokine receptors mainly CXCR4-SDF-1a signaling[48].

A recent study by Braniste et al[52] in which they created a semiconductor nanoparticle by combining
nanometer scale GaN thin layers with a sacrificial zinc ferrite core (ZnFe,0,)[52]. Braniste et al[52]
incubated MSCs with (10 mg/mL) semiconductor nanoparticles and applied a remote magnetic field to
control the direction of their movement. They found that these semiconductor nanoparticles were
effectual to redistribute and rearrange MSCs according to the remote magnetic field intensity, thus
enhanced the long term tracking and monitoring of the injected cells in vivo[52].

Silva et al[53] fabricated gold and maghemite nanoparticles that were functionalized with 2,3-
dimercaptosuccinic acid (DMSA) (Au-DMSA and y-Fe203-DMSA)[53]. These nanoparticles were
incubated with human MSCs and these labelled MSCs were inoculated through intranasal route and
tracked using standard computed microtomography. Despite the high biocompatibility of these
nanoparticles with MSCs, y-Fe203-DMSA and Au-DMSA based contrast was not strong enough for
tracking MSCs in vivo by standard computed microtomography[53]. An innovative iron-doped
hydroxyapatite nanoparticles (FeHA NPs) were prepared by Panseri et al[54] and were found to be
superior to SPIONs in improving the survival of MSCs due to rapid degradation and lower resulting
intracellular iron content[54]. The unique magnetic properties of FeHA NPs make them a suitable
carrier for delivering MSCs to the injury site and other therapeutically active products such as drugs,
growth factors, and miRNA[54].

Moayeri et al[55] used a poly-L-lysine hydrobromide coated SPIONs to label adipose-derived stem
cells (ADSC-SPION/PLL)[55]. These labeled ADSCs were injected in the medial forebrain bundle in a
rat model of Parkinson’s disease (PD), and simultaneously an external magnetic field were placed on the
top of rat skull for 2 wk[55]. The results of this study showed a significant improvement in the
migration and homing of these labeled ADSCs in the damaged sites of substantia nigra[55]. These
abovementioned studies provided strong evidence about the importance of these non-toxic and biocom-
patible MNPs in potentiating the homing percentage of transplanted MSCs which may improve the
successful rate of MSCs transplantation in different disease models.

MNPs TO IMPROVE THE MIGRATION ABILITIES OF TRANSPLANTED MSCs

Migration and subsequent engraftment following the infusion of MSCs are essential to enkindle the
regenerative power of MSCs. The desultory, undirected movement of MSCs and poor accumulation at
the injured site can hinder their therapeutic abilities. It has been found that MNPs can improve the
migratory features of MSCs and directed them to the target site[56]. Dextran-coated iron oxide
nanoparticles have been reported by Chung et al[57] to boost MSCs migration and the subsequent trans-
differentiation into dopaminergic like neurons in a mouse model of PD[57].

Li et al[33] also examined the in vitro migration of rat BM-MSCs to an injury site in the presence or
absence of polydopamine (PDA)-capped Fe,O, (Fe,0,@PDA) superparticles[33]. The results showed a
significant difference in the number of migrated cells between control MSCs and MSCs labeled with
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these superparticles[33]. Iron oxide nanoparticles were also found to increase the number of MSCs in the
S-phase, their proliferation index, migration ability and secretion of vascular endothelial growth factor
[47]. This suggests that labeling with iron oxide nanoparticles increased MSCs migration, while the cell
cycle progression was unaffected. It was also demonstrated that labeling MSCs with Fe,O,@PDA NPs
increase their migration towards laser burn injury sites in a living rat model, as well as their expression
of CXCR4[47]. The latter could explain the increased migration ability of labeled MSCs. Indeed,
previous studies had showed that the migration process is heavily dependent on the interaction
between SDF-1a and CXCR4, and the internalization of magnetic iron oxide nanoparticles elevates
CXCR4 levels in MSCs[58,59]. Furthermore, SPIONs have been found to activate the hepatocyte growth
factor/tyrosine-protein kinase Met pathway in MSCs to regulate their migratory and engraftment
properties[60].

MNPs TO POTENTIATE THE DIFFERENTIATION AND SURVIVAL OF TRANSPLANTED
MSCs

The superparamagnetic properties of MNPs are not only suitable for improving the homing and
migration properties of MSCs, studies found that MNPs can potentiate the MSCs survival and differen-
tiation[61,62]. Several studies demonstrated a substantial enhancement of MSCs differentiation when
these cells are combined with magnetic iron oxide nanoparticles, magnetic field and a specialized differ-
entiation medium. MNPs improve the engraftment of MSCs at the injury site which is an essential step
to adopt the cellular and molecular machinery required to initiate the differentiation to committed cell
type[63-66]. MNPs can be also used to enhance the quality of MSCs cryopreservation and survival after
thawing these cells[67]. Naseroleslami et al[68] transplanted a SPIONs-labelled human-derived MSCs
(hAMSCs) in a rat model of isoproterenol-induced myocardial injury[68]. They reported that SPIONs-
labeled hAMSCs produce a remarkable activation of cardiac repair machinery in the presence of
magnetic field through suppressing nuclear factor-kappaB/mitogen-activated protein kinases
dependent inflammation[68]. Zhang et al[69] reconstructed a Fe,O, MNPs by adding graphene oxide
(GO) to generate Fe,0,@GO magnetic nanocomposites (MNCs) that were loaded with bone morpho-
genetic protein-2 (BMP2)[69]. This Fe,0,@GO MNCs were able to mitigate the cell damage caused by
oxidative stress and through delivering BMP2, they also improved the osteogenic differentiation
abilities of MSCs[69]. Wang et al[70] created a magnetic lanthanum-doped HA/CS scaffolds
(MLaHA/CS)[70]. They found after placing the MLaHA /CS scaffolds into rats with calvarial defects, it
significantly enhances the recruitment of endogenous MSCs and facilitated regeneration of new bone
matrix[70]. The dose of internalized MNPs found to have a great influence on the preferential differen-
tiation of MSCs. When less than 10 pgFe/cell was used, the differentiation of MSCs into chondrocytes,
adipocytes or osteocytes using citrate-coated maghemite nanoparticles was similar to that of control
unlabeled cells[71]. On the other hand, when higher dose of 30 to 60 pgFe/cell was used, the chondro-
genesis was significantly turned off while the adipogenesis and osteogenesis were turned on.
Intriguingly, the source of MSCs may also govern their response to certain MNPs[72]. Labusca et al[73

showed some discrepancies in the response of ADSCs and WJ-MSCs to uncoated MNPs, with average
size of 20 nm[73]. When external magnetic field was applied, the chondrogenic differentiation was more
pronounced in the ADSCs cell culture but not in WJ-MSCs cell culture[73]. The possible explanation for
these findings was the presence of an active senescent protective mechanism in WJ-MSCs. Fan et al[74]
studied the differences in intracellular iron content, labeling efficiency, cell viability, and Adipogenic
and osteogenic differentiation potentials between AD-MSCs and BM-MSCs after labelling them with
SPIOs. They found that SPIO-labeled AD-MSCs and SPIO-labelled BM-MSCs were similar in their
labeling efficiency, intracellular iron level, survival, proliferation, differentiation potentials, and MRI
imaging[74]. Since the presence of an external magnetic field can dictate the differentiation fate of MSCs,
the same group of investigators, Labusca et al[75], also studied the effect of duration, intensity and
frequency of magnetic field on the differentiation abilities of ADSCs labeled with MNPs[75]. These
scientists revealed that using an intermittent low intensity magnetic field (0.5 MT) for short time (2 d)
triggered their differentiation to adipocytes, while applying intermittent high intensity magnetic field
(21.6 MT) for short time (2 d) or continuous low intensity magnetic field (0.5 MT) for longer time (7 d)
activated the osteogenic machinery[75]. Wang et al[76] injected SPION-labeled ADSCs in a rat model of
stress urinary incontinence. These magnetically labeled MSCs found to have a high survival rate post-
transplantation and efficiently enhanced the repairing process of the non-functional sphincter[76]. In the
similar context, Xu et al[77] showed that UC-MSCs labelled with SPIONs can tolerate the inflammatory
microenvironment in mouse model of sepsis by enhancing their immunomodulatory abilities and the
expression of heme oxygenase-1 and tumor necrosis factor receptor-associated factor (TRAF1)[77]. These
findings highlighted the advantageous outcomes of incorporating MNPs with MSCs therapy which may
ultimately potentiate the success rate of MSCs transplantation and increase the chance to shift these cells
toward bedside. Future studies should be designed to extensively investigate the long-term efficacy and
safety of these MNPs labeled MSCs, and in parallel clinical trials must be conducted to reveal the
translational possibilities of these MNPs-labeled MSCs. Table 1 summarizes the different studies that
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Table 1 Summary of studies that used magnetic nanoparticles to improve the transplantation characteristics of mesenchymal stem

cells
No. Ref. Magnetic nanoparticle Source of MSCs Application Outcomes
1 Maggio et al[78], Iron MNP with poly(epsilon- hBM-MSCs Viability and differen- Survival, Adipogenic and osteogenic
2016 lysine) dendrons exposing tiation differentiation were significantly
carboxybetaine residue (CB- improved
MNP)
2 Hueetal[79],2021 3D printing Magnetic AD-MSCs Bone tissue engineering  Upregulated the MAPK signaling
nanoparticles scaffold made and Osteogenesis and PI3K-Akt signaling and
from Ferumoxytol (y-Fe,O; increased the levels of RUNX2, ALP
@PSC) and polylysine and SMAD 1/5/8 which promoted
the Osteogenic differentiation
3 Huang et al[80], Magnetic nanoparticle BM-MSCs Osteogenic differen- The expression of type I collagen
2017 composite scaffold formulated tiation of MSCs gene increased in MSCs with
using the magnetic noticeable enhancement in their
nanoparticles Fe,O,;, Nano- Osteogenic differentiation without
hydroxyapatite and l-polylactic toxic effects
acid
4 Andrzejewska et al  Molday ION Rhodamine B™ hBM-MSCs Tracking of transplanted ~ Basic hBM-MSC characteristics and
[30], 2019 MSCs functions might be affected by
labeling. Molday ION Rhodamine
B™ labeling had a better profile than
other vital stains
5 Kono et al[81], 2021 Magnetic anionic mBM-MSCs Sarcopenia mouse model Magnetized MSCs have higher
liposome/ atelocollagen retention rate in the skeletal muscles
complexes after their local injection with
significant enhancement in their
immunomodulation abilities marked
by upregulating IL-6 and IL-10 and
downregulating TNF-o and IL-1p in
the inflamed skeletal muscle which
may be useful for effective
Sarcopenia treatment
6 Guldris et al[35], (1) SPIO-PAA; (2) USPIO-PAA;  Rat MSCs Cell tracking by MRI SPIO-PAA combined with polylysine
2017 and (3) USPIO-PAA-GIcN showed non-homogeneous cell
internalization. USPIO-PAA showed
no uptake. USPIO-PAA-GIcN
featured high cellular uptake, bio-
compatibility, and sensitive in vitro
and in vivo
7 Lee et al[36],2010 MGIO Primary endothelial In vivo tracking of stem  MGIO is an efficient label for the
progenitor cells cells after studying of relaxation induced by
transplantation magnetic particles and cellular
tracking by MRI
8 Thu et al[37], 2012 Self-assembling ferumoxytol- (1) Hematopoietic stem Cell tracking by MRI HPF labeling facilitates the
HPF nanocomplexes cells; (2) Bone marrow monitoring of infused or implanted
stromal cells; and (3) cells by MRI
Neural stem cells
9 Unterweger et al Dextran-coated SPIONP* Human endothelial MRI imaging SPIONP® are extremely safe and
[82], 2017 and monocytic cells represents a promising candidate for
further clinical development
10 Han et al[83], 2021 3D-printed poly (lactic-co- rBM-MSCs Rat Calvarial bone defect Increased the adhered cell number,
glycolic acid) scaffolds coated model to investigate and promoted cell spreading by
with IONPs Osteogenic differen- upregulating the expression of
tiation integrin o1 and p1 and their
downstream signaling molecules
FAK and ERK1/2. ALP levels and
Osteogenesis also significantly
increased
11 Lee et al[43],2009  MGIOs Human fetal MSC tracking by MRI The use of M600 particles may be
mesenchymal stem useful for cellular tracking using MRI
cells
12 Mailénder et al Carboxylated superpara- MSC Monitor trafficking of Feasibility and efficiency of labeling
[44], 2008 magnetic iron oxide particles transplanted MSCs cells  MSC with SPIONs was determined
by MRI without
transfection agents
13 Dabrowska et al Superparamagnetic iron oxide =~ Human bone marrow  Imaging of EVs Molday ION is biocompatible with
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[46], 2018

nanoparticles conjugated with
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Li et al[59], 2019

Yun et al[48], 2018

Meng et al[51],
2017

Braniste et al[52],
2020

Silva et al[53], 2016

Moayeri et al[55],
2020

Chung et al[57],
2018

Li et al[84], 2020

Dai et al[61], 2019

Hachani et al[85],
2017

Daquinag et al[66],
2013

Wang et al[67],
2016
Naseroleslami et al

[68], 2021

Zhang et al[69],
2020

Hamid et al[86],
2022

Van de Walle et al
[72], 2019

rhodamine (Molday ION
Rhodamine B™)

Fe,0,@PDA

SPIONs with rhodamine B

SPIONSs (Molday ION
Rhodamine B™)

ZnFe,0 nanoparticles based on
iron covered with a chemically

stable crystalline GaN film

Gold and maghemite

nanoparticles functionalized
with DMSA: (1) Au-DMSA; and

(2) y-Fe203-DMSA

PLL hydrobromide coated
SPION’s

Dex-IO NPs

Fe;0,@PDA NPs

MIONSs

3,4-dihydroxyhydrocinnamic
acid (DHCA) functionalized

IONPs

Iron oxide (Fe,O3) and gold

(Au) nanoparticles cross-linked

with PLL

Superparamagnetic Fe;O,
nanoparticles

SPIONs

Fe;0,@GO MNCs

Combining Static Magnetic field
with Samarium Cobalt (SmCO5)

Citrate coated iron oxide
(maghemite) nanoparticles
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Rat bone marrow-
derived MSCs

Mouse bone marrow-

derived MSCs

WJ-MSCs

Rat bone marrow
MSCs

Dental pulp derived
MSCs

Rat ADSC

hMSCs

Mouse bone marrow

MSCs

mESCs

hBM-MSCs

WAT ASC

hUCM-MSCs

hUCM-MSCs

Rat bone marrow
mesenchymalstem cells

hUC-MSCs

hBM-MSCs
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Migration and homing of
MSCs

Enhanced homing effect
in a model of olfactory

injury

Gene carrying into
cutaneous injury sites

Long term monitoring of
tracked MSCs

Tracking of MSCs in vivo

Delivery and homing of
transplanted MSCs in
the target tissue

Accelerate and optimize
MSC therapeutics for
Parkinson disease

Optimization of MSC-
based therapeutic
strategies for burn
wound healing

Induction of neural
differentiation of stem
cells

Imaging and contrast

WAT transplantation
applications and WAT-
based cell therapy

Long-term banking of
living cells

Protection against
myocardial injury

Bone tissue regeneration

Proliferative properties o
MSCs

The long-term
intracellular fate of MNP
in MSCs and differen-
tiation status
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the capability of EVs to re-enter
hBM-MSCs. IONs have magnetic
properties useful for imaging by MRI

Iron oxide nanoparticles increased
the expression of CXCR4 in MSCs
and improved their homing and ant-
inflammatory abilities

SPIONs-labeled MSCs produced
better homing effects of MSCs in vivo

Exposure to an external magnetic
field increases transportation of
SPIONs-labeled WJ-MSCs in vivo

These nanoparticles are compatible
with MSCs. Increasing concen-
trations of nanoparticles inhibit
proliferation of MSCs. GaN growth
on zinc ferrite nanoparticles increases
the chemical stability of the material

y-Fe203-DMSA and Au-DMSA can
be used as tracers for MSCs. Au-
DMSA is not suitable for visual-
ization and tracking. y-Fe203-DMSA
is a promising agent for MSC
magnetic targeting

Transfection of ADSC by
SPION/PLL is an appropriate
protocol for cell therapy

NPs enhance the migration of hMSCs
toward damaged DA-like cells,
induce hMSCs to differentiate to DA-
like neurons and promote the
protection/regeneration effects of
hMSCs

NPs effectively incorporated into the
MSCs without negative effects on cell
properties and enhanced their
migration ability

MIONSs promoted the differentiation
of the embryonic stem cells into
nerve cells

It was significantly phagocytized by
MSCs and produced significant
contrast enhancement for proper
tracking

This NP-based 3D methodology
potentially enhance WAT
transplantation efficacy

Magnetic induction heating in a
magnetic field with Fe;O,
nanoparticles facilitates rewarming
and cryopreservation outcome of
hUCM-MSCs

SPION-labeled MSCs in the presence
of magnetic field reduces inflam-
mation following myocardial injury

Fe;0,@GO MNCs reduced cell
damage caused by ROS, improved
the activity of MSCs and promote
osteogenic differentiation

Enhancement of MSCs proliferation
without changing their stemless and
immunophenotype

Intracellular de novo synthesis of
magnetic nanoparticles was
demonstrated due to the overex-
pression of H-subunit of ferritin. This
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30 Labusca et al[73],
2021

31 Labusca et al[75],
2020

32 Ishmukhametov et
al[87], 2022

33 Hao et al[88], 2021

34 Zhang et al[89],
2022

35 Ohki et al[90], 2020

36 Theruvath ef al[91],

37

38

2021

Xu et al[77], 2021

Liu et al[92], 2021

Fe,0, MNP

Fe;O, magnetite MNP

Citrate-stabilized MNPs that are
Functionalized with calf thymus
DNA solution (50 pg/mL) and
immobilized on glass surface

Magnetic Scaffold made from
Chitosan, Laponite and Fe;O,

3D magnetic scaffolds fabricated
by incorporating MNPs into
electrospun gelatin nanofibers
coated with either citric acid or

polyvinylpyrrolidone

SPIO and USPIO

Ferumoxytol and Ascorbic acid

SPIOs

Fe,0,@PDA

(1) Human primary
adipose derived MSCs;
and (2) hWJMSCs

Primary human
ADSCs

Human ADSCs

hUC-MSCs

BM-MSCs

hUC-MSCs

BM-MSCs

hUC-MSCs

hUC-MSCs

Cartilage engineering

Treatment of
osteoporosis

Differentiation of MSCs

Proliferation and
Osteogenesis

Osteogenesis and
Chondrogenesis

Labelling, Proliferation
and differentiation

Knee cartilage
regeneration in minipigs

Survival and
Immunomodulation in
Mouse Sepsis model

Homing and differen-
tiation in rat model of
Sciatic Nerve Chronic
Compression Injury

process could prevent long-term
cytotoxicity and enhance MSCs
differentiation

Exposure to magnetic field increases
ADSC-MNP chondrogenesis in
ADSC, but not in WJMSC

Parameters of magnetic field and the
exposure way interfere with ADSCs
differentiation in terms of adipogenic
and osteogenic conversion.

