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Abstract: Osteoporosis is the chronic metabolic bone disease caused by the disturbance of bone
remodeling due to the imbalance of osteogenesis and osteoclastogenesis. A large population suf-
fers from osteoporosis, and most of them are postmenopausal women or older people. To date,
bisphosphonates are the main therapeutic agents in the treatment of osteoporosis. However, limited
therapeutic effects with diverse side effects caused by bisphosphonates hindered the therapeutic
applications and decreased the quality of life. Therefore, an alternative therapy for osteoporosis is still
needed. Stem cells, especially mesenchymal stem cells, have been shown as a promising medication
for numerous human diseases including many refractory diseases. Recently, researchers found that
the extracellular vesicles derived from these stem cells possessed the similar therapeutic potential
to that of parental cells. To date, a number of studies demonstrated the therapeutic applications of
exogenous MSC-EVs for the treatment of osteoporosis. In this article, we reviewed the basic back
ground of EVs, the cargo and therapeutic potential of MSC-EVs, and strategies of engineering of
MSC-EVs for osteoporosis treatment.

Keywords: osteoporosis; mesenchymal stem cells; extracellular vesicles; EV cargo; engineering EV;
osteoporosis medications

1. Introduction

Osteoporosis, a metabolic skeletal disorder that results from the imbalance between
bone formation and bone resorption, generally occurs in postmenopausal women and
older people [1]. The process of bone remodeling is participated by mainly osteoclasts and
osteoblasts, together with other cells including osteocytes, bone lining cells, monocytes,
chondrocytes, hematopoietic stem cells, and mesenchymal stem cells (MSCs) [2-4]. Owing
to the complicated pathology and uninhibited signaling pathway of osteoporosis, the
development of medications is floundering. Nevertheless, various remedies were still
developed for the treatment of osteoporosis such as bisphosphonate, selective estrogen
receptor modulator (SERM), and calcitonin. Among those agents, bisphosphonates (Alen-
dronate, Risedronate, Zoledronic Acid, Ibandronate) are most widely used in preclinical
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and clinical as the first-line therapy for osteoporosis. However, the limited therapeutic
effects with diverse side effects caused by bisphosphonates hindered the therapeutic ap-
plications of osteoporosis [5-8]. The common adverse effects of bisphosphonates include
muscle pain, heartburn, nausea, gastric ulcer, and difficulty swallowing. The medication-
related osteonecrosis of the jaw (MRONY]) is rare but it is the most severe side effect [9].
Therefore, researchers have continued searching for an alternative therapy for osteoporosis
with better efficacy and fewer side effects. One of the opportunities is cell therapy by
mesenchymal stem cells (MSCs). MSCs are multipotent stromal cells able to be isolated
from various tissues including cord blood tissue, umbilical cord, placenta, adipose tissue,
peripheral blood, bone marrow, dental pulp, amniotic fluid, etc. [10-14]. In addition to
the stem cell properties of self-renewal and differentiation, MSCs have also shown great
potential of therapeutic effects in numerous human diseases, such as bone and cartilage
defects, lung diseases, diabetes mellitus, retinal degeneration, stroke, etc. [15-18]. Recently,
MSC-based treatment was even applied on moderate-severe phases of COVID-19 with
promising reports [19]. Given that MSCs possess therapeutic benefits in various human
diseases, the underlying therapeutic mechanisms are still being fully elucidated. Currently,
the mechanisms of MSC-based therapy can be mainly attributed to immunomodulation,
differentiation potential, homing to injured sites, and paracrine effect [20-22]. Notably,
MSC-based cell therapies are recognized as exerting their therapeutic effect in bone re-
generation by paracrine effect rather than their differentiation potential over the past
decades [23]. Paracrine effect is a mechanism in which MSCs release a large amount of
functional molecules that are taken up by damaged tissues or cells, and subsequently
benefits angiogenesis, proliferation, inhibits apoptosis as well as inflammation, and in
the case of osteoporosis, promotes the osteogenesis [24]. The conditioned medium (CM)
of cultured MSCs were widely used to investigate the paracrine effect because a broad
spectrum of beneficial factors could be found in the CM [24,25]. Interestingly, with the
increasing evidence being revealed, the fascinating nanoscale “vesicles” isolated from CM
were proven to carry paracrine factors and predominate the regulation of paracrine effect
in tissue regeneration [26,27].

2. MSC-EV with Carried Molecules for Diseases Treatment

Extracellular vesicles (EVs) are lipid bound, nano- to micrometer scaled vesicles
secreted by almost all cell types. They can be divided into three subgroups by size,
biogenesis, release pathways, encapsulated content and function: exosomes (30—200 nm),
microvesicles (MVs, 45-1000 nm), and apoptotic bodies (ABs, 1-4 um) [28,29].