Enhanced the Chondrogenesis and
Osteogenesis in hTERT-transduced
MSCs and the use of glass surface
increased the chondrogenesis rate
and reduced the need to high level of
growth factors in the differentiation
medium

Enhanced the proliferation of hUC-
MSCs and increased Osteogenesis
markers; ALP, OCN and type I
collagen

Chondrogenesis-related genes
COL2A1 and ACAN were selectively
enhanced by magnetic scaffolds with
citric acid-coated MNPs (CAG).
Osteogenesis-related genes (RUNX2
and SPARC were selectively
upregulated by magnetic scaffolds
with polyvinylpyrrolidone-coated
MNPs

Remarkable increase in the signal
intensity, proliferation and three-
lineage differentiation (Osteogenesis,
Adipogenesis, and Chondrogenesis)

Hyaline-like cartilage regeneration in
the knee joints of minipigs and
improved Chondrogenesis were
observed with significant upregu-
lation in the amount of collagen type
1I

Enhanced the survival and
immunomodulatory abilities of
MSCs by increasing the levels of HO-
1 and TRAF1 and promoted the
polarization of macrophages to the
M2 type. This was found to improve
the liver- related injury in Sepsis

Fe;0,@PDA-labeled MSCs showed
better homing to the spinal cord
under magnetic field guidance and
decreases decreased spinal nerve
demyelination and c-Fos expression

hBM-MSCs: Human bone marrow-derived mesenchymal stem cells; PDA: Polydopamine; SPIOs: Superparamagnetic iron oxide nanoparticles; AD-MSCs:
Adipose tissue-derived mesenchymal stem cells; BM-MSCs: Bone marrow derived Mesenchymal stem cells; USPIO: Ultrasmall superparamagnetic iron
oxide; MNPs: Magnetic nanoparticles; OCN: Osteocalcin; ROS: Reactive oxygen species; GO: Graphene oxide; WAT: White adipose tissue; ASC: Adipose
stromal cells; MIONs: Magnetic iron oxide nanoparticles; Dex-IO NPs: Dextran-coated iron oxide nanoparticles; PLL: Poly-L-lysine; DMSA: 2,3-
dimercaptosuccinic acid; WJ-MSCs: Wharton’s Jelly of the human umbilical cord-derived MSCs; EVs: Extracellular vesicles; HPF: Heparin-protamine;
MGIO: Microgel iron oxide nanoparticle; MAPK: Mitogen-activated protein kinases; PI3K: Phosphatidylinositol 3-kinase; mESCs: Mouse embryonic stem
cells; IL: Interleukin; TNF-a: Tumor necrosis factor-a; MRI: Magnetic resonance imaging; USPIO-PAA-GIcN: Glucosamine-modified iron oxide

nanoparticles; MNC: Magnetic nanocomposites; HO-1: Heme oxygenase-1.
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used MNPs to improve the transplantation characteristics of MSCs. Combining Nanotechnology with
MSCs opens new avenues to enhance their therapeutic outcomes and long-term regenerative abilities.
The incorporation of MNPs with MSCs has been extensively investigated and it revealed great chances
to increase their survival, promote their homing and retention at the site of injury, improve their
tolerance to stress microenvironments and enhance their integration with host tissues and trigger their
differentiation. The use of MNPs with MSCs still in need for further investigation to answer many
concerns surrounding their combination. Some of these concerns are related to assessing the safety
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Figure 1 The prodigious therapeutic outcomes of combining mesenchymal stem cells with magnetic nanoparticles. MSC: Mesenchymal stem
cell; MAPK: Mitogen-activated protein kinases; JNK: c-Jun NH2-terminal kinase; ERK: extracellular signal-regulated kinase; ROS: Reactive oxygen species; PI3K:
Phosphatidylinositol 3-kinase; AKT: Protein kinase B; FOXO: Forkhead box O.
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profile of MNPs on the long-run, determining the optimal non-toxic dose that can be added to MSCs
based on the type of pathology and the ultimate target to be achieved, finding the best coating substrate
to be used with MNPs without affecting their therapeutic functions, exploring the possibility of
combining more than one MNPs for synergistic effects, finding the exact molecular mechanisms that are
exerted by MNPs to alter the cellular pathways in MSCs, and studying the impact of the internal
microenvironment which varies based on and the type of disease in influencing the uptake of MNPs by
MSCs and their ultimate response. Future studies should also focus on addressing the role of MNPs in
solving other MSCs therapy challenges including cellular heterogeneity which highly depends on the
source of MSCs and the culturing procedures being used, the undesirable pre-transplantation differen-
tiation, and the switch in their immunological characteristics under stress microenvironments. A
Schematic summary depicted the role of MNPs in improving the transplantation and biological charac-
teristics of MSCs can be found in Figure 1.

CONCLUSION

The regenerative abilities of MSCs have been thoroughly investigated and discussed. Despite the great
improvement in understanding the curative mechanisms of MSCs, many challenges are still there which
slow down the transferring of these cells in the treatment guidelines. Loss of tracking signal, poor
migration and homing to the injury site, and undesirable differentiation are the most reported hurdles
that thwart the therapeutic outcomes of MSCs in clinical trials. The new strategy of combining MSCs
with MNPs has been proven to boost the success rate of MSCs transplantation. MNPs have been
employed as an effective contrast agent for long term tracking and monitoring of injected MSCs. MNPs
also increase the migration and homing tendency of MSCs and enhance the committed differentiation of
these cells. Future studies should be designed to investigate the long term safety profile of these MNPs
and determine the suitable formulation and doses based on the specificity of each disease model and the
source of MSCs.
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Abstract

BACKGROUND
Dermal papillae (DP) and outer root sheath (ORS) cells play important roles in
hair growth and regeneration by regulating the activity of hair follicle (HF) cells.

AIM

To investigate the effects of human mesenchymal stem cell-derived extracellular
vesicles (hMSC-EVs) on DP and ORS cells as well as HFs. EVs are known to
regulate various cellular functions. However, the effects of hMSC-EVs on hair
growth, particularly on human-derived HF cells (DP and ORS cells), and the
possible mechanisms underlying these effects are unknown.

METHODS

hMSC-EVs were isolated and characterized using transmission electron micro-
scopy, nanoparticle tracking analysis, western blotting, and flow cytometry. The
activation of DP and ORS cells was analyzed using cellular proliferation,
migration, western blotting, and real-time polymerase chain reaction. HF growth
was evaluated ex vivo using human HFs.
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RESULTS

Wnt3a is present in a class of hMSC-EVs and associated with the EV membrane. hMSC-EVs
promote the proliferation of DP and ORS cells. Moreover, they translocate B-catenin into the
nucleus of DP cells by increasing the expression of B-catenin target transcription factors (Axin2,
EP2 and LEF1) in DP cells. Treatment with hMSC-EVs also promoted the migration of ORS cells
and enhanced the expression of keratin (K) differentiation markers (K6, K16, K17, and K75) in ORS
cells. Furthermore, treatment with hMSC-EVs increases hair shaft elongation in cultured human
HFs.

CONCLUSION
These findings suggest that hMSC-EVs are potential candidates for further preclinical and clinical
studies on hair loss treatment.

Key Words: Mesenchymal stem cells; Extracellular vesicles; Hair growth; Dermal papillae; Outer root sheath
cells

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Alopecia is a common medical problem affecting both males and females. This study found that
Wnt3a is enriched in human mesenchymal stem cell-derived extracellular vesicles (h(MSC-EVs) and
associated with their EVs’ surface. hMSC-EVs associated wnt3a can activate the Wnt/B-catenin signaling
in recipient dermal papillae cells. AMSC-EVs activate keratin differentiation in recipient outer root sheath
cells and increase hair shaft elongation. These findings open up for new hair growth treatment strategies to
be developed for alopecia.

Citation: Rajendran RL, Gangadaran P, Kwack MH, Oh JM, Hong CM, Sung YK, Lee J, Ahn BC. Application of
extracellular vesicles from mesenchymal stem cells promotes hair growth by regulating human dermal cells and
follicles. World J Stem Cells 2022; 14(7): 527-538

URL: https://www.wjgnet.com/1948-0210/full/v14/i7/527 .htm

DOI: https://dx.doi.org/10.4252/wjsc.v14.i7.527

INTRODUCTION

Hair loss is a common and progressive condition affecting both men and women. Within hair follicles
(HFs), cells and their secretory factors undergo complex and intricate interactions for the progression of
the HF cycle from telogen to anagen[1,2]. Hair loss can be stopped and hair regrowth can be improved
to a certain extent by minoxidil or finasteride treatment, but complete recovery is not possible. Hair
transplant surgery is another option to avoid baldness. It is not a cure for male pattern baldness and is
associated with complications such as edema, and rarely bleeding, folliculitis, numbness of the scalp,
telogen effluvium, and infection[3,4]. The dermal papilla (DP) and outer root sheath (ORS) cells support
the regulation of the hair cycle. However, they gradually lose their key hair-inducing properties under
pathological conditions[5]. The restoration of DP and ORS cell functions is required to promote hair
regrowth.

Extracellular vesicles (EVs) are spherical vesicles that are released by nearly all cells into the
extracellular milieu, and are found in body fluids and culture media. EVs comprise functional lipids,
proteins, and nucleic acids, and act as mediators of intercellular communication. EVs are classified as
exosomes, small EVs, microvesicles, and apoptotic bodies. Exosomes are released by cellular
multivesicular bodies, whereas microvesicles are formed by the outward budding of the plasma
membrane; both are secreted under normal cellular conditions. In contrast, apoptotic bodies form
during cell death[6,7].

In recent years, EVs have emerged as potential therapeutic candidates for various diseases, including
ischemic diseases, wound healing, and hair regrowth, by delivering their cargo to target cells[8-12]. EVs
or nanovesicles from DP cells[13-17], fibroblasts[18,19], stem cells[11,20], macrophages[21,22] and neural
progenitor cells[23] have been shown to have potential therapeutic effects on hair growth in recent
studies. Nearly half of these studies have reported enhanced hair regrowth using DP cells as the source
cells, which showed potential as therapeutic candidates for hair regrowth. However, clinical translation
of EVs derived from DP cells is limited because HFs are not readily available for isolating DP cells, and
they gradually lose key hair-inducing properties upon in vitro culture[13,24]. Stem cells, which can be
easily isolated from bone marrow (BM), adipose tissue, and the umbilical cord and generated using
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induced pluripotent stem cells, have been used for regenerative therapies in the last few decades,
including hair regeneration[25-28]. In our previous report, we studied the efficacy of mesenchymal stem
cell (MSC)-derived EVs on hair regrowth in addition to the efficacy of mouse BM-MSC-EVs on human
DP cells using a mouse model[11]. In another study, human MSC-EVs (hMSC-EVs) were used in a
mouse model[29].

In this study, we investigated the effects of human BM-MSCs-EVs (hBM-MSCs-EVs) on hair growth.
Additionally, we examined the possible molecular mechanisms responsible for hair regrowth. Finally,
human DP cells, human ORS cells, and human HFs were treated with hMSC-EV and then examined for
the activation of DP and ORS cells and their effects on hair shaft elongation in human HFs.

MATERIALS AND METHODS

Cell culture

BM-MSCs (normal, human; PCS-500-012™) were purchased from the American Type Culture Collection
(Manassas, VA, United States). Cells were cultured in Dulbecco's Modified Eagle's (DMEM)-F12
medium (HyClone, Logan, UT, United States) supplemented with 10% EV-depleted fetal bovine serum
(FBS; Hyclone; ultracentrifuged at 120000 x g for 18 h at 4 °C) and antibiotics (1% penicillin-strep-
tomycin) (Gibco, Carlsbad, CA, United States) and maintained at 37 °C and 5% CO,.

Isolation and culture of human DP and ORS cells

During hair transplantation of male patients with androgenic alopecia, biopsy specimens from the
occipital scalps were obtained after receiving consent. The Medical Ethics committee of Kyungpook
National University Hospital (Daegu, Korea) approved all the described studies (IRB No. KNU 2018-
0155). The HFs were dissected to isolate DP cells from the bulbs, and the cells were transferred to tissue
culture dishes coated with bovine type I collagen and cultured in low-glucose DMEM (HyClone, Logan,
UT, United States) supplemented with 1% antibiotic-antimycotic and 20% heat-inactivated FBS at 37 °C.
The cells were cultured for seven days with medium replacement every three days. The cells were then
cultured in low-glucose DMEM supplemented with 10% heat-inactivated FBS in 100-mm culture dishes.
Once the cells reached subconfluence, they were harvested using 0.25% trypsin and 10 mmol/L ethyle-
nediaminetetraacetic acid (EDTA) in phosphate-buffered saline (PBS) (split at a 1:5 ratio). Cells from
passage 2 were used for further experiments[30].

The same hair specimens were used to isolate ORS cells. The hair shaft and bulb regions of the HFs
were removed (to avoid contamination by other cells). HFs were trimmed and immersed in DMEM
supplemented with 20% FBS in tissue culture dishes coated with rat collagen type I (Corning,
Kennebunk, ME, United States). Cells were cultured for three days, and the medium was changed to
keratinocyte growth medium, EpiLife medium (Gibco BRL) with 1% antibiotic-antimycotic solution,
and 1% EpiLife defined growth supplement medium. After reaching subconfluence, the cells were
harvested using 0.25% trypsin and 10 mmol/L EDTA in PBS (split at a 1:5 ratio) and maintained in
EpiLife medium. Cells from passage 2 were used for further experiments[18].

Isolation of hMSC-EVs

hMSC-EVs were isolated from the culture medium of human BM-MSCs (from passage 3 to 6) by
ultracentrifugation as previously described[10]. The culture medium was centrifuged at 1500 x g for 10
min to remove the cells. Next, it was centrifuged at 4000 x g for 20 min to remove the cell debris. The
collected culture media was filtered through a 0.45-um syringe filter and ultracentrifuged at 100000 x g
for 60 min. The collected hMSC-EV pellets were resuspended in PBS and ultracentrifuged at 100000 x g
for 60 min. The hMSC-EVs were then reconstituted in 50-100 pL PBS and stored at —80 °C until use. All
ultracentrifugation procedures were performed at 4 °C using an SW28 rotor (Beckman Coulter). A
Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific, MA, United States) was used
to measure the amount of EVs.

Transmission electron microscopy

hMSC-EV pellets were resuspended in 100 puL of 2% paraformaldehyde. The samples were then added
to Formvar or carbon transmission electron microscope (TEM) grids, and the membranes were air-dried
for 20 min in a clean environment. The grids were washed with PBS (100 puL) and incubated in 50 puL of
1% glutaraldehyde for five minutes. The grids were then washed with distilled water for 7 x 2 min
cycles and observed under an HT 7700 TEM (Hitachi, Tokyo, Japan) to view the morphology of the
hMSC-EVs[9].

Nanopatrticle tracking analysis

The measurement of hMSC-EVs was performed by nanoparticle tracking analysis (NTA) using
NanoSight LM10 (Malvern). hMSC-EVs were diluted 1000-fold with Milli-Q water, and then a sterile
syringe was used to inject the sample into the chamber while ensuring that no bubbles were present.
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Measurements (n = 5) were performed and evaluated using the NanoSight NTA software. The
NanoSight software found that the measured values were the same as the measured particle sizes.

Western blot analysis

Western blotting was performed as previously described[31]. To extract proteins, whole cells and EVs
were treated with radio immunoprecipitation assay buffer (Thermo Fisher Scientific) containing a
cocktail of protease inhibitors. Total protein concentration was measured using a Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific). Equal quantities of proteins (10 pg) were separated using 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride
membranes (Millipore, Burlington, MA, United States). Blots were probed with primary antibodies
against Alix (dilution 1:4000; Abcam, Cambridge, MA, United States), cytochrome C (dilution 1:2500;
Abcam), GM130 (dilution 1:5000; Abcam), Wnt3a (dilution 1:2500; Abcam), PCNA (dilution 1:5000; Cell
Signaling Technology, Danvers, MA, United States), and anti-rabbit secondary antibodies (dilution
1:8000; Cell Signaling Technology, Danvers, MA, United States) conjugated to horseradish peroxidase.
Signals were detected using enhanced chemiluminescence (GE Healthcare, Waukesha, WI, United
States) according to the manufacturer’s protocol. Blot images were cropped and prepared using MS
PowerPoint (Microsoft, CA, United States).

Flow cytometry

Flow cytometry was performed as previously described[21]. hMSC-EVs were attached to 4 pm aldehyde
or sulfate latex beads (Invitrogen, Carlsbad, CA, United States) by mixing 5 pg of the sample with 10 uL
of beads for 15 min. The final volume was made up to 1 mL using PBS and mixed for 2 h in a rotary
shaker. The sample reaction was stopped by adding 100 mmol/L glycine (1 mL) and 2% bovine serum
albumin in PBS for 30 min in a rotary shaker. EVs were bound to beads and incubated overnight at 4 °C
with Wnt3a. The beads were then incubated for 60 min at 37 °C with a fluorescein isothiocyanate
(FITC)-labeled anti-rabbit antibody. They were resuspended in 1 mL PBS for flow cytometric analysis
using a BD FACS Aria III instrument, as per the manufacturer’s instructions (BD Biosciences, Franklin
Lakes, NJ, United States).

The EV internalization assay

hMSC-EVs were labeled with DiD dye (hMSC-EVs/DiD) as described previously[11]. DP or ORS cells (1
x 10% were cultured on eight-well chamber slides and incubated overnight. The DP was then incubated
with unlabeled hMSC-EVs (10 pg/mL) and hMSC-EVs/DiD (5 and 10 pg/mL) for 2 h at 37 °C in 5%
CO,. The ORS cells were then incubated with unlabeled hMSC-EVs (5 pg/mL) and hMSC-EVs/DiD (2.5,
5 pg/mL) for 2 h at 37 °C in 5% CO,. The cells were subsequently fixed in paraformaldehyde and
mounted using mounting medium with 4/, 6-diamidino-2-phenylindole (DAPI) (Vector Laboratories,
Burlingame, CA, United States). A confocal laser scanning microscope (LSM 800 with AiryScan, Zeiss,
Oberkochen, Germany) was used to observe and record the cellular internalization of hMSC-EVs into
DP or ORS cells.

In vitro cell proliferation assay

DP or ORS cells were seeded (0.5 x 10*/well) in 96-well plates and maintained overnight at 37 °C and
5% CQO,. Cells treated with hMSC-EVs (DP cells: 2, 4, 6, 8, and 10 ng/mL) and ORS cells (1-5 pg/mL)
were maintained for 24 h at 37 °C and 5% CO,. CCK8 (10 pL) (CCKS assay kit, Dojindo Molecular
Technologies, Kyushu, Japan) solution was added to each well. Two hours later, according to the
manufacturer's instructions, a spectrophotometer was used to measure the optical density at 450 nm to
observe the cell proliferation rate.

B-catenin localization in DP cells by immunofluorescence assay

DP cells (1 x 10*) were seeded on an eight-well chamber slide and incubated overnight. h(MSC-EVs (10
pg/mL) were added and incubated for an additional 24 h. The cells in the chamber were then fixed with
4% paraformaldehyde, probed with a primary anti-B-catenin antibody (dilution 1:200; Cell Signaling
Technology) overnight and washed with PBS. The fixed cells were then incubated with Alexa Fluor
FITC-conjugated anti-rabbit antibody for 60 min at room temperature for 45 min. Slides were washed
three times with PBS and mounted using mounting medium with DAPI (Vector Laboratories). Images
were analyzed using a confocal microscope (LSM 5 exciter, Zeiss, Oberkochen, Germany).