Based on the guideline of MISEV (minimal information for studies of extracellular vesi-
cles) 2018, “extracellular vesicle (EVs)” is an expert consensus term to describe the vesicles
that have the characteristics as follows: (1) The vesicles cannot replicate. (2) The vesicles
are naturally released from the cell. (3) The vesicles are encapsulated by lipid bilayers.
EVs should be characterized by at least three positive markers (one transmembrane/lipid-
bound protein is included) with one negative marker. The markers like tetraspanins
families (e.g., CD9, CD63, CD81, and CD82), MVB membrane transport (Alix and TSG101),
and heat-shock proteins (Hsp70 and Hsp90) are commonly used as EVs” markers [30,31].
In particular, MSCs-EVs can reflect the markers from their parental cells by expression of
CD29, CD44, CD73, and CD90. This cell-type fingerprint not only provides the targets for
characterization, but also indicates that MSC-EVs have a similarly potential to MSCs in
the treatment of various disease [32,33]. Among these EVs, exosomes have drawn great
attention due to the therapeutic potential and medical application of exosomes from certain
cell types, such as MSCs or other stem cells. Exosomes are encapsulated by a lipid bilayer
membrane with several types of molecules within the exosomal membrane, including
integrins, adhesion molecules, lipid, and certain receptors. Inside the exosomes, various
types of molecules are encapsulated, including DNA, messenger RNA, microRNA, non-
coding RNA, enzymes, cytokines, as well as many other proteins [14]. All these cargos
are the materials involved in the cell-cell communication through exosomes trafficking
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and uptake by recipient cells. Moreover, different types of cells produce exosomes with
different content of cargo, which have different effects. There has been strong evidence that
exosomes are the main carrier in charge of transporting most of the secreted factors from
cells [15]. Currently, exosomes represent an important mode of intercellular communication
by serving as vehicles for transfer between cells of membrane and cytosolic proteins, lipids,
and RNA [16].

The therapeutic effect of EVs can be exerted via horizontal transfer of molecules, such
as proteins, lipids and several types of nucleic acids [34-36]. Recently, the therapeutic
potential of noncoding RNAs (ncRNAs) has drawn a lot of attention. These ncRNAs
include microRNAs (miRNAs), Piwi-interacting RNA (piRNA), long non-coding RNAs
(IncRNAs), and others types of secretomes derived from cells. Among these ncRNAs, cer-
tain miRNAs and IncRNAs have shown therapeutic potential in numerous diseases [37-39].
miRNAs are regulatory small RNAs with 21-23 nt that are involved in posttranscriptional
downregulation of protein [40]. They target and inhibit the translation of specific mRNAs
and eventually influence the gene expression profile as well as cellular behavior. As the
result, EVs’ miRNAs are generally considered the crucial therapeutic cargos in the MSC-
EV-based therapy [41-43]. The majority of the mammalian genome is transcribed into
non-protein-coding mRNAs, including IncRNAs [44]. In the cytoplasm, IncRNAs served
as the competing endogenous RNA (ceRNA) to control the binding of miRNA-mRNA,
and mediate the translational regulation of mRNA, as well as function as scaffolds of
RNA-protein complexes [45,46]. Nuclear IncRNAs mainly influence the organization of
chromatin by interacting with related proteins, or prevent the gene loci targeted from
specific chromatin factors [47]. As the potential therapeutic targets, several studies demon-
strated that IncRNAs play an important role in the treatment of cancer, rare diseases, and
infectious diseases [48]. For example, IncRNA H19 carried by MSC-EVs can be transferred
to fibroblasts, upregulates the PTEN signaling pathway, and stimulate wound healing in
diabetic foot ulcers [49]. The protein cargos of MSC-EVs can be associated with several bio-
logical processes of various diseases, particularly with tissue repair and regeneration [50].
EVs derived from WJ-MSCs showed the immunomodulatory capability, mainly through
TGF-f3 and adenosine carried in the EVs which suppress the activation of CD4-expressing
T-cells and used for the treatment of canine diseases [51]. Overexpression of hypoxia
inducible factor (HIF)-1& in the human dental pulp MSCs promotes the release of EVs, con-
comitantly carrying overexpressed HIF-1x. These EVs promote angiogenesis by interacting
with Notch signaling-rated protein (Jagged1) [52]. Both MSCs and MSC-EVs attenuate
ureteral fibrosis by inhibition of TGF-f31/Smad signaling pathway, whereas the therapeu-
tic effect of MSCs might attribute to EVs, the paracrine factors secreted by transplanted
MSCs [53]. Of note, MSCs and MSC-EVs act as medications for several bone diseases,
such as femur head necrosis, OA, RA, osteosarcoma, and osteoporosis via transferring
therapeutic cargo (Figure 1). Collectively, MSC-EVs have shown the curative potential not
less than that of parental MSCs in the treatment of numerus disease models, indicating that
MSC-EVs is a worth developing medication in the future.
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Figure 1. Application of exogenous MSC-EVs on the treatment of bone diseases. (A) MSCs and their
secreted EVs have been used to successfully treat the femur head necrosis, OA, RA, osteosarcoma,
and osteoporosis. (B) The retardation of osteoporosis by exogenous MSC-EVs might attribute to
carried cargo (protein and non-coding RNA), or exerted by engineering MSC-EVs.
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3. Applications of Modified EVs for Therapy

In general, the terms “modification” and “engineering” are used to describe the
biotechnologies involved in the alteration of the materials for cells, particles, and vesi-
cles [54-56]. The common materials include chemical linkers, ligands, proteins, lipids,
and nucleic acids. Further, the alteration induced by external pressure such as hypoxia
environment, mechanical force, sonochemical reactions, and voltage operations are rec-
ognized as the approaches of modification or engineering [57-59]. At the genetic level,
the term “genetic modification or engineering” can comprehensively cover the process of
intentional alteration of genes to produce a beneficial characteristic to a targeted organ-
ism [60]. Nevertheless, for the broad spectrum of biomaterials including EVs, nanoparticles
(NPs), liposomes, cells, and tissues, there is no uniform description of “modification” and
“engineering”. In this review, both “modification” and “engineering” are used to describe
the introduction of external materials to EVs or alteration induced by application of pres-
sure. There are a plethora of methods to modify EVs, and loading of exogenous proteins or
nucleic acids into EVs are common methods used to explore the feasibility of modified EVs
for disease treatment. Physical approaches, including saponin permeabilization, extrusion,
sonication, and freeze/thaw cycles, were reported to load hydrophilic molecule (catalase)
into EVs [61]. To increase the quantity of EVs, cells cultured in the hypoxic environment
secreted EVs with 1.5-2 folds more than that of cells cultured normoxia [62]. Other meth-
ods of EV engineering such as surface modification, phospholipid-domain binding, click
chemistry, and hybrid EVs with liposomes are introduced to enhance the ability of binding,
targeting, and stability of EVs and potentiate the therapeutic effect [63-67]. However, the
major challenge of EV engineering is keeping the biological functions of EVs when loading
materials or modifying. Several studies showed that loading of exogenous nucleic acids
into EV by electroporation might induce the aggregation of EVs and the loaded materials,
lower the loading efficiency, and reduce the uptake of EVs by target cells [68,69]. Sonication
is an effective method for active loading of hydrophilic agents or nucleic acids into EVs.
However, cargo of nucleic acids is easily degraded due to their structural nature and the
adverse effect may be resulted by sonication [70,71]. The cargo can be introduced into
EVs by incubating with transfection reagent. However, EV membrane might be altered by
reagent, which might further affect the delivery of EVs [72,73]. Taken together, suitable
modification and engineering of EVs strengthen the therapeutic potential through different
aspects, such as enhanced targeting ability or loading of therapeutic agents. Neverthe-
less, engineering without affecting the bioactivity and function of EVs is always a critical
concern.

4. Therapeutic Potential of Exogenous MSC-EVs for Osteoporosis
4.1. Rebalancing the Bone Homeostasis by Regulation of Bone Formation and Resorption

To date, the strategies of using MSCs or MSC-EVs in the treatment of metabolic bone
diseases mainly focus on regulating the bone remodeling by promotion of osteoblasts
and inhibition of osteoclasts. Numerous important molecules are involved in the bone
remodeling and therefore can serve as the markers for the measurement of dynamic
change. These include alkaline phosphatase (ALP), RUNX Family Transcription Factor
2 (RUNX2), collagen, type I, alpha 1 (COL1A1), collagen, type I, alpha 2 (COL1A2), Os-
teopontin (OPN), osteocalcin (OCN, BGLAP), osterix (Osx, SP7), cathepsin K (CTSK),
tartrate-resistant acid phosphatase (TRAP), and calcitonin receptor (CALCR) [74-76]. In ad-
dition to these markers, there are also signaling pathways regulating the bone remodeling,
such as WNT/ 3-catenin, transforming growth factor-betas (TGF-f3), bone morphogenetic
proteins (BMP), insulin-like growth factors (IGF), phosphoinositide 3-kinase (PI3K)/Akt,
and RANKL/RANK/OPG signaling pathways [77-81]. With the examination of these
protein markers or signaling pathways, MSC-EVs are demonstrated to be benefit in the
induction of osteogenesis or suppression of osteoclastogenesis. For instance, treatment of
EVs derived from human dental pulp stem cells (hDPSCs) promoted the osteogenesis of
adipose-derived stem cells (hADSCs) by targeting to MAPK pathway [82]. EVs derived