B-catenin trans-localization in DP cells by western blotting

DP cells (1 x 10°) were seeded on a 6-well plate and incubated overnight. Next, hMSC-EVs (5 and 10
pg/mL) were added and incubated for an additional 24 h. The nuclear fraction was isolated using an
NE-PER™ Nuclear and Cytoplasmic Extraction Reagents kit (Thermo Fisher Scientific) according to the
manufacturer’s instructions.
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Real-time polymerase chain reaction

Cells were lysed using TRIzol solution (Invitrogen) and total RNA was extracted according to the
manufacturer’s instructions. A real-time polymerase chain reaction (RT-PCR) was performed as
described previously[21] using the SsoAdvancedTM Universal SYBR Green Supermix (Bio-Rad,
Hercules, CA, United States) in a CFX96 touch-RT-PCR system (Bio-Rad). The PCR primer sequences
used in this study are listed in the Supplementary Table 1.

Cell migration assay

Migration assays were performed in 24-well cell culture inserts containing trans-parent PET membranes
with 8.0-mm pores (BD Biosciences). Human ORS cells were seeded on the upper chamber insert at 5 x
10°/well in 0.5 mL serum-free medium containing 0, 2.5, or 5 pg/mL hMSC-EVs and cultured for 24 h.
The medium was supplemented with 10% FBS in the lower chamber as a chemoattractant. After 24 h,
the cells on the lower surface were fixed with 2% paraformaldehyde, stained with crystal violet, viewed
under phase-contrast microscopy, and enumerated.

Hair shaft elongation of human HFs
Human HFs were isolated and cultured as described previously[32]. HFs were treated with varying

concentrations of hMSC-EVs (0, 0.1, 0.5, and 1 pg/mL) and hair shaft elongation was measured on day
6.

Statistical analysis

The mean + SD is used to express all data. Two-group comparisons were performed using Student’s t-
test in Microsoft Excel (Microsoft, Redmond, WA, United States) or GraphPad Prism 9 software version
9.0.0 (121) (GraphPad Software, San Diego, Inc., CA, United States). Statistical significance was set at P <
0.05.

RESULTS

Characterization of h(MSC-EVs and detection of Wnt3a associated with EV-membrane

The morphology of the isolated hMSC-EVs was analyzed using TEM. TEM imaging of hMSC-EVs
showed that most hMSC-EVs were spherical, which is the classical morphology of EVs. Moreover,
hMSC-EVs were intact and undamaged after the isolation procedure (Figure 1A). The results of NTA of
hMSC-EVs showed that their average diameter was 168.4 + 78.4 nm (Mode: 144.3 nm) (Figure 1B).
Western blotting analysis of EV biomarkers revealed that Alix was present in hMSC-EVs. Cytochrome C
(a mitochondrial protein) and GM130 (a Golgi apparatus protein), which are negative EV markers, were
absent in hMSC-EVs, confirming that hMSC-EVs were not contaminated with other cells or organelles.
Moreover, the presence and enrichment of Wnt3a were greater in hMSC-EVs than in hMSCs
(Figure 1C). Flow cytometry was used to confirm the location of Wnt3a in hMSC-EVs, which showed
that 34.22% of hMSC-EVs had Wnt3a on their membranes (Figure 1D and E).

hMSC-EVs promote the proliferation and activation of DP cells

To examine the interaction and integration of hMSC-EVs with recipient DP cells, hMSC-EVs were
labeled with DiD dye, and the labeled hMSC-EVs/DiD cells were incubated with DP cells for 4 h.
Confocal microscopy showed that hMSC-EVs interacted and integrated inside the cells (Figure 2A). The
effects of hMSC-EVs on the proliferation of DP cells were examined, and the results showed that hMSC-
EV treatment significantly increased the proliferation of DP cells (P < 0.001) with 2-6 pg/mL of hMSC-
EVs and (P < 0.01) with 8-10 pg/mL of hMSC-EVs (Figure 2B). Since hMSC-EVs showed the presence of
Wnt3a, we examined the translocation of B-catenin into the nucleus of DP cells after treatment with
hMSC-EVs (10 pg/mL), which revealed a strong signal in the nucleus of DP cells (Figure 2C). In
addition, we observed a dose-dependent increase in f-catenin levels in the nuclear fraction of hAMSC-EV-
treated cells compared with that of control-treated cells (Figure 2D). Furthermore, we examined the
expression of Wnt/B-catenin target transcription factors (Axin2, EP2 and LEF1). RT-PCR results showed
that there was a significant (P < 0.001 or P < 0.01) upregulation of Axin2, EP2 and LEF1 expression in DP
cells in a dose-dependent manner compared to the control (Figure 2E).

hMSC-EVs promote the proliferation and migration of human ORS cells

Confocal microscopy revealed the interaction and integration of hMSC-EVs into ORS cells (Figure 3A).
The effect of hMSC-EVs on the proliferation of ORS cells was investigated. The results showed that
hMSC-EV treatment significantly increased the proliferation of ORS cells (P < 0.001) at 1-5 pg/mL
(Figure 3B). As the migration of ORS cells is a hallmark of hair elongation, we examined the migration
of ORS cells using hMSC-EVs. After treatment with hMSC-EVs (2.5 and 5 pg/mL), ORS cells showed
significantly increased migration in a dose-dependent manner at both concentrations (P < 0.01 at 2.5
pg/mL and P < 0.001 at 5 pg/mL) (Figure 3C and D). Furthermore, we examined the expression of

WJSC | https://www.wjgnet.com 531 July 26,2022 | Volume14 | Issue7 |


https://f6publishing.blob.core.windows.net/bfd242df-2c6e-4c7c-aacd-8879630949f8/WJSC-14-527-supplementary-material.pdf

Rajendran RL et al. Human MSC-EVs promote hair growth

A B 17349
™ e i / ” Mean: 168.4 nm
.,;. / o Mode: 144.3 nm
& . , £ sD:  784nm
" -t 7 | ﬁ
// ! E
dooTs {’ 3 | ©
X (i : a
: | @ | | ©
se ! Y | g
¥ . B
=
“ ; 1 g
g S0 100nm | © s
0 - 598 998
0 100 200 300 400 500 600 700 800 900 1000
Size (nm)
C hMscCs D E
120
Cells EVs % 50 -
ALIX — Q
90 2 40
] f\ z i
Cytochrome-C | we i / 3 b
- (72}
S 60 | g 20 J
GM130 | = 8 1/ 8 2-
4 c
30 ‘ z
— Y
PCNA | s © 1
4 (V]
()]
] 8
=
Wni3a | - R S — 8o —— p—— | : | :
10t 10? 10° 10" 100 &
FL1-Loa Area
[ Beads only [71Control 1 []Control 2 [1Wnt3a

DOI: 10.4252/wjsc.v14.i7.527 Copyright ©The Author(s) 2022.

Figure 1 Isolation and characterization of human mesenchymal stem cell-derived extracellular vesicles. A: The morphology of human
mesenchymal stem cell-derived extracellular vesicles (nMSC-EVs) was confirmed using transmission electron microscopy (scale bars: 500 and 100 nm); B: hMSC-
EV size was determined using nanoparticle tracking analysis (n = 5); C: Western blot analysis using Alix, cytochrome C, GM130, PCNA, and Wnt3a antibodies on
hMSCs and hMSC-EVs; D and E: Flow cytometry count graphs of only beads, control 1 (beads + hMSC-EVs), control 2 [beads + hMSC-EVs + Secondary fluorescein
isothiocyanate (FITC) antibody], and Wnt3a (beads + hMSC-EVs + Wnt3a antibody + Secondary FITC antibody) (n = 3). The values obtained from experiments are
shown mean + SD. FITC: Fluorescein isothiocyanate; hMSC-EVs: Human mesenchymal stem cell-derived extracellular vesicles, NTA: Nanoparticle tracking analysis.
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keratin (K) differentiation markers (K6, K16, K17, and K75) in ORS cells after treatment with hMSC-EVs
(2.5 and 5 pg/mL). RT-PCR results showed a significant upregulation of all K mRNAs in a dose-
dependent manner compared to the control. K75 showed the highest expression (P < 0.001), followed by
K16 (P < 0.001) and K6 (P < 0.001) at both concentrations; K17 showed significant upregulation at 2.5
pg/mL (P < 0.05); and hMSC-EV treatment at 5 pg/mL showed no significant difference (P > 0.05)
compared to the control (Figure 3E).

hMSC-EVs elongate human HFs

To examine the elongation of hair shafts, mini-organ cultures were performed using human scalp HFs.
The HFs were treated with hMSC-EV (0, 0.05, and 0.01 pg/mL) and Wnt inhibitor-XAV939 (5 pM)
treatments for six days; the results showed that hMSC-EVs increased hair shaft length significantly (P <
0.01) at 0.05 pg/mL and (P < 0.001) at 0.1 pg/mL compared to control (vehicle). The XAV939 treatment
significantly (P < 0.001) reduced the hair shaft elongation compared to control (vehicle). Combination
treatment with hMSC-EV (0.05 and 0.01 pg/mL) and Wnt inhibitor-XAV939 (5 pM) significantly (P <
0.001) abolished hMSC-EVs-induced hair shaft elongation (Figure 4).

DISCUSSION

EVs were isolated from the hMSC culture medium by serial centrifugation, filtration, and ultracentrifu-
gation. The isolated hMSC-EVs displayed intact EV morphology (round) and size distribution.
Moreover, hMSC-EVs were enriched in Alix (a typical biomarker of EVs) and lacked cytochrome C (a
mitochondrial marker), GM130 (a golgi marker), and PCNA (a nuclear marker), which confirmed that
our hMSC-EVs were not contaminated with cell organelles, consistent with previous reports[9-11]. The
Wnt/B-catenin signaling cascade is crucial for the development and maintenance of HFs[13,33]. The

532 July 26,2022 | Volume14 | Issue7 |



hMSC-EVs

5 pg/mL

hMSC-EVs/DiD

10 pg/mL

hMSC-EVs
10 pg/mL PBS

2° antibody

Rajendran RL et al. Human MSC-EVs promote hair growth

Overlay Cropped B
: > :
: 2 !
I c ]
r C 1
c
1207 p—4H
s T L T
£ 1101 T T
QL
‘S 1001 T
x
S 904
>
80 T T T T T T
0 2 4 6 8 10
hMSC-EVs (pg/mL)
B-catenin Overlay hMSC-EVs (ug/mL)
0 5 10
B-catenin
e
Histone H3

Relative mRNA expression
(normalized to B-actin)

0 5 10 0 5 10 0 5 10
hMSC-EVs (ug/mL)
DOI: 10.4252/wisc.v14.i7.527 Copyright ©The Author(s) 2022.

Figure 2 Interaction of human mesenchymal stem cell-derived extracellular vesicles with dermal papillae cells leads to cell proliferation
and activation of Wnt/B-catenin signaling. A: Dermal papillae (DP) cells incubated for 2 h with non-labeled human mesenchymal stem cell-derived
extracellular vesicles (hnMSC-EVs) (10 pg/mL) and DiD-labeled hMSC-EVs (5 and 10 pg/mL; hMSC-EVs/DiD) (scale bar: 20 um); B: DP cell proliferation was
determined using a CCK8 assay 24 h after treatment with 0-10 pg hMSC-EVs (n = 5); C: B-catenin immunofluorescence assay in DP cells after 24 h of treatment with
hMSC-EVs (10 pg/mL) (scale bar: 20 um); D: The levels of B-catenin in the nuclear fraction of DP cells treated with hMSC-EVs (5 and 10 pg/mL) with histone H3
used as a loading control for nuclear fraction; E: Quantitative real-time polymerase chain reaction results of mRNA expression of Axin2, EP2 and LEF1 in DP cells
treated with hMSC-EVs (5 and 10 pg/mL) for 24 h (n = 3). The values obtained from experiments are shown mean + SD (°P < 0.01; °P < 0.001. Student's t-test was
used for comparison). h(MSC-EVs: Human mesenchymal stem cell-derived extracellular vesicles; DP: Dermal papillae.
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presence of Wnt3a in hMSC-EVs was confirmed, and Wnt3a was more enriched in EVs than in cells.
Several previous studies[34-37] have well documented the enrichment of Wnt proteins on EVs.
Furthermore, a significant proportion of Wnt3a (34.22%) was associated with the EV membranes. Our
previous study with macrophage-and fibroblast-derived EVs also showed that they have > 90%
(macrophage-derived EVs) or > 70% (fibroblast-derived EVs) associated with the EV membrane[18,21]
and A recent study showed that Wnt3a, Wnt5a, and Wnt7a were present on the surface of small EVs
isolated from a mouse hippocampal cell line (HT-22), which is in agreement with our current study[37].

To exert the therapeutic effects of any EV, an interaction with target/recipient cells or internalization
into target/recipient cells is needed[6,7,13]. Our results revealed that hMSC-EVs actively interacted and
integrated into DP cells. In the hair growth process, activation and maintenance of the Wnt/p-catenin
signaling cascade in DP cells are crucial[1,11]. In this study, we observed increased proliferation of DP
cells in vitro on treatment with hMSC-EVs. Most studies on various EVs have shown an increase in DP
cell proliferation upon treatment[11,13,15,17]. Furthermore, our results revealed that treatment of DP
cells with hMSC-EV translocated B-catenin into the nucleus, which is a requirement for the activation of
hair-inducing transcription factors[38,39]. Additionally, hMSC-EVs increased the expression of hair-
inducing transcription factors in DP cells (Axin2, EP2 and LEF1). Similar results were observed in other
studies that used EVs for treatment[15,18,21].

ORS cells are a putative source of stem cells with therapeutic capacity. Survival, migration, and differ-
entiation are important for HF maintenance[40,41]. Our results show that the interaction and integration
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Figure 3 Interaction of human mesenchymal stem cell-derived extracellular vesicles with outer root sheath cells leads to cell
proliferation, migration, and differentiation. A: Outer root sheath (ORS) cells incubated for 2 h with non-labeled human mesenchymal stem cell-derived
extracellular vesicles (hMSC-EVs) (5 ug/mL) and DiD-labeled hMSC-EVs (2.5 and 5 pg/mL; hMSC-EVs/DiD) (scale bar: 20 um); B: ORS cell proliferation was
determined using a CCK8 assay 24 h after treatment with 0-5 ug/mL hMSC-EVs (n = 4); C and D: Phase-contrast microscopy images of migrated ORS cells 24 h
after treatment with h(MSC-EVs (2.5 and 5 pg/mL; scale bar: 50 um); the quantified data of migrated cells are shown in (A) (n = 3); E: Quantitative real-time
polymerase chain reaction results of mRNA expressions of keratin (K) 6, K16, K17, and K75 in ORS cells treated with hMSC-EVs (5 and 10 pg/mL) for 24 h (n = 3).
The values obtained from experiments are shown mean + SD (*P < 0.05; °P < 0.01; °P < 0.001. Student’s t-test was used for comparison). NS: Not significant; h(MSC-
EVs: Human mesenchymal stem cell-derived extracellular vesicles; ORS: Outer root sheath.

of hMSC-EVs into ORS cells increased cellular proliferation and migration, which are necessary for hair
growth. Furthermore, h(MSC-EV treatment increased the expression of differentiation markers (K6, K16,
K17, and K75), indicating the differentiation of cultured ORS cells into follicular lineages[42]. Finally, we
investigated the hair-inducing properties of hMSC-EVs on human HFs. We observed that hMSC-EVs
increased hair shaft length, which was abolished by the Wnt inhibitor. These findings suggest a
potential therapeutic effect of hMSC-EVs in human HFs through Wnt/p-catenin signaling. Several other
studies using EVs in HFs have reported an increase in hair shaft elongation[15,16,18,21].

In the present study, we showed the enrichment of Wnt3a in hMSC-EVs and some association of
Wnt3a with the EV membrane. However, compared to macrophage-and fibroblast-derived EVs, hMSC-
EVs showed a lower association between Wnt3a and the membrane[18,21,37]. We have not ruled out
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Figure 4 Human mesenchymal stem cell-derived extracellular vesicles treatment promoted human hair follicle shaft elongation. A:
Representative images of human hair follicles of an individual after human mesenchymal stem cell-derived extracellular vesicles (0, 0.05, and 0.01 pg/mL) and
XAV939 (5 uM) treatments; B: Quantified data of hair shaft elongation on day 6 (n = 6). (3P < 0.05; °P < 0.001. Student’s t-test was used for comparison). hMSC-EVs:
Human mesenchymal stem cell-derived extracellular vesicles.
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that other proteins and miRNAs may play a role in hair regrowth because a few recent studies have
shown that miRNA-100, miR-NA-140-5p, and miRNA-218-5p play certain roles in hair regrowth[13,16,
23]. Further, a complete proteomic and miRNA analysis is needed to reveal a more complete
understanding of hair growth promoted by hMSC-EV treatment.

CONCLUSION

The present study demonstrated that hMSC-EVs enhance hair growth by activating HF cells and HFs.
Thus, hMSC-EVs could be therapeutic candidates for hair loss treatment.

ARTICLE HIGHLIGHTS

Research background

Hair loss is one of the most common disorders in both sexes. Despite the availability of several
treatment options, no definitive treatment method is currently available. Application of extracellular
vesicles (EVs) has been suggested as a possible new treatment modality for hair loss.
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Research motivation
Although cell-derived EV treatments have shown reasonable efficacy in hair loss studies, the molecular
mechanisms and therapeutic effects are still relatively unknown.

Research objectives
We examined the effects of human mesenchymal stem cell-derived EVs (hMSC-EVs) on human dermal
papillae (DP), outer root sheath (ORS) cells, and hair follicles (HF).

Research methods
Human DP cells, ORS cells, and HFs were treated with various amounts of hMSC-EVs to investigate the
effect of hMSC-EVs on human cells in vitro and ex vivo.

Research results

The Wnt3a-containing hMSC-EVs treatment increased the proliferation of DP cells and the Wnt/p-
catenin signaling cascade and activated transcription related to hair growth. Similarly, hMSC-EV
treatment increased the proliferation, migration, and keratin differentiation of ORS cells. The ex vivo
treatment with hMSC-EVs increased human HF shaft elongation.

Research conclusions
Application of hMSC-EVs may be a new potential strategy for hair loss treatment.

Research perspectives
Our findings demonstrate the effects of hAMSC-EVs on hair cells and HFs.
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Abstract

BACKGROUND

Cancer stem cells (CSCs) have been implicated in tumorigenesis and tumor
recurrence and metastasis are key therapeutic targets in cancer treatment.
MicroRNAs display therapeutic potential by controlling the properties of CSCs;
however, whether an association exists between miR-3682-3p and CSCs is
unknown.

AIM
To investigate the mechanism by which miR-3682-3p promotes stemness
maintenance in hepatocellular carcinoma (HCC).

METHODS

MiR-3682-3p expression in HCC cell lines and 34 pairs of normal and HCC
specimens was assayed by quantitative polymerase chain reaction. The functional
role of miR-3682-3p was investigated in vitro and in vivo. Dual-luciferase reporter
and chromatin immunoprecipitation assays were performed for target asse-
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ssment, and western blotting was utilized to confirm miR-3682-3p/target relationships.