Int. J. Mol. Sci. 2021, 22, 12750

50f15

from osteogenic differentiated hADSCs showed enhanced ability to induce osteogenesis
of hADSCs. This beneficial loop was verified by upregulated expression of ALP and
RUNX2 [83]. In terms of osteoclastogenesis, EVs derived from gingival tissue-derived
MSCs (GMSCs) was reported to target to Wnt5a-mediated RANKL pathway, and inhibit the
activity and the number of osteoclasts. This therapeutic effect was enhanced after GMSCs
are pretreated with tumor necrosis factor alpha (TNF-c) [84]. Despite the promising results
from these preclinical studies, so far only few clinical trials of MSC-EVs in the treatment of
bone diseases are registered and conducted, as compared with that of MSCs (Table 1). This
suggests that the application of MSC-EVs for bone disorders is still at the initial stage, and
more evidence regarding the therapeutic effect, targeted signaling pathways, and other
mechanisms are needed.
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Table 1. Ongoing clinical trials of MSC and MSC-EVs therapy for bone diseases registered in Clinical Trials.gov. The data were obtained in October 2021.

No. NCT04501354 NCT04499105 NCT04414592 NCT04759105 NCT05066334 NCT04297813 NCT03692221 NCT04735185 No. NCT04849429 NCT04998058
Not Not
Phase Phase 2 Phase 2 Appli Phase 2 Phase 2 Phase 3 Early Phase 1 ) Phase Phase 1 Phase 1
pplicable Applicable
Combination
Product:
Advanced Other: Procedure:
medicinal Autologous . - Maxillary
Biological: .
Mesenchymal Therapy stem cells Platelet rich sinus floor
Intervention/ Mesenchymal Stem Cell + Mesenchymal =~ Mesenchymal  Mesenchymal (MSC Mesenchymal Drug: Intervention/ lasma (PRP) elevation
treatment Stem Cell NaCl 0,9% 2 stem cells stem cells stem cells combined stem cells Corticos- treatment P ith grafting with
mL with teroidDrug: exc‘)/\;)mes synthetic
biomaterial) Local bone
Procedure: anesthetic substitute.
Autologous
bone graft
Intervention Single Group Single Group Single Group Parallel Parallel Parallel Parallel Parallel Intervention Parallel Parallel
model Assignment Assignment Assignment Assignment Assignment Assignment Assignment Assignment Model Assignment Assignment
Adipose
tissue-
Umbilical Umbilical Human EV Platelet-rich derived
Cell sources d d umbilical Bone marrow  Bone marrow - Bone marrow  Bone marrow t Plasma/ mesenchymal
Mesenchymal cor cor cord sources/term Extracellular Exosomes stem cells/
stem cells vesicles (EVs) Conditioned
(MSCs) medium
Bone Loss,
Osteoclastic
Degenerative . Intervertebral Intervertebral Bone Loss,
) Lumbar Disc - - . . Alveolar
Disc . Disc Disc Chronic Low Chronic Low
- . Degeneration . . Alveolar . . - . Alveolar
Condition or o . DiseaseLow Degeneration Degeneration Disc Back Pain Condition or Back Pain
. steoporosis . Lumbar . . Bone . . . . Bone Loss
disease Back Pain . Chronic Chronic Degeneration ~ Degenerative disease Degenerative
X Disc Atrophy X . ) . Alveolar
Disc . Low-back Low-back Disc Disease Disc Disease
. Herniation . . Bone
Degeneration Pain Pain A
trophy
Grafting
Bone
Last update 7 August 6 August 18 February 4 October 12 March . Last Update . 10 August
posted 2020 2020 4 June 2020 2021 2021 2020 4 April 2019 10 May 2021 Posted 19 April 2021 2021
Shanghai
gs:;il;zll Campus Campus University Pontifical
S Indonesia Indonesia Shanghai Jiao Bio-Medico Bio-Medico University of Hospitals J ohng Dr. Himanshu C_athth
ponsor Uni . . . . . . . Cleveland Hopkins Sponsor Bansal University of
niversity University Tong University of University of Bergen . - . . .
Uni . Medical University Foundation Rio Grande
niversity Rome Rome
Center do Sul
School of

Medicine
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4.2. miRNAs and IncRNAs Carried by MISC-EV's Serve as Osteoporosis Medications

For the treatment of osteoporosis, several studies have indicated the therapeutic
potential of miRNA in MSC-EVs. A report showed that in the MSC-EVs, 171 miRNAs were
discovered which regulated at least 5481 genes and subsequently influenced numerous
signaling pathways [85]. After OVX-rats were treated with EVs derived from human
bone marrow MSCs (hBMSC-EVs), the study found the increased expression of miR-
551b, miR-1263, miR-181b, miR-144, miR-21, and miR-186 in the bone tissues of OVX-rats.
Among these, miR-186 was verified to inhibit the expression of MOB Kinase Activator 1A
(Mob1) and YAP, which act as the mediators in Hippo signaling pathway [86]. hBMSC-
EVs also showed the therapeutic effect with retardation of osteoporosis, by delivery of
miR-29b to ovariectomized (OVX) mice. According to the report, MSC-EVs isolated from
osteoporotic patients lacked the expression of miR-29b-3p, and therefore the investigators
introduced miR-29b-3p into EVs for the treatment of OVX mice. They found that miR-29b-
3p-encapsulated EVs targeted and suppressed the nuclear factor kappa B (NF-kB) signaling
pathway by inhibiting KDM5A expression, and subsequently improved the osteoporosis
in OVX mice [87]. Similar to EVs from bone marrow MSCs, EVs from Wharton’s jelly
MSCs have strong potential in the treatment of osteoporosis via miRNA cargo. A study
(preprint published on Research Square, DOI: 10.21203 /rs.3.rs-37420/v1) proclaimed that
WJMSC-EVs’ miR-328-3p and miR-2110 promoted osteogenesis of osteoporotic mice. The
report also showed that the PPAR (peroxisome proliferator activated receptor) signaling
pathway-associated miR-2110 and let-7c-5p were enriched in WJ-MSC-EVs and regulated
osteoclastogenesis [88]. Except for the OVX mice/rats model, osteoporosis treatment by
MSC-EVs was also effective in the aged male mice model. EVs secreted from human
umbilical cord blood (UCB-EVs) ameliorated bone loss in 16-month-old mice, and it might
attribute to the repression of Homeobox A2 by EVs’ miR-3960. Once Homeobox A2, which
1lis known to suppress RUNX2 expression, is downregulated by mir-3960, the promotion of
osteoblast differentiation will be activated [89,90]. Another group showed that treatment
of mouse BMSCs derived EVs had limited benefit in the increase of bone index of healthy
mice, including bone mineral density (BMD), trabecular bone volume (BV/TV), trabecular
bone number (Tb.N), and trabecular separation (Tb.Sp) as examined by microCT. However,
when loaded with miR-29a, these EVs significantly induced osteogenesis in healthy mice.
Further in this study, miR-29a was verified to improve osteoporosis and angiogenesis
by directly target to VASHI [91]. CBS*/~ mice (CBS, Cystathionine 3-synthase) tend to
behave metabolic bone loss with increased level of homocysteine (Hcy), which is similar to
the physical condition of osteoporotic postmenopausal women [92]. When osteoporotic
CBS-heterozygous mice were treated with mouse BMSC-EVs, the result revealed that the
angiogenesis and osteogenesis of mice were improved via the regulation by IncRNA-H19
(Inc-H19) in BMSC-EVs. Mechanistically, Inc-H19 bound to and inhibited miR-106, which
was known to downregulated angiopoietin 1 (Angpt1) with the function of bone formation
stimulation [93]. Although the achievement of EVs’ miRNAs and IncRNAs based therapy
for osteoporosis are impressive, several researches revealed contradictory results and
provide another perspective in treatment for diseases by EVs non-coding RNAs cargo.
The investigators isolated the EVs from various tissues including plasma, seminal fluid,
dendritic cells, mast cells, and ovarian cancer cells for miRNAs quantitative assay, however,
most individual EVs did not carry enough amounts of miRNAs to exert their function
(According to the result of that research: 0.00825 + 0.02 miRNA molecules/EV). Needless
to say, the individual EV unlikely transfer miRNAs to the cells in their vicinity followed
by participating in the down-stream signaling pathway [94]. In addition, a manuscript
published on bioRxiv (DOI:10.1101/2020.05.20.106393) also support the concept, based
on their quantitative experiments, they did not find strong evidence that miRNA cargo
can be delivered by EVs to recipient cells, even engineered EVs could not increase the
ability of uptake by cells [95]. Taken together, although the contradictory studies cause the
low morale of investigators, it allows investigators to carefully considered their findings,
endeavoring in development for EVs’ non-coding RNA based agent for osteoporosis.
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4.3. MSC-EVs’ Protein Act as Therapeutic Cargo in the Treatment of Osteoporosis