RESULTS

We found that miR-3682-3p plays a key role in HCC pathogenesis by promoting HCC cell
stemness. The upregulation of miR-3682-3p enhanced CSC spheroid-forming ability, side
population cell fractions, and the expression of CSC factors in HCC cells in vitro and the tumori-
genicity of transplanted HCC cells in vivo. Furthermore, silencing miR-3682-3p prolonged the
survival of HCC-bearing mice. Mechanistically, we found that miR-3682-3p targets FOXO3 and
enables FOXO3/ B-catenin interaction, which promotes c-Myc expression through PI3K/AKT; c-
Myec, in turn, activates miR-3682-3p, forming a positive feedback loop. Intriguingly, miR-3682-3p
expression was induced by hepatitis B virus X protein (HBx) and was involved in HBx-induced
tumor stemness-related pathogenesis.

CONCLUSION
Our findings reveal a novel mechanism by which miR-3682-3p promotes stemness in HCC stem
cells. Silencing miR-3682-3p may represent a novel therapeutic strategy for HCC.

Key Words: miR-3682-3p; FOXO3; Cancer stem cells; Hepatocellular carcinoma

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In this work, we identified miR-3682-3p as a key inducer of cancer stem cell properties, thereby
promoting the pathogenesis of hepatocellular carcinoma (HCC). In brief, we found that the upregulation of
miR-3682-3p enhanced the spheroid forming ability, the fraction of side population cells, and the
expression of cancer stem cell factors in HCC cells in vitro as well as the tumorigenicity of transplanted
HCC cells in vivo; furthermore, silencing miR-3682-3p significantly prolonged the survival time of HCC-
bearing mice. Mechanistically, we found that miR-3682-3p targets FOXO3 and enables FOXO3/B-catenin
interaction, which promotes c-Myc expression through PI3K/AKT; c-Myec, in turn, activates miR-3682-3p,
resulting in the formation of a positive feedback loop. Taken together, we identified a novel positive
feedback regulatory loop involving HBx, miR-3682-3p, FOXO3, B-catenin, and c-Myc that plays a pivotal
role in the stemness of HCC. Our findings revealed a novel mechanism by which miR-3682-3p promotes
stem cell maintenance in HCC, and silencing miR-3682-3p may represent a novel therapeutic strategy for
the treatment of this cancer.

Citation: Chen Q, Yang SB, Zhang YW, Han SY, Jia L, Li B, Zhang Y, Zuo S. miR-3682-3p directly targets
FOXO03 and stimulates tumor stemness in hepatocellular carcinoma via a positive feedback loop involving
FOXO3/PI3K/AKT/c-Myc. World J Stem Cells 2022; 14(7): 539-555
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INTRODUCTION

Hepatocellular carcinoma (HCC) is a commonly diagnosed malignant tumor in China and is associated
with very high morbidity and mortality[1,2]. Despite notable advances in multimodal treatment
strategies over recent decades, such as radiotherapy, immunotherapy, and noninvasive surgical
resection, the prognosis of patients with HCC, with a 5-year relative overall survival rate of approx-
imately only 12%, remains unsatisfactory[3,4]. This highlights the urgent need to elucidate the
mechanisms underlying HCC tumorigenicity and metastasis and identify reliable biomarkers to guide
early HCC diagnosis and therapeutic intervention[5,6]. Increasing evidence has indicated that cancer
stem cells (CSCs) underlie the insensitivity of HCC to radiotherapy and chemotherapy and play a key
role in HCC metastasis and recurrence[7]. Like most stem cells, CSCs have the potential for self-renewal
and the ability to differentiate into multiple cell types, resulting in tumor heterogeneity, and ultimately
leading to tumor recurrence and metastasis[8]. Accordingly, targeting CSCs may represent a promising
therapeutic target for cancer treatment[9,10].

The hepatitis B virus X protein (HBx) can reportedly disrupt several pathways and associated
functions by regulating the expression and activity of numerous genes, epigenetics-related molecules
[such as microRNAs (miRNAs)], and long non-coding RNAs (IncRNAs)[11]. MiRNAs are endogenous
non-coding RNA molecules that can bind to the 3'-untranslated regions (3'-UTRs) of target mRNAs and
regulate their expression at the post-transcriptional level[12]. More than 2500 miRNAs have been
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identified in humans to date, and many likely remain to be identified[13-15]. It is well documented that
miRNAs play a significant role in regulating CSC function and cancer progression at multiple levels[16,
17]. MiR-3682-3p exerts both oncogenic and tumor-suppressive functions, depending on the cancer type.
For instance, high miR-3682-3p expression is correlated with esophageal cancer[18]. Exosomal miR-
3682-3p targets angiopoietin 1 by altering Ras-MEK1/2-ERK signaling, suggesting that exosomal-
derived miR-3682-3p may act as a tumor suppressor in HCC[19]. However, a different study reported
that miR-3682-3p induces the proliferation of HCC cells and inhibits their apoptosis through the FAS
pathway, indicating that miR-3682-3p may instead exert oncogenic effects in HCC[20].

Given these conflicting reports on the role of miR-3682-3p in HCC, we performed early validation of
miR-3682-3p expression using in situ hybridization, and found that the expression level of miR-3682-3p
was significantly elevated in HCC tissue compared with that in controls, and was positively correlated
with both malignancy and worse prognosis in HCC. Our data further indicated that high miR-3682-3p
expression levels were positively correlated with hepatitis B virus (HBV) infection. However, whether
miR-3682-3p also affects stemness in HCC remains unknown. In this study, we demonstrated that miR-
3682-3p directly targets and inhibits the expression of FOXO3. The downregulation of FOXO3 Levels
subsequently leads to the activation of a PI3K/AKT/f-catenin/c-Myc/miR-3682-3p positive feedback
loop that promotes the stemness of HCC cells. In summary, our findings revealed a role for miR-3682-3p
in promoting the stemness of HCC cells and suggested that this miRNA may represent a potential
therapeutic target for the treatment of HCC.

MATERIALS AND METHODS

Clinical tissue specimens
A total of 34 patients with HCC who underwent surgical resection in the Department of Hepatobiliary
Surgery of the Affiliated Hospital of Guizhou Medical University from June 2017 to June 2019 were
selected for this study. All patients provided informed consent. The study was approved by the Ethics
Committee of the Affiliated Hospital of Guizhou Medical University. HCC and paired paracancerous
tissue specimens (at least 3 cm from the edge of the tumor) were collected after resection and were
preserved in liquid nitrogen. HCC was pathologically confirmed in all cases. All the selected patients
were undergoing first-time surgical resection of the primary lesion, and none had received
radiotherapy, chemotherapy, or hormone therapy before surgery.

The HCC tissue microarray was purchased from the Shanghai Molecular Medicine Engineering
Center (Shanghai, China) with approval from its Ethics Committee.

Cell culture

The cell lines used in this study (LO2, LM3, Huh7, Hep3B, HepG2, and MHCC97H) were provided by
the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). The cells were cultured in
Dulbecco's modified Eagle's medium (DMEM) (Hyclone Laboratories, Inc., Logan, UT, United States)
supplemented with 10% fetal bovine serum (FBS) at 37 °C with 5% CO,.

RNA isolation and quantitative polymerase chain reaction

Total RNA was extracted from cultured HCC cells using Trizol reagent and reverse transcribed into
c¢DNA, which served as a template for quantitative polymerase chain reaction (QPCR). Gene expression
levels were detected separately using a standard SYBR Green RT-PCR kit (Thermo Scientific, Waltham,
MA, United States) according to the manufacturer’s instructions. The sequences of the primers used are
detailed in Supplementary Table 1. Relative gene expression levels were calculated using the 2- A A Ct
method and are reported as fold changes.

Lentivirus production and infection

Purchased miR-3682-3p overexpressing lentivirus with green fluorescence constructed and synthesized
by Ji kai (Shanghai, China) and the corresponding control lentivirus in vacuo. The virus dosage was
calculated at a cell fusion rate of 60%. Lentivirus was transfected into HCC cells at an MOI of 80 using a
transfection reagent. The medium was changed after 8 h of transfection. Green fluorescence could be
detected after 72 h of transfection under a fluorescence microscope, at which point the cells were

collected for PCR-based detection of the miR-3682-3p level to determine the transfection efficiency
(Supplementary Table 2).

Sphere formation assay

A total of 5 x 10° HCC cells were inoculated into six-well ultra-low adsorption plates (Corning, Painted
Post, NY, United States) containing 2% B27 (BD PharMingen, Carlsbad, CA, United States), 20 ng/mL
epidermal growth factor, 20 ng/mL fibroblast growth factor in DMEM/F12 serum-free medium
(Invitrogen). The cells were cultured for 14 d and then imaged and counted under a light microscope.
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CSC sorting

Cells in the logarithmic growth phase were digested into single-cell suspensions and washed twice with
PBS. A total of 1 x 10°cells/mL were resuspended in each of two tubes containing medium supple-
mented with 2% FBS. Verapamil (20 pL) was added to one tube (to inhibit dye efflux) and incubated for
30 min at 37 °C protected from light. Vybrant DyeCycle Violet stain (Sigma-Aldrich) at a final concen-
tration of 5 ng/mL was then added to both tubes followed by incubation with shaking for 90 min at 37
°C in the dark, and with mixing every 10 min. The samples were subsequently centrifuged at 1500 x g,
the supernatant was discarded, and the cells were resuspended in 1 mL of PBS. Finally, 5 pL of 7-ADD
(BD PharMingen) was added to each tube followed by flow cytometric detection. Each set of
experiments was repeated three times.

Dual-luciferase reporter assay

HCC cells were inoculated into 24-well plates, and the cells were fused to 70% with Lipofectamine 2000
(Invitrogen, Guangzhou, China). Plasmids containing the wild-type or mutated (mut) FOXO3 3'-UTR
were co-transfected with miR-3682-3p mimic/inhibitor and the cells were assayed for luciferase activity
after 48 h. To investigate the effect of c-Myc on miR-3682-3p transcription, vectors containing mutated c-
Myc binding sites were constructed and co-transfected with c-Myc expression plasmids into HCC cells,
following which the cells were assayed for luciferase activity.

Western blot analysis

Total protein was extracted from each group of HCC cells. Protein concentrations were determined by
BCA. Equal amounts of protein were separated by 10% SDS-PAGE, transferred to PVDF membranes
(Millipore, Bedford, MA, United States), incubated overnight at 4 °C with primary antibodies, and then
labeled with secondary antibodies at room temperature for 1 h. Bands were developed using luminol-
enhanced chemiluminescence (Thermo Scientific). The primary antibodies used for western blotting are
described in Supplementary Table 3.

Chromatin immunoprecipitation assay

The chromatin immunoprecipitation (ChIP) assay was performed using a ChIP kit (Thermo Scientific)
according to the manufacturer's instructions. Briefly, genomic DNA was extracted from HCC cells, the
DNA was fragmented, and a c-Myc antibody was added to the reaction system for immunoprecip-
itation. IgG served as a negative control. The purified DNA was PCR-amplified and the products were
separated on a 2% agarose gel. The primers used for PCR amplification are shown in Supplemen-
tary Table 1.

Co-immunoprecipitation

Total cellular protein was extracted using the Pierce Co-immunoprecipitation (Co-IP) Kit (Thermo
Scientific). A total of 2 mg of protein was incubated with 5 pg of specific antibody or IgG (used as a
negative control) overnight at 4 °C. After washing, the protein samples were subjected to western
blotting.

Nude mouse tumor xenograft model

All animal experiments were performed according to the requirements of the Guizhou Medical
University Animal Experiment Ethics Committee (2100555). Cyclophosphamide (200 pL) was injected
daily for the first three days of the experiment to disrupt the immune system of BALB/c nude mice
(SPF, Beijing, China). Then, the mice were divided into two groups of 20 mice each and administered
HCC cells (1 x 10 2 x 10°, 4 x 10°, and 8 x 10°cells, n = 5 mice per concentration) overexpressing or not
miR-3682-3p by subcutaneous injection. The mice were euthanized after 21 d and the tumors were
excised. Equal amounts of HCC cells (8 x 10°) were subcutaneously injected into four-week-old BALB/c
nude mice (n = 10 per group) to establish a HCC xenograft model. After one week, the mice received
either saline or 10 nmol of a miR-3682-3p antagomir (RiboBio, Guangzhou, China) intraperitoneally
twice a week for three weeks. The Kaplan-Meier method was used to evaluate the survival of the mice.

Immunohistochemistry and evaluation of inmunohistochemical staining

FOXO3, OCT4, and SOX2 protein expression levels were assessed in tissue microarrays (Proteintech,
Wubhan, China) according to the manufacturer’s protocol as well as in animal tissues. The indirect
streptavidin peroxidase method was used. Immunohistochemistry was scored by two registered
pathologists from the Affiliated Hospital of Guizhou Medical University based on the intensity of
coloration and area of the sections. The stained area was scored from 0 to 4 (0: < 5% staining; 1: 5%-25%
staining; 2: 26%-50% staining; 3: 50%-75% staining; and 4: > 75% staining). The product of the two sets of
scores was counted, and final staining scores of < 6 and = 6 were considered to reflect low and high
expression, respectively.
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Statistical analysis

SPSS v.25.0 (SPSS Inc., Chicago, IL, United States) was used for statistical analysis. Data were expressed
as means * standard deviation. Differences between two groups were compared using t-tests. Patient
clinicopathological parameters were analyzed using the y? test, patient survival was analyzed using
Kaplan-Meier survival curves, and comparisons of survival and recurrence rates between groups were
performed using the log-rank test. P values < 0.05 were considered significant. One-way Cox regression
was used to analyze all clinicopathological indicators and factors with P values < 0.05 were used for
multivariate regression analysis.

RESULTS

High expression of miR-3682-3p reflected poor prognosis of HCC patients

Data from The Cancer Genome Atlas (TCGA) were accessed to identify miRNAs related to the survival
of HCC patients. We identified miR-3682-3p as being distinctly highly expressed in HCC specimens
from TCGA datasets (P = 0.001) (Figure 1A). The results of our previous in situ hybridization analysis in
primary HCC tissues from a cohort of 90 HCC patients had suggested that a significant correlation
exists between miR-3682-3p expression and tumor size and stage, intrahepatic GGT levels, and HBV
surface antigen status. Additionally, high miR-3682-3p expression levels were associated with a shorter
survival time in HCC patients[21]. To verify the above results, we obtained HCC and adjacent paracan-
cerous tissue from a different cohort of 34 patients. RT-qPCR analysis showed that miR-3682-3p
expression was significantly higher in HCC tissue than in adjacent liver tissue (P = 0.001) (Figure 1B)
and was also significantly higher in HCC cell lines than in an immortalized hepatocyte line (LO2).
Intriguingly, the expression of miR-3682-3p was upregulated in HBV-positive HCC cells (Hep3B,
MHCC-97H, and HCCLM3) compared with that in HBV-negative (Huh7 and HepG2) HCC cells
(Figure 1C). Furthermore, survival analysis of TCGA dataset suggested that HCC patients with low
miR-3682-3p expression survived longer than those with high miR-3682-3p expression (P < 0.001)
(Figure 1D). In summary, our results suggested that miR-3682-3p expression is upregulated in HCC
tissues and is positively correlated with poor prognosis in HCC patients.

miR-3682-3p promotes stem cell properties in HCC cells via the PI3K/AKT/c-Myc signaling pathway
To investigate the effect of miR-3682-3p on CSCs, miR-3682-3p mimics, miR-3682-3p inhibitors, or miR-
3682-3p-expressing lentiviral vectors were transfected into HCC cells. We first examined the transfection
efficiency of miR-3682-3p by RT-qPCR (Supplementary Figure 1A and B). Overexpression of miR-3682-
3p increased the sphere-forming ability of HCC cells (Figure 2A and Supplementary Figure 1C) as well
as the percentage of side population cells (Figure 2B and Supplementary Figure 1D). Immunofluor-
escence staining and RT-qPCR further confirmed that miR-3682-3p increased the stemness of HCC cells
(Figure 2C-E). In contrast, miR-3682-3p downregulation in LM3 and MHCC-97H cells following
treatment with the miR-3682-3p inhibitor elicited the opposite result (Supplementary Figure 1E-H).

To investigate whether miR-3682-3p modulated the signaling pathway involved in the promotion of
tumor stemness, we performed gene set enrichment analysis (GSEA), and found that miR-3682-3p
expression was closely associated with PI3K/AKT activation in HCC (Figure 2F). Western blot was
further performed to confirm this possibility, with the results showing that miR-3682-3p overexpression
led to the upregulation of the expression of PI3K/AKT pathway-related proteins, including c-Myc, as
well as that of stemness-related molecules such as CD44, CD133, SOX2, and OCT4. The simultaneous
application of a PI3K inhibitor (LY294002) and the miR-3682-3p inhibitor in HCC cells overexpressing
miR-3682-3p reversed the above-mentioned changes in protein levels (Figure 2G). Together, these data
demonstrated that miR-3682-3p promotes a CSC-like phenotype in HCC cells through the PI3K/AKT/c-
Myec signaling axis, thereby further contributing to the progression of HCC.

MiR-3682-3p promotes the tumorigenicity of HCC cells in vivo

Because we found that MiR-3682-3p could promote a CSC-like phenotype in vitro, we next assessed
whether miR-3682-3p exerted a similar effect in vivo. For this, different concentrations (1 x 10¢, 2 x 10°, 4
x 10¢, and 8 x 10°) of HCC cells stably transfected with miR-3682-3p were subcutaneously injected into
BALB/C nude mice. As shown in Figure 3A, the associated tumorigenicity rates were 20% (1/5), 60%
(3/5), 100% (5/5), and 100% (5/5), respectively. For equal concentrations of control cells, the tumori-
genicity rates were 0% (0/5), 20% (1/5), 60% (3/5), and 100% (5/5), respectively. Similarly, the tumor
weight was greater in the miR-3682-3p overexpression group than in the control group (Figure 3B). RT-
qPCR results confirmed that the miR-3682-3p expression levels were higher in xenografts derived from
cells stably overexpressing miR-3682-3p than in negative control cell-derived xenografts (Figure 3C).
Additionally, Kaplan-Meier curve analysis indicated that miR-3682-3p antagomir administration
prolonged the survival time of mice compared with that of control animals (Figure 3D). The expression
of SOX2 and OCT4 in nude mouse xenograft tumors was then detected by immunohistochemistry, and
the same results were obtained (Figure 3E). Overall, these results provided further evidence that miR-
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Figure 1 High expression of miR-3682-3p reflected poor prognosis of hepatocellular carcinoma. A: The expression levels of miR-3682-3p in
normal and hepatocellular carcinoma (HCC) tissues in The Cancer Genome Atlas (TCGA) dataset; B: The expression of miR-3682-3p in 34 HCC and paired
paracancerous tissue samples as determined by RT-qgPCR; C: miR-3682-3p expression in HCC cells (HepG2, Huh7, Hep3B, LM3, and MHCC-97H) and normal liver
epithelial (LO2) cells as determined by RT-gPCR; D: Analysis of Kaplan-Meier overall survival curves for HCC patients based on miR-3682-3p expression in TCGA
dataset. °P < 0.01, °P < 0.001. Experiments were repeated three times.
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3682-3p promotes the tumorigenicity of HCC cells in vivo.

FOXO0a3 is a direct target of miR-3682-3p

To understand how miR-3682-3p affects the stemness of HCC cells, miRNA walk 2.0 was used for the
prediction of miR-382-3p targets, resulting in the identification of FOXO3 as a potential target gene of
this miRNA (Figure 4A). MiR-3682-3p overexpression led to the suppression of FOXO3 protein levels,
but did not affect FOXO3 transcript levels; meanwhile, the knockdown of miR-3682-3p elicited the
opposite effect (Figure 4B-D). The interaction between miR-3682-3p and FOXO3 was further validated
using a dual-luciferase reporter assay (Figure 4E). Additionally, immunohistochemical analysis of
xenografts derived from miR-3682-3p-overexpressing HCC cells demonstrated that FOXO3 expression
was downregulated in miR-3682-3p-overexpressing tumors (Figure 4F). To further demonstrate that
FOXO3 mediates the oncogenic activity of miR-3682-3p, we evaluated the effect of FOXO3 on miR-3682-
3p-modulated signals in HCC cells. We found that the overexpression of FOXO3 eliminated the
promotive effects of miR-3682-3p on the expression of phosphorylated (p)-PI3K, p-AKT, B-catenin,
SOX2, OCT4, CD133, CD44, and c-Myc (Figure 4G). Moreover, FOXO3 inhibited miR-3682-3p-induced
stimulation of CSC-like phenotypes in HCC cells (Supplementary Figure 2A-D). Taken together, these
results indicated that FOXO3 inhibits the miR-3682-3p-induced stemness of HCC cells.

It has been documented that FOXO3 interacts with p-catenin and plays a pivotal role in a variety of
tumors[22,23]. Here, we identified a possible interaction between FOXO3 and B-catenin by ColP
(Figure 4H). Interestingly, we further found that FOXO3 co-localized with B-catenin in the cytoplasm
(Figure 4I), while further immunofluorescence staining results showed that FOXO3 inhibited B-catenin
nuclear translocation (Figure 4J).

In brief, the above findings indicated that miR-3682-3p directly binds to the 3'-UTR of FOXO3,
thereby activating the PI3K/AKT/p-catenin/c-MYC signaling axis and promoting the stemness of HCC
cells.

c-Myc binds to the miR-3682-3p promoter region to promote its transcriptional activation

Transcription factors can promote the transcription of downstream miRNAs, which then bind to and
regulate the expression of their target genes. To determine the mechanism underlying the upregulation
of miR-3682-3p expression in HCC, we performed GSEA, and found that miR-3682-3p was positively
correlated with c-Myc (Figure 5A). Transcription factor binding site prediction using the UCSC and
JASPAR databases indicated that c-Myc can bind three regions in the miR-3682-3p promoter (Figure 5B).
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Figure 2 miR-3682-3p promotes the stem cell properties of hepatocellular carcinoma cells via the PI3K/AKT/c-Myc signaling pathway. A:
Representative images of formed hepatospheres (x 100 magnification); scale bar: 200 um; B: Flow cytometric analysis of the proportion of side population cells; C:
Immunofluorescence staining was performed to assess the expression levels of CD44 and CD133 in hepatocellular carcinoma cells (scale bar: 5 ym); D and E: RT-
gPCR analysis of SOX2, OCT4, CD133, and CD44 expression; F: Gene set enrichment analysis showing that miR-3682-3p regulates the PI3K/AKT signaling axis; G:
Western blotting analysis of PISK/AKT/c-Myc signaling- and stemness-related protein expression levels. °P < 0.01; °P < 0.001. Experiments were repeated three
times. NC: Negative control.
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RT-qPCR analysis showed that upregulation of c-Myc increased the expression levels of miR-3682-3p,
whereas c-Myc downregulation elicited the opposite result (Figure 5C and D). ChIP and luciferase
reporter assays further confirmed that c-Myc can bind to the three sites on the miR-3682-3p promoter
(Figure 5E-G). In summary, these data suggested that in HCC, c-Myc regulates miR-3682-3p tran-
scription through binding to its promoter region.

HBx induces miR-3682-3p expression, thereby enhancing the cancer stem cell-like properties of HCC

cells

HBx is an HBV-encoded protein that displays oncogenic properties and is known to play a critical role
in the development of many tumors. We have previously shown that miR-3682-3p expression is
positively correlated with HBV infection. Here, we sought to determine whether there is a correlation
between HBx and the miR-3682-3p/FOXO3/PI3K/AKT/p-catenin/c-Myc feedback loop. Our results
demonstrated that the overexpression or knockdown of the HBx-encoding gene respectively increased
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Figure 3 miR-3682-3p promotes the tumorigenicity of hepatocellular carcinoma cells in vivo. A: The tumorigenic rate of different concentrations of
hepatocellular carcinoma cells (n = 5); B: Tumors in the miR-3682-3p overexpression group weighed significantly more than those of the control group (n = 5); C:
Detection of miR-3682-3p expression in tumor tissues by RT-gPCR; D: Survival analysis revealed that miR-3682-3p antagomir prolongs the survival time of mice (n =
10, log-rank test); E: Immunohistochemical staining for stem cell-associated markers (SOX2 and OCT4) in xenograft tumors (n = 5) (x 100 magnification scale bar:
200 pm; x 400 magpnification scale bar: 50 um). ®P < 0.01. NC: Negative control; HE: Hematoxylin and eosin.

and decreased the expression level of miR-3682-3p (Figure 6A and B). We further showed that miR-
3682-3p mediated the oncogenic effects resulting from the HBx-mediated induction of PI3K/AKT/c-
Myc signaling (Figure 6C and D), i.e., HBx promoted stemness by upregulating miR-3682-3p expression.

Pathoclinical features of FOX03 expression

Finally, to obtain additional evidence to support our conclusions, tissue microarrays containing 90 HCC
and paired adjacent non-tumor tissue samples were subjected to FOXO3 immunohistochemical analysis
and scored for cell staining (Figure 7A and B). Survival analysis indicated that low FOXO3 expression
correlated with reduced overall survival time in HCC patients (Figure 7C and D), while high FOXO3
expression elicited the opposite effect (Figure 7C and D). Subsequently, FOXO3 expression was
evaluated in relation to the clinicopathological characteristics of HCC (Table 1). A one-step univariate
Cox regression analysis indicated that AJCC staging (P = 0.022), relapse (P = 0.002), GGT (P = 0.035),
Edmondson-Steiner grading (P < 0.001), and FOXO3 expression (P = 0.006). However, no differences
were identified using multivariate Cox regression analysis (Table 2). Combined with our early
fluorescence in situ hybridization analysis scores, our immunohistochemical analysis revealed that
FOXO3 expression was negatively correlated with miR-3682-3p expression (Figure 7E).

DISCUSSION

HCC is one of the most commonly diagnosed cancers worldwide[24]. Despite improvements in the
treatment of HCC, this disease continues to be associated with high morbidity and mortality[5,25]. CSCs
play key roles in tumorigenesis and tumor metastasis, and targeting CSCs has the potential to treat a
variety of cancers[26]. Multiple hepatic CSC biomarkers have already been identified. In this study, we
have added a genetic signature of these liver CSCs and revealed the signaling pathways that regulate
HCC[27].

Epigenetic modification is a key regulatory mechanism in tumor pathogenesis and involves the
participationof numerous miRNAs[28]. Recent studies have shown that specific miRNAs exhibit good
therapeutic potential associated with the control of cancer cell stemness[29]. In addition, strategies to
upregulate or inhibit miRNA levels in tumors, such as the design of miRNA mimics or antagomiRs,
have shown promising preliminary clinical results in tumor treatment, especially those targeting CSCs.
Studies have revealed that miR-3682-3p plays a major role in a variety of cancers, including HCC. In
addition, miR-3682-3p has been implicated as a key player in bladder cancer drug resistance by
inhibiting its activation by BML1 and thereby affecting[30]. However, no study to date has investigated

Guiewidenge WISC | https:/ /www.wijgnet.com 546 July 26,2022 | Volume14 | Issue7 |



Chen Q et al. Stemness cell of HCC

Table 1 Correlations between FOXO3 expression and the clinicopathological features of hepatocellular carcinoma patients, n (%)

FOXO3 expression
Characteristics n P value
Low High
Age (yr)
> 50 50 30 (60.00) 20 (40.00) 0.633
<50 40 22 (55.00) 18 (45.00)
Gender
Male 80 46 (57.50) 34 (42.50) 1.000
Female 10 6 (60.00) 4 (40.00)
AJCC stage
I 52 25 (48.08) 27 (51.92) 0.029
II-111 38 27 (71.05) 11 (28.95)
HBsAg
Negative 19 8 (42.11) 11 (57.89) 0.119
Positive 71 44 (61.97) 27 (38.03)
Recurrence
No 41 19 (46.34) 22 (53.76) 0.032
Yes 49 33 (67.35) 16 (32.65)
AFP (ug/L)
> 400 33 19 (57.6) 14 (42.4) 0.976
<400 57 33 (57.9) 24 (42.1)
Total bilirubin (pmol/L)
>20 15 5(33.33) 10 (66.67) 0.036
<20 75 47 (62.67) 28 (37.33)
ALT (U/L)
> 45 31 20 (64.52) 11 (35.48) 0.348
<45 59 32 (54.24) 27 (45.76)
GGT
> 40 59 37 (62.7) 22 (37.3) 0.191
<40 31 15 (48.4) 16 (51.6)
Edmondson-Steiner grade
I-1I 61 28 (45.90) 33 (54.10) 0.001
-1V 29 24 (82.76) 5(17.24)
Tumor number
Single 79 45 (56.97) 34 (45.03) 0.675
Multiple 11 7 (63.64) 4 (36.36)
Tumor size (cm)
>5 28 24 (85.71) 4 (14.29) 0.001
<5 62 28 (45.16) 34 (54.84)

stemness in HCC or whether miR-3682-3p has a role in this process. To address this, we investigated the
role of miR-3682-3p in regulating the properties of HCC stem cells as well as the underlying mechanism.
We found that the inhibition of miR-3682-3p suppressed the development of HCC, demonstrating that
miR-3682-3p may serve as a prognostic marker for this cancer.
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Table 2 Univariate and multivariate survival analysis of clinicpathological variables of hepatocellular carcinoma patients

Overall survival

Characteristics Univariate analysis Multivariate analysis
HR 95%Cl P value HR 95%Cl Pvalue
FOXO3 expression 0.311 (0.134-0.721) 0.006 0.504 (0.164-1.553) 0.233
Low vs high
Age (yr) 0.721 (0.352-1.476) 0.371
<50 vs >50
Gender 0.520 (0.124-2.176) 0.371
Male vs female
AJCC stage 2277 (1.123-4.616) 0.022 1.203 (0.555-2.604) 0.640
Lvs II-11I
HBsAg 0.667 (0.257-1.736) 0.407
Negative vs positive
Recurrence 87.223 (4.860-1565.443) 0.002
No vs yes
AFP (ng/mL) 0.888 (0.434-1.818) 0.746
<400 vs > 400
Total bilirubin (umol/L) 1.113 (0.428-2.893) 0.826
<200vs>20
ALT (U/L) 1.046 (0.504-2.171) 0.903
<45vs>45
GGT (U/L) 0.386 (0.159-0.937) 0.035 0.594 (0.233-1.516) 0.276
<40vs>40
Edmondson-Steiner grade 3.664 (1.791-7.497) <0.001 1.839 (0.560-3.445) 0.478
I-1T vs TII-IV
Tumor number 1.810 (0.742-4.417) 0.192
Singlevs vs multiple
Tumor size (cm) 0.504 (0.250-1.018) 0.056

<5vs>5

FOXO3 is a key member of the large FOX family of transcription factors[31]. In mammals, FOXO3 is
known to have a wide range of biological functions[32]. Studies have confirmed that FOXO3 exerts an
oncogenic role in a variety of cancers, including breast cancer[33], through the promotion of tumor cell
proliferation, metastasis, stemness, and drug resistance, among other biological behaviors. Several
studies have illustrated the interactive relationship between FOXO3 and p-catenin and the functional
role of FOXO3 in the PI3K/AKT signaling axis[22]. In the present study, we found that miR-3682-3p
directly targets FOXO3 and suppresses its expression, thereby enhancing P3K/AKT/c-Myc and
downstream signaling, including upregulating the expression of known stemness markers, and,
consequently, promoting the stemness of HCC cells.

c-Myc is an integral member of the MYC family of transcription factors. It is known to be involved in
the progression of various cancers[34,35], including through the regulation of the expression of
numerous miRNAs, thereby promoting tumor stemness, metastasis, proliferation, and chemoresistance
[36,38]. We have previously shown the existence of three binding sites for c-Myc in the miR-3682-3p
promoter using online bioinformatics tools. The results of the current study suggested that miR-3682-3p
targets FOXO3 and enables FOXO3/B-catenin interaction, which promotes c-Myc expression; c-Myc, in
turn, activates miR-3682-3p, thereby forming a positive feedback loop.

Despite the consensus that HBx is closely related to HBV-associated HCC[9,39], the role of miRNAs
in HBx-associated HCC is poorly understood[40]. HBx is known to influence the development of HCC
by regulating B-catenin entry into the nucleus, which, in turn, affects downstream signaling[39-41]. In
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Figure 4 FOXO3 is a direct target of miR-3682-3p. A: Binding sites for miR-3682-3p in the 3'-UTR of FOXO3 were predicted using bioinformatics tools; B-D:
The effect of miR-3682-3p on FOXO3 mRNA and protein levels as determined by RT-gPCR and western blot, respectively; E: Dual-luciferase reporter assay was
used to detect the interaction between miR-3682-3p and the 3'-UTR of FOXO3; F: Immunohistochemical analysis of FOXO3 expression in xenograft tumors (n = 5) (x
100 magnification scale bar: 200 pm, x 400 magnification scale bar: 50 pm); G: Western blot-based analysis of the effects of FOXO3 on stemness- and PI3K/AKT/c-
Myc pathway-related proteins; H: Immunoprecipitation assays for the interaction between endogenous FOXO3 and B-catenin; I: Immunofluorescence staining-based
assessment of FOXO3/B-catenin co-localization; J: Immunofluorescence staining of FOXO3 and B-catenin in hepatocellular carcinoma cells (scale bar: 5 pm). 2P <
0.05, °P < 0.001. Experiments were repeated three times. NC: Negative control; wt: Wild-type; mut: Mutant.

C-Myc [ o L5_ b
(-1886~-1897)  (-1344~- (-160~-171) TMIR-3682-3p O B3l -NC
é (-1886~-1897 (-1344~-1355 (-160~-171) TSS of Pre-miR-3682-3p % g (1)_; ESW-C-MYC
1 QO .
T H—I—I—’ & i
i E§ = c 0.6
AACCACCTGACA TTACAGGTGCCC  ATGCACCTGCTT  CTTCG... vB E 803
g9 238"
SteA  SiteB  SiteC 32 2200
Q
£5:0.760: NES:2.010: FDR q=0.0 Huh7 MHCC-97H ] Huh7 MHCC-97H
E G
%\ %\ MHCC-97H .%‘ 293T %‘ 0 ) Huh7 g 0 MHCC-97H
g 2 b 10 b c g b b B
= £ © a b © C © 8
S S g8 g8 i Ns 8
© ©
b b 36 NS5 6 8 6
g g S 4 sS4 sS4
5 5 22 22 22
G o 30 30 30
o . ] ) o . ] )
S IgGSite ASite BSite C  § IgG Site ASite B Site C © Q0 O O © Q0 O O
o o 2 X 2 X
= = & x§°° & & & x$j°° & & x
F Huh7-1P-C-Myc *‘fx PO g é\‘\('gx W @\(’
Q/(;@ AQ’CC@ o’@ S Q/c@ AQICC@ C@ S & ¥
Input 1gG Site A Site B Site C N &g & x N &E&&E X
K\
& é"@
K K

MHCC-97H-IP-C-Myc

miR-3683-3p

Input IgG Site A Site B Site C

DOI: 10.4252/wjsc.v14.i7.539 Copyright ©The Author(s) 2022.

Figure 5 c-Myc binds to the miR-3682-3p promoter region and promotes its transcriptional activation. A: Gene set enrichment analysis revealed
that miR-3682-3p is positively associated with c-Myc; B: Bioinformatic-based prediction of c-Myc binding sites in the miR-3682-3p promoter region; C and D: RT-
qPCR analysis of miR-3682-3p levels after c-Myc silencing and overexpression; E and F: Chromatin immunoprecipitation validated the binding of c-Myc to the miR-
3682-3p promoter; G: Dual-luciferase reporter assay confirmed the binding of c-Myc to the miR-3682-3p promoter. 2P < 0.05, °P < 0.01, °P < 0.001. Experiments were
repeated three times. NC: Negative control.

the present study, we found that miR-3682-3p expression was positively correlated with HBV infection.
We further found that HBx can promote miR-3682-3p expression, thereby downregulating that of
FOXO3 and promoting stemness in HCC.

CONCLUSION

We identified a novel positive feedback regulatory loop involving miR-3682-3p, FOXO3, B-catenin, and
c-Myc that plays a pivotal role in the stemness of HCC (Figure 7F). Our findings unveiled a novel
mechanism by which miR-3682-3p promotes stem cell maintenance in HCC progression and elucidated
for the first time the regulatory relationship between HBV and miR-3682-3p.
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Figure 6 HBx induces miR-3682-3p expression, thereby enhancing the cancer stem cell-like properties of hepatocellular carcinoma cells.
A and B: The levels of miR-3682-3p after the overexpression and silencing of HBx were detected by RT-qgPCR; C and D: RT-qPCR and western blot analysis of the
effect of HBx on stemness markers. P < 0.05, °P < 0.01, °P < 0.001. Experiments were repeated three times. NC: Negative control.
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Figure 7 Pathoclinical features of FOXO3 expression. A: FOXO3 expression in hepatocellular carcinoma (HCC) tissue microarray (x 100 magnification
scale bar: 200 um; x 400 magnification scale bar: 50 um); B: Immunohistochemical scoring of FOXO3 staining; C: Kaplan-Meier survival analysis showing the
FOXO3 expression level-related overall survival in HCC; D: Kaplan-Meier survival analysis showing the FOXO3 expression level-related disease-free survival in HCC;
E: Correlation between FOXO1 and miR-3682-3p expression (Spearman’s rank correlation test); F: Schematic representation of the HBx-induced miR-3682-
3p/FOX03/PI3K/AKT/c-Myc feedback loop that promotes HCC stemness. °P < 0.01.
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ARTICLE HIGHLIGHTS

Research background

Cancer stem cells (CSCs) have been implicated in tumorigenesis and tumor recurrence and metastasis
are key therapeutic targets in cancer treatment. MicroRNAs display therapeutic potential by controlling
the properties of CSCs; however, whether an association exists between miR-3682-3p and CSCs is
unknown.

Research motivation
However, whether an association exists between miR-3682-3p and CSCs is unknown. Here, we invest-
igated whether miR-3682-3p has a role in hepatocellular carcinoma (HCC).

Research objectives
To investigate the mechanism by which miR-3682-3p promotes stemness maintenance in HCC.

Research methods

MiR-3682-3p expression in HCC cell lines and 34 pairs of normal and HCC specimens was assayed by
qPCR. The functional role of miR-3682-3p was investigated in vitro and in vivo. Dual-luciferase reporter
and chromatin immunoprecipitation assays were performed for target assessment, and western blotting
was utilized to confirm miR-3682-3p/target relationships.