To assess the therapeutic potential of protein carried by MSC-MVs, protein expression
profiling performed by proteomic analysis is a useful tool for researchers. The proteomic
signatures of MSC-EVs were revealed by extracting EVs from human bone marrow samples
at 2012, the study identified 730 EV-carried proteins, and detailed the function into several
pathways including MAPK, TGF-§3, PPAR, BMP, Wnt, and GF signaling pathways [96].
Interestingly, most of mentioned pathways are related to the pathology of osteoporosis,
it elucidated that utilized MSC-EVs protein cargo to develop osteoporosis medications
were worthy to pursuit. With increasing studies for proteomic analysis of MSC-EVs, more
than 3000 unique proteins have been identified to date. Although the variation of protein
cargo in individuals might lead to the difficulties in drug development, the identified
cargo still shares similar functional category that provide investigators clear targets to
design MSC-EV’ protein-based pharmaceuticals [97,98]. Therefore, a number of researches
reported the therapeutic potential of using MSC-EV’ protein cargo in treatment of osteo-
porosis. OVX mice were used in evaluation of therapeutic effect of human umbilical cord
mesenchymal stromal cells-derived extracellular vesicles (hucMSC-EVs) for osteoporosis.
A total of 5570 EV-carried proteins were identified by LC-MS/MS analysis, among those
cargo, CLEC11A had the highest E/C ratio (EVs/parental cells ratio), allowing it to be a
potential target in promotion of osteogenesis. Based on the hypothesis, the group success-
fully demonstrated that hucMSC-EVs retarded the osteoporosis via transferring CLEC11A.
CLEC11A transferred by MSC-EVs not only stimulated progenitor cells to differentiate
into osteoblasts, but also participated in regulation of osteoclastogenesis [99]. Moreover,
CLEC11A was verified to bind Integrin «11 (Itgall) to stimulate osteogenic activity; how-
ever, the investigators did not examine whether CLEC11A carried by exogenous MSC-EVs
bind to Itgall to activate down-stream signaling or not [100]. Moreover, the BMSC-EVs
obtained from SD rats were intravenously injected into OVX rats via the caudal vein.
Significant improvement of BMD, BV/TV, Tb.N, and Tb.Sp values were revealed after
the treatment. The authors further overexpressed the glycoprotein non-melanoma clone
B (GPNMB), which facilitated osteoblast differentiation, in the BMSCs and released the
EVs with high GPNMB expression (GPNMB-EVs). The result showed that GPNMB-EVs
significantly promoted the osteogenesis in vitro and ameliorate the osteoporosis in vivo in
comparison with control group (OVX mice without treatment) and BMSC-EVs transfected
with empty vector group (NC-EVs) [101]. Given that the BMSC-EVs could attenuate os-
teoporosis by targeting to Wnt/ 3-catenin signaling pathway, the authors extended their
research in exploration of possible mechanisms of treatment by GPNMB-EVs, and found
out that GSK-3p might be the crucial molecule in the treatment. Currently, due to the
obstruction of applying MSC in clinical studies, the alternative source of MSC has been
explored [102]. With the characteristics of a noninvasive, low-cost, simple procedure, and
massive production, the human urine-derived stem cells (USCs) are gradually used in
research of stem cells-based therapy [103]. As the result, the therapeutic potential of USCs
derived EVs (USC-EVs) for osteoporosis was assessed. Through the transfer of collagen
triple-helix repeat containing 1 (CTHRC1) and osteoprotegerin (OPG), USC-EVs effectively
promoted the osteogenesis and suppressed the osteoclastogenesis to avoid OVX-induced
osteoporotic mice from bone loss [104]. Although knockdown of CTHRC1 or OPG did not
totally inhibit the therapeutic effect of USC-EVs due the promiscuous signaling pathway
in bone remodeling, the research provided a strong evidence of using EVs’ protein cargo
as osteoporosis medications despite USCs are not canonical type of MSC. To date, most
studies demonstrated the beneficial effect of MSC-EVs for osteoporosis; however, the
contradictory research showed that BMSC-EVs isolated from maxillary bones enhanced
osteoclastogenesis [105]. According to their conclusion, the osteoclastogenesis was induced
on Raw264.7 cells by treating with BMSC-EVs, whereas the BMSC-EVs were collected
from the rats with bone deterioration might not really reflected the function of BMSC-EVs
from healthy donors, more comprehensive experiments should be performed to verify the
findings. Although non-coding RNAs are widely regarded as most powerful therapeutic
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candidates in MSC-EV-based medications, investigators should not ignore the value of
protein cargo. With the diverse functions and prominent biological activity, protein cargo
carried by MSC-EVs are important for investigators to determine the delivery strategy of
osteoporosis medications.