Research results

We found that miR-3682-3p plays a key role in HCC pathogenesis by promoting HCC cell stemness. The
upregulation of miR-3682-3p enhanced CSC spheroid-forming ability, side population cell fractions, and
the expression of CSC factors in HCC cells in vitro and the tumorigenicity of transplanted HCC cells in
vivo. Furthermore, silencing miR-3682-3p prolonged the survival of HCC-bearing mice. Mechanistically,
we found that miR-3682-3p targets FOXO3 and enables FOXO3/B-catenin interaction, which promotes
c-Myc expression through PI3K/AKT; c-Myc, in turn, activates miR-3682-3p, forming a positive
feedback loop. Intriguingly, miR-3682-3p expression was induced by hepatitis B virus X protein (HBx)
and was involved in HBx-induced tumor stemness-related pathogenesis.

Research conclusions
Our findings reveal a novel mechanism by which miR-3682-3p promotes stemness in HCC stem cells.
Silencing miR-3682-3p may represent a novel therapeutic strategy for HCC.

Research perspectives
This study has shed some light on the mechanism of action of miR-3682-3p in promoting stemness
maintenance in HCC and provides a potential target for the treatment of HCC.
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Abstract

BACKGROUND

Bronchopulmonary dysplasia (BPD) is not merely a chronic lung disease, but a
systemic condition with multiple organs implications predominantly associated
with hyperoxia exposure. Despite advances in current management strategies,
limited progress has been made in reducing the BPD-related systemic damage.
Meanwhile, although the protective effects of human umbilical cord-derived
mesenchymal stem cells (hUC-MSCs) or their exosomes on hyperoxia-induced
lung injury have been explored by many researchers, the underlying mechanism
has not been addressed in detail, and few studies have focused on the therapeutic
effect on systemic multiple organ injury.

AIM

To investigate whether hUC-MSC intratracheal administration could attenuate
hyperoxia-induced lung, heart, and kidney injuries and the underlying regulatory
mechanisms.

METHODS

Neonatal rats were exposed to hyperoxia (80% O,), treated with hUC-MSCs intrat-
racheal (iT) or intraperitoneal (iP) on postnatal day 7, and harvested on postnatal
day 21. The tissue sections of the lung, heart, and kidney were analyzed morpho-
metrically. Protein contents of the bronchoalveolar lavage fluid (BALF), myeloper-
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oxidase (MPO) expression, and malondialdehyde (MDA) levels were examined. Pulmonary
inflammatory cytokines were measured via enzyme-linked immunosorbent assay. A comparative
transcriptomic analysis of differentially expressed genes (DEGs) in lung tissue was conducted via
RNA-sequencing. Subsequently, we performed reverse transcription-quantitative polymerase
chain reaction and western blot analysis to explore the expression of target mRNA and proteins
related to inflammatory and oxidative responses.

RESULTS

iT hUC-MSCs administration improved pulmonary alveolarization and angiogenesis (P < 0.01, P <
0.01, P < 0.001, and P < 0.05 for mean linear intercept, septal counts, vascular medial thickness
index, and microvessel density respectively). Meanwhile, treatment with hUC-MSCs iT ame-
liorated right ventricular hypertrophy (for Fulton’s index, P < 0.01), and relieved reduced
nephrogenic zone width (P < 0.01) and glomerular diameter (P < 0.001) in kidneys. Among the
beneficial effects, a reduction of BALF protein, MPO, and MDA was observed in hUC-MSCs
groups (P < 0.01, P < 0.001, and P < 0.05 respectively). Increased pro-inflammatory cytokines
tumor necrosis factor-alpha, interleukin (IL)-1B, and IL-6 expression observed in the hyperoxia
group were significantly attenuated by hUC-MSCs administration (P < 0.01, P < 0.001, and P < 0.05
respectively). In addition, we observed an increase in anti-inflammatory cytokine IL-10 expression
in rats that received hUC-MSCs iT compared with rats reared in hyperoxia (P < 0.05). Tran-
scriptomic analysis showed that the DEGs in lung tissues induced by hyperoxia were enriched in
pathways related to inflammatory responses, epithelial cell proliferation, and vasculature
development. hUC-MSCs administration blunted these hyperoxia-induced dysregulated genes
and resulted in a shift in the gene expression pattern toward the normoxia group. hUC-MSCs
increased heme oxygenase-1 (HO-1), JAK2, and STAT3 expression, and their phosphorylation in
the lung, heart, and kidney (P < 0.05). Remarkably, no significant difference was observed between
the iT and iP administration.

CONCLUSION

iT hUC-MSCs administration ameliorates hyperoxia-induced lung, heart, and kidney injuries by
activating HO-1 expression and JAK/STAT signaling. The therapeutic benefits of local iT and iP
administration are equivalent.

Key Words: Mesenchymal stem cell; Hyperoxia; Multiple organ injury; Bronchopulmonary dysplasia; Heme
oxygenase-1; JAK/STAT pathway

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In the present study, we used a newborn rat model of postnatal hyperoxia exposure to simulate
clinical bronchopulmonary dysplasia (BPD) and the associated heart and kidney injuries in preterm
infants. Improved lung, heart, and kidney development, as well as reduced inflammatory and oxidative
responses, were observed with human umbilical cord-derived mesenchymal stem cells (hUC-MSCs)
administration. We demonstrated that hUC-MSCs ameliorate hyperoxia-induced systemic organ injuries
by activating heme oxygenase-1 expression and JAK/STAT pathway. Overall, our study shows that intrat-
racheal administration is a more attractive route of MSCs administration in preterm infants for the
prevention and treatment of BPD and hyperoxia-induced systemic damage.

Citation: Dong N, Zhou PP, Li D, Zhu HS, Liu LH, Ma HX, Shi Q, Ju XL. Intratracheal administration of umbilical
cord-derived mesenchymal stem cells attenuates hyperoxia-induced multi-organ injury via heme oxygenase-1 and
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INTRODUCTION

Bronchopulmonary dysplasia (BPD) is the most common chronic lung disease in premature infants and
is a heterogeneous disease predominantly associated with oxygen supplementation clinically[1]. Data
from major cohort studies demonstrate an increasing BPD prevalence of 11%-50%, most likely due to
the increased survival of newborns at an extremely low gestational age[2,3]. Current management
strategies include the use of volume-targeted and non-invasive ventilation, as well as targeted use of
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steroids along with adjunct medical therapies including surfactant, caffeine, and vitamin A[2,4]. Despite
advances in these interventions resulting in improved survival and decreased morbidity, limited
progress has been made in reducing the risk of BPD development.

BPD is characterized by varying magnitudes of impairment in alveolar septation, lung fibrosis, and
abnormal vascular development and remodeling. Moreover, increasing evidence has suggested that
BPD is not merely a lung disease but a systemic condition with short-term and long-term multiple organ
implications[3,5]. Clinical and experimental findings demonstrated that chronic exposure to hyperoxia
causes oxidative stress and leads to certain implications, including neurodevelopmental impairments
[6], retinopathy of prematurity[7,8], renal vascular and tubular development impairments[9,10], and
associated cardiac disease[11,12]. Notably, hyperoxia exposure in neonates results in long-term cardiac
defects and renal abnormalities in later adult life. More specifically, recent studies on experimental
models have revealed that hyperoxia-treated mice exhibited significantly reduced stroke volume and
ejection fractions, the appearance of left ventricular (LV) dysfunction, right ventricular (RV) dysfun-
ction, and pulmonary hypertension (PH)[13,14]. In addition, hyperoxia exposure reduces kidney size,
glomerular density, and glomerular filtration rate, along with increases in the renal tubular necrosis,
dilation, regeneration, and interstitial inflammation[10,15]. Hence, new effective therapeutic
interventions are urgently needed to attenuate BPD-associated multiple organ damage, rather than
focusing on single organ injuries.

Mesenchymal stem cells (MSCs) are multipotent stromal cells that have immunomodulatory and anti-
inflammatory properties, as well as low immunogenicity, and have shown great potential for the
management of a range of different neonatal conditions, including BPD, in both preclinical models and
clinical trials, by systemic or local intratracheal (iT) administration[16-20]. The therapeutic mechanism of
MSCs may predominantly include paracrine or indirect pathways, which are responsible for the
beneficial effects of local MSCs administration on systemic damage[21,22]. Neonates with very low birth
weight are often intubated at birth, making local iT instillation an attractive route of administration[17].
Notably, higher isolation efficiency and proliferation capacity, lower immunogenicity, and greater
overall immunomodulatory and anti-inflammatory effects were observed for human umbilical cord-
derived MSCs (hUC-MSCs) over stem cells harvested from other sources[23]. Moreover, recent studies
confirmed that MSCs are poorly immunogenic, and both allogeneic and xenogeneic MSCs showed equal
efficacy without side effects[24,25]. Xenogeneic hUC-MSCs transplantation has been extensively invest-
igated over the past decades on various animal models with promising effects[16,18,19]. However,
beyond the pulmo-protective properties of systemic or local iT hUC-MSCs administration, its potential
therapeutic effects on hyperoxia-induced heart and kidney injuries have not yet been evaluated.

Extensive evidence has demonstrated that heme oxygenase-1 (HO-1) is an inducible enzyme with
potent anti-oxidant, anti-inflammatory, and anti-apoptotic attributes[26,27]. The protective response
regulated by HO-1 has been reported in multiple animal models of hyperoxia-induced injury[28-30].
Furthermore, it is generally considered that the JAK2 and STAT3 signaling pathway are involved in the
various patho-physiological responses[31] and also play a key role in the development of pulmonary
[32], cardiovascular[33], and renal[34] diseases. Interestingly, the evidence demonstrated that cross-talk
may exist between HO-1 and JAK/STAT pathways[35-37]. However, whether HO-1 and JAK/STAT
signaling pathways are involved in the protective effects of MSCs remains unclear.

In the present study, we used a newborn rat model of postnatal hyperoxia exposure to simulate
clinical BPD and the associated heart and kidney injuries in preterm infants. This study aimed to
investigate whether iT administration of hUC-MSCs could simultaneously attenuate hyperoxia-induced
lung, heart, and kidney injuries in experimental neonatal rat models via mechanisms that involve
activation of the HO-1 and JAK2/STATS3 signaling pathways.

MATERIALS AND METHODS

hUC-MSCs culture and identification
hUC-MSCs were provided by the Cell and tissue bank of Shandong province (Jinan, China) and
cultured in alpha-minimal essential medium (Gibco, Carlsbad, CA, United States) containing 10% fetal
bovine serum and 1% penicillin/streptomycin (Gibco) at 37 °C with 5% CO,. Cells between passage
three and five were used in this study.

Phenotypic analysis was conducted by flow cytometry[38]. Briefly, hUC-MSCs were washed with
phosphate-buffered saline (PBS) and resuspended to a concentration of 1 x 10° cells/mL. Then, the cells
were stained with antibodies against the following cell surface epitopes: Phycoerythrin (PE)-anti CD29
(1:20; 303004, BioLegend, San Diego, CA, United States), PE-anti CD31 (303106, BioLegend), PE-anti
CD44 (12-0441-82, eBioscience, San Diego, CA, United States), PE-anti CD45 (368510, BioLegend), PE-
anti CD73 (344004, BioLegend), PE-anti CD90 (12-0909-42, eBioscience), PE-anti CD105 (12-1057-42,
eBioscience), and PE-anti CD271 (12-9400-42, eBioscience). Flow cytometry was performed with the
Guava easyCyte 6HT (EMD Millipore, Billerica, MA, United States), and the data were examined using
the Flowjo™ software (V10, BD Life Sciences, Franklin Lakes, NJ, United States). To demonstrate the
multilineage differentiation potential, hUC-MSCs were seeded in 6-well plates and cultured in
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adipogenic (HUXUC-90031, Cyagen, Santa Clara, CA, United States), and osteogenic (HUXUC-90021,
Cyagen) differentiation medium, or in a loosely capped tube (430790, Corning, NY, United States) in
chondrogenic differentiation (HUXUC-90042, Cyagen) medium. The medium was changed every 3 d in
accordance with the manufacturer’s instructions. At the end of 21 d, all cells were fixed with 4%
paraformaldehyde (PFA) and processed with oil red O, alizarin red, and alcian blue.

Animal model and experimental groups

Timed pregnant Sprague Dawley rats were obtained from SPF (Beijing) Biotechnology Co., Ltd. (Beijing,
China) and kept under a 12/12 h light-dark cycle, controlled temperature of 25 + 2 °C, and relative
humidity of 55% (+ 10%) with free access to food and water. Pregnant rats were housed individually
and allowed to deliver vaginally at term. Newborn rats were then randomly assigned to four experi-
mental groups as follows: Normoxia group (n = 12, exposed to room air), hyperoxia group [n = 12,
exposed to 80% O,, treated with PBS 40 pL on postnatal day 7 (P7)], hyperoxia + iT-MSC group (n =12,
exposed to 80% O,, treated with 4 x 10° hUC-MSCs, 40 pL, iT, on P7), and hyperoxia + intraperitoneal
(iP)-MSC group(n = 12, exposed to 80% O,, treated with 4 x 10°hUC-MSCs, 40 pL, iP, on P7). The
nursing mothers were alternated between the 80% O,and the room air groups every 24 h to minimize
oxygen toxicity in the mothers.

On postnatal day 21 (P21), rats were euthanized via iP injection of pentobarbital sodium. Bronchoal-
veolar lavage fluid (BALF) was obtained after ligation of the right main bronchus by back-flushing 1 mL
of cold PBS three times via endotracheal intubation. The lungs, heart, and kidneys were excised and
fixed overnight in 4% PFA for histological analysis, or frozen at -80 °C for reverse transcription-
quantitative polymerase chain reaction (RT-qPCR), western blotting, and cytokine analyses. All animal
procedures and protocols complied with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by the Ethics Committee on Animal Experiments of Shandong
University Qilu Hospital (DWLL-2021-035, Jinan, China).

iT administration

For iT administration, the neonatal rats on P7 were euthanized via iP injection of pentobarbital sodium
and restrained on a board with the neck in hyperflexion. The 29-gauge needle syringe (320310, Becton,
Dickinson and Company, NJ, United States) with the tip smoothened and wrapped with a 0.3 mm
flexible capillary pipe was prepared as endotracheal intubation. The light source was placed close to the
neck of the rat. The rat's tongue was wrapped and pulled outside the mouth with gauze in the right
hand, the root of the tongue was gently pressed with a small tweezer to expose the glottis with the left
hand. hUC-MSCs were transplanted into the trachea through the prepared endotracheal intubation at
the glottis opening. Then the rats were allowed to recover from the anesthesia and return to their dam.
Mortality induced by the iT administration procedure was not observed.

Protein content in BALF

BALF was centrifuged at 3000 rpm for 20 min at 4 °C, and the supernatant was collected into a new
tube. The protein content of cell-free BALF was subsequently measured using the BCA Protein
Quantitative Assay Kit (Beyotime Biotechnology, Shanghai, China) in accordance with the manu-
facturer’s instructions and was used as an indication of endothelial and epithelial permeability.

Histological examination

The lung, heart, and kidney tissues were fixed in 4% PFA, washed with PBS, and then serially
dehydrated in increasing concentrations of ethanol before being embedded in paraffin. Consecutive
sections (5 pm thick) from each tissue block were subjected to hematoxylin and eosin (HE) staining,
observed under a microscope (Olympus, BH2, Japan), and photographed (CellSens, Ver. 1.18, Japan).
Alveolar structures in lung sections were quantified using the mean linear intercept (MLI) and septal
count methods[17,39]. Briefly, the number of intercepts was counted in both the horizontal and vertical
fields, and MLI was measured following the equation MLI = N x L/m, where m is the sum of all the
intercepts, L is the length of the traverses, and N is the number of times the traverses were placed on the
lung. To quantify the degree of PH-induced right ventricular hypertrophy (RVH), the thicknesses of the
right ventricle (RV) free wall, left ventricle (LV) free wall, and interventricular septum (IVS) of excised
hearts were measured, and RV/LV + IVS (Fulton’s index) was calculated[12,21]. The kidney sections
across the full coronal plane were stained for morphology assessment as previously described by Mohr
et al[15]. Glomerular diameter and width of the nephrogenic zone were measured. Five measurements
of each parameter in each of the three fields of view were recorded and then averaged. All the above
parameters were measured using Image Pro Plus (V6.0, Media Cybernetics, United States).

Immunohistochemistry and immunofluorescence

Immunohistochemistry (IHC) and immunofluorescence (IF) were performed on 5 pm paraffin sections.
After routine deparaffinization, heat-induced epitope retrieval was performed by immersing the slides
in 0.01 M sodium citrate buffer (pH = 6.0). The sections were preincubated in 0.3% hydrogen peroxide
for 10 min to remove the endogenous peroxidase activity and then in 0.1 M PBS containing 5% normal
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goat serum for 1 h at room temperature to block the non-specific antibody binding. Subsequently, the
samples were stained with rabbit anti-a smooth muscle actin (a-SMA) antibody (1:100; 19245S, CST,
Danvers, MA, United States), or rabbit anti-von Willebrand factor (vWF) polyclonal antibody (1:50;
27186-1-AP, Proteintech, Rosemont, IL, United States) as primary antibodies overnight at 4 °C. For IHC,
sections were then incubated with horseradish peroxidase (HRP)-labeled goat anti-rabbit/mouse IgG
polymers (PK10006, Proteintech), developed in 3,3'-diaminobenzidine (Proteintech) and counterstained
with hematoxylin following the manufacturer’s recommendations. For IF, the samples were incubated
with DyLight® 488 pre-adsorbed secondary antibodies (ab98498, Abcam, Cambridge, United Kingdom)
for 1 h at 37 °C and cell nuclei were counterstained with DAPI for 15 min. The thickness of the
microvessel muscle layers was measured using sections stained with anti-o-SMA and the medial
thickness index (MTI) was calculated as follows: (A, - A;.)/ A Where A, and A, are the areas within
the external and internal boundaries of the a-SMA layer, respectively[17]. Pulmonary microvessel
density (MVD) was determined by counting the number of vVWF-positive vessels (< 100 um) per high-
power field using Image J (V1.8, National Institutes of Health, United States)[16].

Malondialdehyde concentration in tissues

Frozen lung, heart, and kidney tissues were weighed, and 10% tissue homogenate was prepared at 4 °C
using an electric tissue grinder (LC-TG-24, Lichen Keyi, Shanghai, China). Malondialdehyde (MDA)
levels in the tissues were measured using colorimetric assay kits in accordance with the manufacturer’s
instructions (BC0025, Solarbio, Beijing, China). The absorbance of the organic layer was measured using
spectrophotometry at 450, 532, and 600 nm (DNM-9602, Perlong, Beijing, China). MDA levels were
expressed in mmol/g wet tissue and calculated as follows: [12.9 x (AA532 - AA600) - 2.58 x AA450] x 50.

Myeloperoxidase level in tissues

The tissues were homogenized to determine the expression of myeloperoxidase (MPO) in accordance
with the manufacturer’s instructions (A044-1-1, Jchio, Nanjing, China). Yellow compounds were
produced on hydrogen supply from adjacent anisodamines, and the amount was measured at 460 nm to
reflect the viability of MPO and the number of leukocytes. One unit of MPO activity was defined as the
quantity of enzyme that degrades 1 pmol peroxide/min.

Quantitation of cytokine levels by enzyme-linked immunosorbent assay
The total protein content of lung tissue homogenate was measured and samples were analyzed using
the rat interleukin (IL)-1p (KE20005, Proteintech), IL-10 (KE20003, Proteintech), tumor necrosis factor-
alpha (TNF-a) (KE20001, Proteintech), and IL-6 (SEKR-0005, Solarbio, China) enzyme-linked
immunosorbent assay (ELISA) kits to determine the level of inflammatory cytokines in accordance with
the manufacturer’s instructions. The absorbance was measured at 450 nm.