5. Modification of MSC-EVs in Osteoporosis Therapy

Although MSC-EVs are able to promote angiogenesis, suppress immune response,
and support progenitor cell via intracellular delivery of beneficial cargo, other factors
such as in vivo stability, targeting ability, and heterogeneous populations might affect
the therapeutic effects [106-110]. Nevertheless, studies have shown that the therapeutic
efficacy of EVs can be augmented through proper engineering or modifications [111,112].
A number of effective approaches have been applied for the modification of MSC-EVs.
For instance, MSC-EVs bound with RGD (Arg-Gly-Asp) peptides hydrogels can boost the
effect of acute kidney injury (AKI) repair. After intrarenal injection, the engineered MSC-
EVs avoided rapid clearing from circulation in vivo in comparison with non-engineered
MSC-EVs, indicating that the RGD modification significantly elevated the stability and
prolonged the retention of MSC-EVs [113]. Another group isolated the MSC-EVs from the
cells pretreated with lipopolysaccharide (LPS pre-Exo), and examined their therapeutic
effect using a cutaneous wound model of diabetic rats. The result showed that LPS pre-Exo
enhanced the cutaneous wound healing in diabetic rats. Unique expression of let-7b in
LPS pre-Exo induced macrophage polarization by activation of TLR4/NF-«xB/STAT3/AKT
signaling pathway. Titanium dioxide (TiO2) nanotubes (TNT) are able to promote the cell
elongation and differentiation of MSCs. In this report, MSC-EVs were hybridized with
TNT (EV-hybrid TNT) for subsequent cell treatment. The result showed that the migratory
ability and osteogenic differentiation of hBMSCs were increased by treatment of EV-hybrid
TNT. The effect might attribute to the regulation of BMP-2-related signaling pathway
due to the finding of upregulated expression of BMP-2 in hBMSCs [114,115]. In another
report, Alendronate—extracellular vesicles (Ale-EVs) were synthesized by conjugation of
Alendronate-azide group (Ale-N3) and EVs-alkynyl group (EVs-DBCO). Ale-EVs showed
the enhanced bone-targeting ability and curative effect for osteoporosis. Meanwhile,
MSC-EVs, without Alendronate modification, failed to target to bone tissues of OVX
mice. Interestingly, the value of BMD, TV/BV, Tb. Th, Tb. N, and Tb. Sp examined
by microCT did not improve by injection of unmodified MSC-EVs in OVX mice, despite
that the upregulation of ALP and RUNX2 were noted [116]. Another study showed
that conjugation of mouse BMSC-derived EVs with a BMSC-targeting aptamer enhanced
the in vivo accumulation in bone tissues. Aptamers are nucleic acids or peptides that
target to the specific molecules, and broadly used in basic research, biosensors, molecular
imaging and drug delivery [117,118]. MSC-EVs without modification was able to induce
in vitro osteoblastic differentiation of BMSCs, while the effect was inefficient to retard the
progression of osteoporosis in OVX mice in vivo. However, systemic administration of
aptamer-conjugated MSC-EVs, the osteogenic activities of OVX mice were enhanced and
osteoporosis was significantly ameliorated. This curative effect might be exerted through
the enriched miR-26a carried by MSC-EVs which specifically accumulated in the bone
tissue [119]. Together, these results showed the enhancement of curative potential of MSC-
EVs after suitable modification. With the increase of studies demonstrates the effective
strategies of utilizing naive MSC-EVs/engineering MSC-EVs cargo for osteoporosis, the
downstream signaling mechanisms induced by exogenous MSC-EVs are gradually clarified
(Table 2).
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Table 2. A summary of in vitro and in vivo studies of exogenous MSC-EVs for treating osteoporosis.
Animal . Administration Duration of Time Point of
Model Terminology Source of EVs Route EVs Cargos Treatment Sacrifice Target Refs.
. Related proteins
In vitro (SIRT1, FoxO
(steroid- . 4 days . ! ’
EVs AFSCs In vitro model Not revealed Not applicable Nrf2, p21, [120]
related (Dose not revealed) .
. Galectin-3, AP-1
osteoporosis) complex)
Aptamer- 100 ug EVs, once dpoint of
OVX mice functionalized BMSCs IV injection miR-26a per week for endpomt o Not revealed [119]
exosomes 2 months treatment
100 pg EVs, twice endpoint of
Healthy mice Exosomes BMSCs IV injection miR-29a per week for P VASH1 [91]
2 months treatment
CBS*/~ 100 pg EVs, 3 times endpoint of miR-
heterozygous Exosomes BMSCs IV injection Inc-H19 per week for P 106a/ Anevtl [93]
mice 2 months treatment a/Angp
10" /mL EVs, once endpoint of Hippo signalin
OVX rat Exosomes BMSCs IV injection miR-186 per week for p PP h gnaing [86]
1 months treatment pathway
In vitro Exosomes BMSCs In vitro model Not revealed Not revealed Not revealed MAI;;EEZ;Img [121]
GPNMB- 100 ng EVs, once dpoint of Wnt/ 3-catenin
OVX rat modified BMSCs IV injection GPNMB per week for egegt(x)]f;n(t) signaling [101]
BMSC-EV 2 months pathway
Aged' male 100 ug EVs, once 1,2and
mice T . 8 weeks after
EVs hUCB IV injection miR-3960 per week for - HOXA2 [89]
(16 months 8 K the first
old) weeks treatment
100 pg EVs, once endpoint of
OVX mice EVs hucMSCs IV injection CLECI11A per week for P Integrin «11 [99]
2 months treatment
EVs isolated
from OVX
In vitro mice Wlt}.\ BMSCs In vitro model miR-29b-3p Not revealed Not applicable KDM5A/NE-KB [87]
agOZH;LR:;mlR- pathway
-op
injection
. 0.5 mg/kg EVs, .
OVX mice Exosomes W]J-MSCs IP injection m1R-328-3p, every 3 days for endpoint of CHRD, TNF [88]
miR-2110 6 weeks treatment
OVX rat SEV BMSCs Not revealed miR- 3 weeks endpoint of BAMBI [122]
20a/BAMBI (Dose not revealed) treatment