RNA extraction and RT-qPCR

Total RNA was extracted from the lung samples using TRIzol reagent (T9424-100 mL, Sigma, United
States) according to the manufacturer’s protocols. First-strand cDNA was synthesized from 1 pg of total
RNA using the ReverTraAce RT-qPCR Master Mix kit (FSQ-201, TOYOBO, Osaka, Japan). RT-qPCR was
performed using a Real-Time Thermocycler (Analytik Jena AG, qTOWER3G, Germany), and detection
was performed using SYBR Green Realtime PCR Master Mix (TOYOBO, Osaka, Japan) in a 20 pL
reaction mixture to detect the mRNA levels of relative genes. All procedures were performed according
to the manufacturer’s protocol. The primer sequences for each gene analyzed using RT-qPCR are listed
in Table 1. The cycling profile involved 40 cycles of the following: 95 °C for 5 s, 55 °C for 10 s, and 72 °C
for 15 s. Data were analyzed using Sequence Detection Software 1.4 (Applied Biosystems, CA, United
States). Relative fold changes were normalized to endogenous S-actin mRNA expression using the 244
method.

RNA-sequencing and analysis

The right lower lobe of the lung from the normoxia, hyperoxia, and hyperoxia + iT-MSC groups were
collected for total RNA extraction, as mentioned above. Poly-A pull-down with Oligo(dT) was then
used to enrich mRNAs from total RNA samples. Then, cDNA libraries were constructed via PCR
amplification and sequenced using Illumina HiSeq X10 platform (Annoroad Genomics, Beijing, China).
Adapter polluted reads and low-quality reads in the original sequence were filtered, and the obtained
high-quality clean reads were mapped to the human reference genome (GRCh38) using hierarchical
indexing for spliced alignment of transcripts 2 (HISAT2; version 2.2.1). Gene expression levels were
measured according to the fragments per kilobase per million mapped fragments method. Differentially
expressed genes (DEGs) were screened using DESeq?2, with absolute log?2 fold change > 1 and adjusted P
< 0.05 as criteria. Gene Ontology (GO) enrichment analyses were performed to find significantly
enriched GO terms related to the DEGs.
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Table 1 Primer sequences for quantitative reverse transcription-polymerase chain reaction

Genes Sequence (5'- 3') Length (bp)
MIP-1a F GCTTCTCCTATGGACGGCAA 20
R TGCCGGTTTCTCTTGGTCAG 20
MIP-18 F CTGCTTCTCTTACACCTCCCG 21
R AAAGGCTGCTGGTCTCATAGT 21
VEGF F GCGGATCAAACCTCACCAAAG 21
R TTGGTCTGCATTCACATCTGCT 22
PDGF F CTCTGCTGCTACCTGCGTCT 20
R TCGGGTCATGTTCAAGTCCA 20
Bractin F CTCTGTGTGGATTGGTGGCT 20
R CGCAGCTCAGTAACAGTCCG 20

MIP: Macrophage inflammatory protein; VEGF: Vascular endothelial-derived growth factor; PDGF: Platelet-derived growth factor; F: Forward primer; R:

Reverse primer.
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Western blot analysis

Lung tissue samples were lysed in radioimmunoprecipitation assay buffer (P0013B, Beyotime)
containing a phosphatase inhibitor and protease inhibitor mixture. The samples were centrifuged at
12000 rpm for 20 min at 4 °C to remove the cellular debris. Protein concentrations were determined
using a BCA protein assay kit (Beyotime). Equal quantities of proteins were separated via sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto polyvinylidene fluoride
membranes (ISEQ00010, Millipore, MA, United States). Membranes were blocked in 5% skimmed milk
for 1 h at room temperature and then incubated with the following primary antibodies overnight at 4
°C: Rabbit anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:3000; 5174S, CST), rabbit anti-
Janus kinase 2 (JAK2; 1:1000; 3230S, CST), rabbit anti-phospho-JAK2 (1:1000; 3776S, CST), rabbit anti-
signal transducer and activator of transcription 3 (STAT3; 1:2000; 4904S, CST), rabbit anti-phospho-
STAT3 (1:2000; 9145S, CST), and rabbit anti-HO-1 (HO-1; 1:1000, 43966S, CST). Membranes were
washed and then incubated with HRP-conjugated goat anti-rabbit antibodies (1:5,000; SA00001-2,
Proteintech) for 1 h at room temperature. The protein bands were visualized using the ECL chemilumin-
escence detection kit (Millipore) and analyzed with JP-K600plus (Jiapeng Technology Co., Shanghai,
China). The band intensity was quantified using Image] software. The signal intensities of all target
proteins were normalized to those of GAPDH. The experiments were performed in triplicate.

Statistical analysis

GraphPad Prism 8.0.1 (GraphPad Software, Inc., La Jolla, CA, United States) and SPSS Statistics 26.0
(SPSS, Inc., Chicago, IL, United States) were used for statistical analysis. The quantitative data were
examined by normal distribution test and expressed as the mean * standard error, followed by variance
homogeneity test. One-way analysis of variance (ANOVA) was conducted to determine statistically
significant differences among multiple homogeneous groups. For significant ANOVA results,
Bonferroni’s multiple comparison test was performed to analyze the differences between two groups.
Results with P values less than 0.05 were considered significant.

RESULTS

Characterization of hUC-MSCs

Typical MSC-associated surface markers were identified by flow cytometry. The hUC-MSCs showed
high expression of CD29, CD44, CD73, CD90, and CD105, and did not express endothelial cell marker
(CD31), hematopoietic marker (CD45), and differentiated activated effector cell marker (CD271,
Figure 1A). The cells were stained with Oil Red O (Figure 1B), Alizarin red (Figure 1C), and Alcian blue
(Figure 1D). These results confirmed that the hUC-MSCs could differentiate into osteoblasts, adipocytes,
and chondrocytes in vitro.

hUC-MSCs administration increases survival rate and improves lung development
Newborn mice were exposed to 80% O, or standard room air from P1 to P21. Treatment groups received
a single dose of hUC-MSCs iT or iP on P7 (Figure 2A). The survival curve was recorded from the day of
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Figure 1 Identification of human umbilical cord-derived mesenchymal stem cells. A: The human umbilical cord-derived mesenchymal stem cells
(hUC-MSCs) showed high expression of CD29, CD44, CD73, CD90, and CD105, and did not express CD31, CD45, and CD271; B-D: hUC-MSCs were positive for

10° 10 10> 10° 10%10°
PE-anti CD29

600

400

Count

200

600

Count

600

Count

200 A

400

Osteogenic differentiation

b 600
J R2 o
989 *5400 9223
3 —_—
o
E 200 A
T T 0 e e
10° 10' 10> 10° 10%10° 10° 10" 10> 10° 10%10°
PE-anti CD90 PE-anti CD73
b 600 -
400 a0 = 400 7 066
3 —_—
o
200 - 200 -
Ty oy ™y ™y T 0 = Al Al Y
10° 10' 10 10° 10*10° 10° 10 10° 10° 10%10°
PE-anti CD105 PE-anti CD31
600 -
R2 400 4 R2
056 € 98.7
3
o E—— | e} —_
o
200 -
0 - J.\ T
10° 100 10> 10° 10°10° 10° 10* 10° 10° 10%10°
PE-anti CD45 PE-anti CD44

Chondrogenic differentiation
DOI: 10.4252/wjsc.v14.i7.556 Copyright ©The Author(s) 2022.

Oil Red O, Alizarin red, and Alcian blue staining under the corresponding induction conditions (scale bars = 200 pm).
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injection (P7), which was decreased on hyperoxia. iT and iP administration of hUC-MSCs increased the
survival of the rats exposed to O,, although the difference was not statistically significant (Figure 2B).
Remarkably slow growth and body weight gain were observed in rats exposed to hyperoxia from P7,
and these were improved on hUC-MSCs administration on P14 and P21 (Figure 2C). There was no

statistically significant difference between iT and iP administration.

The lung tissue sections stained with HE showed signs of impaired alveolar development in the

animals exposed to hyperoxia, with marked interstitial thickening, fewer septations (hyperoxia vs

normoxia, 19.55 + 2.08 vs 32.44 + 7.31, P < 0.01), and enlarged MLI (hyperoxia vs normoxia, 76.12 + 7.7

pm vs 47.34 + 10.48 pm, P < 0.01; Figure 2D). Treatment with hUC-MSCs significantly diminished the
hyperoxia-induced increase in the MLI (60.16 + 4.62 pm and 53.65 + 6.85 pm for iT-MSC and iP-MSC,

WJSC | https://www.wjgnet.com

562

July 26,2022 | Volume14 |

Issue 7



Dong N et al. UC-MSCs Attenuate hyperoxia-induced multiple organ injury

A B
a
PO P7 P21 10 T
oz | ‘Injec(ion lSacriﬁce -
i AN = ]
Normoxia 7 "= [ 1% O, + PBS ] 0.8 '
| o becccccccaaa '
P + 0.6 [—
Hyperoxia—>"_ _* [ 80% 0, +PBS ] %
E 0.4 = Normoxia
Hyperoxia + iIT-MSC—_ * - |l L ll 3 =k Hyperoxia
-MSC-—~ L 0, N
ArZ st 80% O+ intratracheal MSCs 0.1 . oxia + IT-MSC
l l l —i. Hyperoxia + iP-MSC
Hyperoxia + iP-MSC P A R | 80% O, + intraperitoneal MSCs 0.0 T T T T T T 1
0 2 @ 6 8 10 12 14
Days after injection
c —— Normoxia . E
50+ Hyperoxia _T__ -
mEm Hyperoxia + iT-MSC ¢ £ a
40 mmm Hyperoxia + iP-MSC c b 3 100+ : b
&
5 & w0
- 2
S =
‘T S 60
= o
g £ 40-
&
£ 201
&
= O S > &
" o N Q(’)('
(& Q 6 K
O Q) X N
A X 2 X
F e
& &
&
D Q:\Q
F
w
=
-
[=]
o
=
Q.
&

DOI: 10.4252/wjsc.v14.i7.556 Copyright ©The Author(s) 2022.

Figure 2 Human umbilical cord-derived mesenchymal stem cells administration increases survival rate and improves lung development.
A: Schematic diagram of the overall experimental design process and grouping; B: Kaplan-Meier survival curves of rat pups treated as indicated; C: Body weight
alterations of rat pups treated as indicated; D: Representative images of harvested lung sections stained with hematoxylin and eosin for morphometric analyses
(scale bars = 100 ym); E and F: Mean linear intercept and septal counts in lungs treated as indicated (n = 5 for each group, 10 fields/animal). 2P < 0.05; ®P < 0.01; °P
<0.001.iT: Intratracheal; iP: Intraperitoneal; P: Postnatal day; PBS: Phosphate-buffered saline; MSC: Mesenchymal stem cell.

respectively; Figure 2E) and decrease in septal counts (24.63 + 1.85 and 27.84 + 3.37 for iT-MSC and iP-
MSC, respectively; Figure 2F).

hUC-MSCs treatment rescues hyperoxia-induced loss of peripheral pulmonary blood vessels and

peripheral pulmonary arterial remodeling

To explore the effect of hUC-MSCs on hyperoxia-induced pulmonary vascular remodeling, lung
sections were stained with an anti-a-SMA antibody (Figure 3A). The MTI for the peripheral pulmonary
blood vessels was higher in hyperoxia-exposed animals than that in normoxia-exposed ones (47.18 +
3.80 vs 33.12 + 3.48, P < 0.001; Figure 3B). The hyperoxia + iT-MSC and hyperoxia + iP-MSC groups
exhibited significantly induced vascular muscularization (27.65 + 2.89 and 29.06 + 2.52, respectively).
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Figure 3 Human umbilical cord-derived mesenchymal stem cells treatment rescues hyperoxia-induced loss of peripheral pulmonary
blood vessels and peripheral pulmonary arterial remodeling. A: Representative photomicrographs of lung sections of rats harvested at postnatal day 21
stained with o smooth muscle actin antibody in normal air or hyperoxia exposure groups, with or without human umbilical cord-derived mesenchymal stem cells
administration (scale bars = 100 ym); B and D: Medial thickness index and microvessel density in lungs treated as indicated were calculated to assess hyperoxia-
induced peripheral pulmonary vascular remodeling and loss of blood vessels in the peripheral microvasculature (n = 5 for each group, 5 fields/animal); C:
Representative lung slides with von Willebrand factor- immunofluorescence staining obtained at 200 x magnification. White arrows highlight stained pulmonary
vessels (scale bars = 50 um); E and F: Vascular endothelial-derived growth factor and platelet-derived growth factor mMRNA expression in the lung tissues in the

indicated groups. 2P < 0.05; °P < 0.01; °P < 0.001. iT: Intratracheal; iP: Intraperitoneal; VEGF: Vascular endothelial-derived growth factor; PDGF: Platelet-derived
growth factor; MSC: Mesenchymal stem cell.

To determine the effect of hyperoxia exposure on peripheral pulmonary vessel number, we
performed von Willebrand factor staining on lung sections (Figure 3C). The rats reared in hyperoxia
yielded a significantly lower MVD than those reared in normoxia (3.01 £ 0.36 vs 6.11 + 1.02 vessels/field,
P <0.001; Figure 3D). Treatment with hUC-MSCs significantly restored the hyperoxia-induced decrease
in vascular density (5.54 = 1.16 and 5.57 + 1.70 for iT-MSC and iP-MSC, respectively). MTI and MVD of
the lungs of the iT-MSC-treated animals did not differ significantly from those of the iP-MSC-treated
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group.

Vascular endothelial-derived growth factor (VEGF) and platelet-derived growth factor (PDGF)
expression were primarily detected in lung tissues using RT-qPCR. Decreased VEGF and PDGF mRNA
expression was observed in the lungs of pups with hyperoxic lung injury, which was augmented upon
hUC-MSC administration (Figure 3E and F).

hUC-MSCs treatment modulates hyperoxia-induced lung inflammation and oxidative stress

Total protein levels in BALF were measured as an indication of endothelial and epithelial permeability.
Hyperoxia-exposed animals demonstrated elevated BALF protein concentrations compared to
normoxia-exposed pups. hUC-MSCs administration (iT or iP) ameliorated the hyperoxia-induced high
permeability of the lung epithelium (Figure 4A). The same trend was reflected in MPO expression, an
indicator of the number of neutrophils in the lung (Figure 4B).

To further investigate the inflammatory response after hyperoxia exposure, we measured the
expression of the pro-inflammatory cytokines TNF-a, IL-1B, and IL-6 and the anti-inflammatory
cytokine IL-10 in the lung tissues using ELISA. The increased TNF-a, IL-1B, and IL-6 expressions
observed in the hyperoxia group were significantly attenuated in both the iT-MSC and iP-MSC groups
(Figure 4C-E). Although there was no significant difference in IL-10 expression between the hyperoxic
and normoxic groups, we observed an increase in IL-10 expression in rats that received hUC-MSCs iT
compared with rats reared in hyperoxia (Figure 4F).

Furthermore, RT-qPCR results confirmed that hyperoxia exposure led to a significant increase in the
mRNA expression of the pro-inflammatory mediators macrophage inflammatory protein (MIP)-1a, and
MIP-1p. After infusion of hUC-MSCs, iT or iP, the expression of MIP-1a and MIP-1§ also significantly
decreased (Figure 4G and H). iP administration of hUC-MSCs was slightly more effective in reducing
MIP-1a levels than iT administration.

MDA levels in tissues were measured to reflect the oxidative stress. Elevated MDA levels induced by
hyperoxia exposure were significantly diminished upon hUC-MSC administration in hyperoxia-
exposed rats (Figure 4I).

hUC-MSCs treatment modulates the lung transcriptome

We performed a comparative transcriptomic analysis of lung samples from the normoxia, hyperoxia,
and hyperoxia + iT-MSC groups via RNA-sequencing (Xiuyue Biol, Shandong, China). Hyperoxia-
exposed animals showed 1486 significantly enriched and 1720 suppressed mRNAs compared to their
normoxic counterparts, while meeting the threshold of an absolute log2 fold change of 2 1 and an
adjusted P < 0.05. Among the DEGs induced upon hyperoxia exposure, the expression of 880
suppressed genes was increased and that of 1314 upregulated genes was reduced upon hUC-MSCs
administration, resulting in a shift in gene expression pattern toward normoxia. The top 100 DEGs are
presented in a heat map (Figure 5A). GO analysis indicated that hUC-MSCs treatment blunted these
hyperoxia-induced dysregulated genes involved in epithelial cell proliferation (ENG, GPC3, ALDH1A2,
SULF1), regulation of vasculature development (CYBB, PTPRC, CYR61, CDH5, ANXA3, NOTCH4),
positive regulation of cell adhesion (ALOX15, CCDC80, CXCL12), wound healing (PLET1, POSTN,
MACF1, DSP), and leukocyte migration (CCL6, ITGAL, CXCL3, LPL, CCL9, CHST4), which are biological
processes that likely contribute to BPD pathogenesis (Figure 5B). Additionally, five of the most
significantly enriched cellular components were extracellular matrix, apical part of the cell, external side
of the plasma membrane, receptor complex, and membrane microdomain (Figure 5C). The top five
significantly enriched molecular functions were phospholipid binding, signaling receptor activator
activity, cell adhesion molecule binding, actin binding, and sulfur compound binding (Figure 5D).
Therefore, preliminary RNA-sequencing showed that hyperoxia exposure and hUC-MSCs trans-
plantation caused significant changes in the gene expression, which might serve as novel targets for the
treatment of hyperoxia-induced organ injury.

Beneficial effects of hUC-MSCs administration in heart and kidneys in hyperoxia exposed neonatal

rats

To quantify the degree of PH-induced RVH, HE stained heart tissue sections were assessed (Figure 6).
Exposure to hyperoxia increased the RV free wall thickness and IVS thickness (Figure 6A). The Fulton’s
index (RV/LV +1VS) showed an increase with hyperoxia exposure (Figure 6D). Both iT and iP adminis-
tration of hUC-MSCs significantly ameliorated this increase.

Nephrogenesis was assessed on HE stained kidney sections. We observed that, compared to the
normoxia group, hyperoxia exposure led to a significant reduction in nephrogenic zone width (237.9 +
35.5 pm vs 145.3 + 23.6 pm) and glomerular diameter (70.5 + 5.33 pm vs 43.0 + 8.5 pm). These morpho-
logical abnormalities in the heart and kidney were alleviated upon hUC-MSCs administration. In the
hyperoxia + iT-MSC group, the averaged nephrogenic zone width and glomerular diameter were 196.7
+ 25.1 pm and 62.1 £ 5.2 um, respectively. In hyperoxia-exposed rats receiving hUC-MSCs iP, the
averaged nephrogenic zone width and glomerular diameter were 176.7 + 27.8 pm and 61.9 + 3.5 pm,
respectively (Figure 6B, C, E, and F).
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Figure 4 Human umbilical cord-derived mesenchymal stem cells treatment modulates the hyperoxia-induced lung inflammation and
oxidative stress. A: Statistical analyses of overall protein concentration in bronchoalveolar lavage fluid in the four groups (n = 7); B-F: Statistical analyses of
myeloperoxidase, tumor necrosis factor-alpha, interleukin (IL)-1B, IL-6, and IL-10 levels in the lung tissues in the indicated groups (n = 7); G and H: Macrophage
inflammatory protein (MIP)-1a and MIP-138 mRNA expression in the indicated groups (n = 5); I: Malondialdehyde levels were measured to evaluate the degree of
oxidative reaction in the lung tissues (n = 7). 2P < 0.05; °P < 0.01; °P < 0.001. iT: Intratracheal; iP: Intraperitoneal; BALF: Bronchoalveolar lavage fluid; MPO:
Myeloperoxidase; TNF-a: Tumor necrosis factor-alpha; IL: Interleukin; MIP: Macrophage inflammatory protein; MDA: Malondialdehyde; MSC: Mesenchymal stem cell.

Similarly, as per the degree of inflammatory and oxidative reactions, MPO expression and MDA
levels in the hyperoxia group were elevated compared with those in normoxia in both heart and kidney
tissues. Treatment with hUC-MSCs significantly diminished the hyperoxia-induced increase in MPO
expression and MDA levels (Figure 6G-]). These parameters did not show a significant statistical
difference between iT and iP hUC-MSC administration.

hUC-MSCs activate HO-1 expression and the JAK2/STATS signaling pathway to protect against

hyperoxia-induced multiple organ injury
To further investigate the mechanism by which hUC-MSCs administration alleviated hyperoxia-induced
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Figure 5 Human umbilical cord-derived mesenchymal stem cells treatment modulates the lung transcriptome. A: The heatmap shows the top
100 differentially expressed genes in lung tissues from the normoxia, hyperoxia, and hyperoxia + intratracheal-mesenchymal stem cell groups. The expression levels
of up- and downregulated genes are shown in red and blue, respectively; B-D: Gene ontology analyses of the most significantly affected pathways related to
biological process, cellular components, and molecular function. iT: Intratracheal; MSC: Mesenchymal stem cell; GO: Gene ontology.
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Figure 6 Beneficial effects of human umbilical cord-derived mesenchymal stem cells administration in the heart and kidneys of
hyperoxic neonatal rats. A: Representative images of harvested heart sections stained with HE for morphometric analyses (scale bars = 500 um); B and C:
Representative photomicrographs of the hematoxylin and eosin stained sections of kidneys obtained at 40 x magnification (scale bars = 200 ym) and 200 x
magnification (scale bars = 100 um) respectively; D: Fulton’s index (right ventricle/left ventricle + interventricular septum) was measured to quantify the degree right
ventricular hypertrophy (n = 5); E and F: Nephrogenesis was assessed through measuring the width of the nephrogenic zone and the glomerular diameter (n = 7);
G-J: Myeloperoxidase and malondialdehyde levels were measured to evaluate the degree of inflammatory and oxidative reaction in heart and kidney tissues
respectively (n = 7). 2P < 0.05; °P < 0.01; °P < 0.001. iT: Intratracheal; iP: Intraperitoneal; RV: Right ventricle; LV: Left ventricle; IVS: Interventricular septum; MPO:
Myeloperoxidase; MDA: Malondialdehyde; MSC: Mesenchymal stem cell.

lung, heart, and kidney injury in BPD rats, we measured the expression of HO-1 and JAK2/STAT3
signaling pathways in the whole rat lungs, heart, and kidneys. Through gray value quantification, the
results of western blotting showed that the expressions of phosphorylated JAK2 (pJAK2), JAK2,
phosphorylated STAT3 (pSTAT3), and STAT3 in lungs, heart, and kidneys were significantly
suppressed in the hyperoxia group. The expression of the above proteins increased significantly after
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hUC-MSCs administration (Figure 7A-E). Hyperoxia exposure significantly increased the expression of
HO-1, which was further enhanced in the hUC-MSCs treated groups (Figure 7A and F). These findings
imply that the HO-1 and JAK2/STAT3 signaling pathways are associated with the benefits of hUC-MSC
therapy in hyperoxic neonatal rats.

DISCUSSION

BPD is now recognized as a systemic disease associated with respiratory morbidity, cardiac dysfunction,
and neural and renal development impairments[3,12,40,41]. Despite advances in the understanding of
BPD pathogenesis, not all the mechanisms that lead to hyperoxia damage are completely understood.
The use of allogeneic MSCs, derived from the umbilical cord[16,18], adipose tissue[42], or bone marrow
[43], has been recognized as the most promising treatment for BPD. Many experiments and clinical trials
have reported that MSC administration, iT[16,18], iP[44], intranasally[45], or intravenously[46], exerts
beneficial outcomes with improved lung development, reduced inflammation, and decreased oxidative
damage. Moreover, recent studies have demonstrated that MSC-derived exosomes (EXOs) or
conditioned medium (CM) containing cytokines, growth factors, and nucleic acids play a critical role in
mediating the therapeutic effects of MSCs[17,21]. Notably, we previously showed that iT drip of living
human amnion-derived MSCs (hAD-MSCs) is more effective in treating hyperoxia-induced lung injury
than hAD-MSC-EXOs or hAD-MSC-CM[42]. This phenomenon can be explained by the fact that living
cells survive in the lungs for several days and secrete more exosomes.

Although the protective effects of MSCs or their exosomes on hyperoxia-induced lung injury have
been explored by many researchers, the underlying mechanism has not been well studied, and few
studies have focused on the therapeutic benefits of systemic multiple organ injury. Hence, based on the
above findings, the protective effects of the local administration of hUC-MSCs on systemic multiple
organ damage and its underlying mechanisms were investigated in the current study.

The most frequently used animal models of BPD are term-born mice or rats that are exposed to
supplemental oxygen, to study the effects of hyperoxia exposure on preterm infants with respiratory
distress[1,47]. In this study, we established an experimental newborn rat model via prolonged exposure
to hyperoxia to induce lung, heart, and kidney injury. The present study showed that the administration
of hUC-MSCs on P7 played an essential role in improving pulmonary alveolarization and modulating
pulmonary angiogenesis in hyperoxia-exposed rats, although the survival rate did not significantly
improve. Specifically, iT hUC-MSCs administration diminished the hyperoxia-induced increase in MLI
and vascular smooth muscle thickness and augmented the hyperoxia-induced decrease in peripheral
pulmonary vascular density in neonatal rats. We also determined the expression levels of VEGF and
PDGEF in rats. VEGF is a potent mitogen in endothelial cells that regulates angiogenesis and alveolar
development[48]. PDGEF is crucial for the alveolarization of normally developing lungs[49]. Our results
suggested that treatment with hUC-MSCs augmented the hyperoxia-induced decrease in VEGF and
PDGF expression in rats. Thus, we demonstrated that treatment with hUC-MSCs enhanced vascular and
alveolar development in neonatal rats through the induction of growth factors.

Inflammation activated during oxidative stress is a common pathway leading to the BPD phenotype
[1]. Increased pro-inflammatory cytokine levels found in tracheal aspirates and blood samples from
premature infants correlate with an increased risk of BPD[50,51]. Recent studies have suggested that
hyperoxia induces pro-inflammatory cytokines and cell infiltration in the alveolar spaces in neonatal
Sprague Dawley rats[52]. MDA is the main product of lipid peroxidation and is recognized as a
biological marker of oxygen stress injury[53,54]. In this study, rats reared in hyperoxia exhibited a
significant increase in BALF protein content, as well as TNF-a, IL-1B, IL-6, MIP-1a, MIP-18, MPO, and
MDA levels, which decreased with hUC-MSC treatment. Additionally, we observed an increase in anti-
inflammatory cytokine IL-10 expression in rats that received hUC-MSCs. These results support previous
ones[16,55] and suggest that the therapeutic effects of surfactant and hUC-MSCs on hyperoxia-induced
lung injury are mediated through the inhibition of pro-inflammatory cytokine production and oxidative
stress reactions, as well as the induction of immunosuppressive soluble cytokines such as IL-10.

Subsequently, we performed a comparative transcriptomic analysis of differential gene expression in
the lung tissues of rats in the normoxia, hyperoxia, and hyperoxia + iT-MSCs groups. It has been
reported that hyperoxia dysregulates the expression of genes that modulate immune response[21,56],
oxidative stress[57], cell migration, proliferation, and abnormal airway and pulmonary vascular
contractility[58] in an experimental model of hyperoxia-induced BPD. Consistent with previous studies,
our findings showed the DEGs in lung tissues induced upon hyperoxia exposure were enriched in
pathways related to inflammatory responses, epithelial cell proliferation, and vasculature development.
These dysregulated genes could contribute to the observed aberrant pulmonary alveolarization and
angiogenesis, increased leukocyte infiltration, and enhanced pro-inflammatory cytokine production.
Additionally, we found that hUC-MSCs infusion rescued the abnormally expressed genes, which
possibly explains their therapeutic ability in hyperoxia-induced lung injury. Taken together, our
findings may provide new evidence for the underlying mechanisms of BPD and MSCs treatment.
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Figure 7 Human umbilical cord-derived mesenchymal stem cells activated the heme oxygenase-1 and JAK2/STAT3 signaling pathway to
protect against hyperoxia-induced multiple-organ injury. A: The protein extracted from tissue homogenates of the lungs, heart, and kidneys were
collected for western blotting to detect heme oxygenase-1, JAK2, STAT3 protein expression levels, as well as their phosphorylation; B-F: Statistical analyses of
protein expression levels of the above-mentioned genes. 2P < 0.05; °P < 0.01; °P < 0.001. iT: Intratracheal; iP: Intraperitoneal; HO-1: Heme oxygenase-1; GAPDH:
Glyceraldehyde-3-phosphate dehydrogenase; MSC: Mesenchymal stem cell.
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As mentioned above, supraphysiological oxygen concentrations were found to lead to hyperoxia-
related PH, ventricular hypertrophy, and renal development impairments, which have been recognized
as strong contributors to poor outcomes in preterm infants with BPD[3,4,41]. Of concern, little is known
about the treatment outcomes of MSCs in the heart and kidney injuries associated with hyperoxia. In
our study, positive results with relieved RVH and nephrogenesis impairment, as well as reduced MPO
and MDA levels in the heart and kidney tissues were obtained after iT or iP administration of hUC-
MSCs in hyperoxic rat models. Consistent with previous reports, our results suggest additional
therapeutic effects of hUC-MSCs administration on histological alterations and modulation of inflam-
matory cell infiltration and oxidative stress in extrapulmonary organs.

We conducted further experiments to investigate the mechanisms contributing to the therapeutic
effects of hUC-MSCs in hyperoxia-exposed animals. The JAK/STAT3 pathway is one of the major
pathways involved in many crucial biological processes and is closely associated with many immune
and inflammatory diseases[31,59]. Recent studies have indicated that changes in the expression of JAK2
and STAT3 or their phosphorylated forms are related to IL-10 secretion[38,59,60]. Increased IL-10
secretion induced by MSCs in our study has been described previously. Increasing evidence suggests
that the JAK2/STATS3 signaling pathway plays a key role in protection against pulmonary[32], cardiac
[33,61], and renal injury[34]. The protective effects were inhibited by the selective inhibitors or
JAK2/STAT3 siRNA. These studies provided powerful evidence indicating that the activated
JAK2/STATS3 signaling pathway is involved in the protective phenotypic changes in injured organs. In
line with previous studies, our results showed that JAK2 and STAT3 expression, as well as their
phosphorylation, in the lungs, heart, and kidneys were suppressed to some extent in the hyperoxia
group and significantly increased after hUC-MSCs treatment.

Among the special defense enzymes developed in mammalian cells to combat oxidative stress, HO-1,
an essential enzyme in heme catabolism, has been postulated to play a key role in catalyzing the detoxi-
fication of oxidized proteins and modulating the cellular redox homeostasis[26]. In addition, increasing
evidence suggests that the products released by the HO reaction possess anti-inflammatory, anti-
apoptotic, and anti-proliferative properties[27,62,63]. In the present study, we observed increased HO-1
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Figure 8 Proposed mechanism of therapeutic effects of human umbilical cord-derived mesenchymal stem cells in hyperoxia-induced
multiple organ injury. The administration of human umbilical cord-derived mesenchymal stem cells at postnatal day ameliorates hyperoxia-induced lung, heart,
and kidney development, and reduces inflammatory and oxidative responses by activating heme oxygenase-1 expression and the JAK/ISTAT3 pathway. O,: Oxygen;
hUC-MSCs: Human umbilical cord-derived mesenchymal stem cells; HO-1: Heme oxygenase-1; MPO: Myeloperoxidase; TNF-a: Tumor necrosis factor-alpha; IL:
Interleukin; MDA: Malondialdehyde.
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expression in the hyperoxia-exposed group, which is probably a spontaneous response induced by
oxidative stress. Furthermore, our findings suggest that the infusion of hUC-MSCs into neonatal rats
further enhanced HO-1 expression. No statistically significant difference in the expressions of these
proteins was observed between iT and iP hUC-MSC administration. It has been reported that HO-1
contributes to attenuating hyperoxia-induced pulmonary inflammation, arterial remodeling, and RVH,
which were significantly reversed in HO-1 knockout mice or upon tin protoporphyrin IX adminis-
tration, a HO-1 inhibitor[29,30,64]. Detsika et al[65] establish HO-1 as a key regulator to attenuate
glomerular injury by using HO-1 deficient rats or rats with HO-1 overexpression targeted to glomerular
epithelial cells. Based on these studies, it is considered that elevated HO-1 expression also plays a
crucial role in the protective effects of UC-MSCs in alleviating oxidative and inflammatory damage in
the lung, heart, and kidney tissues. Moreover, recent studies have demonstrated that HO-1 expression is
partly regulated by the JAK/STAT pathway[35]; in turn, the JAK/STAT pathway can be activated by
enhanced HO-1 expression[36]. Taken together, we speculate that hUC-MSCs can sense inflammatory
and oxidative stimulation and then trigger HO-1 expression, IL-10 secretion, and the JAK2/STAT3
signaling pathway, eventually reducing multiple abnormalities induced by hyperoxia (Figure 8).

Remarkably, the benefits of iT-hUC-MSC administration were equivalent to those of the iP-hUC-MSC
administration group. Based on previous studies[66,67] and our investigation, we hypothesized that the
beneficial effects of local iT administration of MSCs on hyperoxia-induced systemic multi-organ damage
are ascribed to paracrine effects. Considering that the majority of low-birth-weight infants were
endotracheal intubated at birth, our study supported that iT-MSC administration is a more convenient
and effective administration method.

We acknowledge that there are several limitations to this study. Firstly, we only performed
transcriptome sequencing of the whole-lung tissue, which consisted of several types of cells. Gene
expression changes of sorted cell subtypes from multiple organs exposed to hyperoxia should be
studied and validated in future research to assess the effect of MSCs on different target cell populations
and address the underlying molecular mechanisms. Moreover, we observed that hUC-MSCs increased
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HO-1 expression and activated the JAK2/STAT3 pathway in the lung, heart, and kidney tissues.
However, we merely speculated that these changes in protein expression are involved in the therapeutic
changes in the phenotype based on previous studies. Further in-depth mechanistic studies will be
needed to validate and understand the molecular mechanisms modulated by hUC-MSCs.

CONCLUSION

In summary, the main findings of our study were that administration of hUC-MSCs significantly
ameliorates not only lung injuries but also associated heart and kidney damage in hyperoxia-exposed
infant rats. Remarkably, the therapeutic benefits of local iT instillation are equivalent to those of iP
administration in hyperoxia-induced systemic multi-organ damage. Additionally, we also demonstrated
that the underlying mechanism of the therapeutic effects is presumably the increase in HO-1 expression,
IL-10 secretion, and the JAK2/STAT3 signaling pathway. Above all, it is desirable that the present study
yield positive results to transform healthcare outcomes for a growing population of premature
survivors.

ARTICLE HIGHLIGHTS

Research background

Increasing evidence has suggested that bronchopulmonary dysplasia (BPD) is not merely a lung disease,
but a systemic condition with short-term and long-term multiple organ implications. Exposure to
hyperoxia causes oxidative stress and contributes to the pathogenesis of these recognized implications,
including respiratory morbidity, cardiac dysfunction, and impairments in renal development.
Mesenchymal stem cells (MSCs) are multipotent stromal cells that have immunomodulatory, anti-
inflammatory, and low immunogenicity properties and have shown great potential for the management
of a range of different neonatal conditions, including BPD.

Research motivation

Although the protective effects of MSCs or their exosomes on hyperoxia-induced lung injury have been
explored by many researchers, the underlying mechanism has not been addressed in detail, and few
studies have focused on their therapeutic benefits on systemic multiple organ injury.

Research objectives

This study aimed to investigate whether intratracheal (iT) administration of human umbilical cord-
derived MSCs (hUC-MSCs) could simultaneously attenuate hyperoxia-induced lung, heart, and kidney
injuries in an experimental neonatal rat model, and elucidate the underlying regulatory mechanism.

Research methods

We established an experimental newborn rat model via prolonged exposure to hyperoxia to induce
lung, heart, and kidney injury. Briefly, neonatal rats were exposed to hyperoxia (80% O,), treated with
hUC-MSCs iT or intraperitoneal (iP) on postnatal day 7 (P7), and harvested on postnatal day 21. The
tissue sections of the lung, heart, and kidney were analyzed morphometrically. Protein contents of
bronchoalveolar lavage fluid (BALF), pulmonary inflammatory cytokines, myeloperoxidase (MPO)
expression, and malondialdehyde (MDA) levels were examined. Furthermore, RNA-sequencing, reverse
transcription-quantitative polymerase chain reaction and western blot analysis were performed to
explore underlying mechanisms.

Research results

The present study showed that the administration of hUC-MSCs on P7 played an essential role in
improving pulmonary alveolarization and modulating pulmonary angiogenesis, as well as relieving
right ventricular hypertrophy and nephrogenesis impairment in hyperoxia-exposed rats. Rats reared in
hyperoxia exhibited a significant increase in BALF protein content, tumor necrosis factor-alpha,
interleukin (IL)-1pB, IL-6, and macrophage inflammatory protein (MIP)-1o, MIP-1, MPO and MDA
levels, which decreased with hUC-MSC treatment. Additionally, we observed an increase in anti-inflam-
matory cytokine IL-10 expression in rats that received hUC-MSCs. Transcriptomic analysis showed that
hUC-MSCs administration blunted the hyperoxia-induced dysregulated genes, which were enriched in
pathways related to inflammatory responses, epithelial cell proliferation, and vasculature development.
Moreover, hUC-MSCs increased heme oxygenase (HO-1), JAK2, and STAT3 expression, and their
phosphorylation in the lung, heart, and kidney. Remarkably, no significant difference was observed
between iT and iP administration.
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Research conclusions

Our results suggest additional therapeutic effects of hUC-MSCs administration on histological
alterations, along with the modulation of inflammatory cell infiltration and oxidative stress in extrapul-
monary organs. The therapeutic benefits of local iT instillation are equivalent to those of iP adminis-
tration in systemic multi-organ damage. These therapeutic effects presumably result from an increase in
HO-1 expression and the JAK2/STAT3 signaling pathway.

Research perspectives

In future studies, gene expression changes of sorted cell subtypes from multiple organs injured upon
hyperoxia exposure will be studied. Further in-depth mechanistic studies are warranted to validate and
understand the molecular mechanisms modulated by hUC-MSCs. Moreover, given the significance of
changing the MSCs culture mode, the application of genetically modified and three-dimensionally
cultured MSCs will be explored to improve therapeutic outcomes in future studies. These studies will
lay the foundation for a more extensive and effective clinical application of MSCs in the treatment of
BPD.
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