Abbreviation: OVX, ovariectomized; sEV, small extracellular vesicles; AFSC, amniotic fluid stem cells; BMSCs, bone marrow mesenchymal
stem cells (BMSCs); hUCB, human umbilical cord blood; hucMSCs, human umbilical cord blood-derived mesenchymal stem cells; W]-MSCs,
Wharton's jelly mesenchymal stem cells; SIRT1, Sirtuin 1; FoxO, class O of forkhead box transcription factors; Nrf2, nuclear factor erythroid
2-related factor 2; AP-1, activator protein 1; VASH1, vasohibin 1; Angpt1, angiopoietin 1, MAPK, mitogen-activated protein kinases; GPNMB,
glycoprotein non-melanoma clone B; HOXA2, homeobox A2; CLEC11A, C-Type lectin domain containing 11A; KDM5A, lysine-specific
demethylase 5A; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; CHRD, chordin; TNF, tumor necrosis factor; BAMBI,
BMP and activin membrane bound inhibitor.

6. Conclusions and Prospects

In summary, osteoporosis occurs commonly in older populations with an increased
risk of fracture and decreased quality of life (QOL). Despite being the first-line medication
for osteoporosis treatment, the balance of curative effect and adverse effects of bisphospho-
nates therapy is not satisfying. MSC therapy is now extensively tested in several diseases
in clinical trials, including osteoporosis. MSC-derived EVs offers a strategy of cell-free
MSC therapy, exerting the better therapeutic potential in comparison with their parental
cells with lower risk of malignant transformation. In this article, we reviewed a number
of published references to describe the promising therapeutic effects of MSC-EVs such
as promotion osteogenesis and inhibition of osteoclastogenesis in vitro, and retardation
of osteoporosis in vivo. Nevertheless, issues such as nomenclature, characterization, the
ability scale-up production, and robust quality should be addressed as soon as possible. To
accelerate the development of MSC-EV-based medications for osteoporosis, the underlying
molecular mechanisms, potential therapeutic targets, timesaving methods, and precise
animal models are also needed for better understanding and exploration. Currently, the
application of exogenous MSC-EVs in the treatment of osteoporosis is still in the initial
stage as compared with that in the treatment of cardiovascular diseases, cancers, lung
diseases, kidneys injury, wound healing, and other orthopedic disorders. In recent years,
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research of cell-free stem cell therapy using MSC-EVs is rapidly advancing, and it may turn
into a realistic clinical therapy for osteoporosis in the near future.

Author Contributions: Conceptualization, C.-H.L. and R.-S.L.; paper research, C.-H.L. and Y.-A.C;
writing, C.-H.L. and Y.-A.C,; validation, C.-C.K. and R.-S.L.; editing, C.-C.K. and R.-S.L.; project
administration, C.-C.K. and R.-S.L.; funding, C.-C.K. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by the grants: KMU-DK(B)110005-3 and KMU-M110010A
(Kaohsiung Medical University).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We thank the Core Lab for Phenomics and Diagnostics, Kaohsiung Chang Gung
Memorial Hospital, Kaohsiung, Taiwan for assistance with manuscript preparation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Bonyadi, M.; Waldman, S.D.; Liu, D.; Aubin, ].E.; Grynpas, M.D.; Stanford, W.L. Mesenchymal progenitor self-renewal deficiency
leads to age-dependent osteoporosis in Sca-1/Ly-6A null mice. Proc. Natl. Acad. Sci. USA 2003, 100, 5840-5845. [CrossRef]

2. Kapinas, K.; Delany, A.M. MicroRNA biogenesis and regulation of bone remodeling. Arthritis Res. Ther. 2011, 13, 220. [CrossRef]
[PubMed]

3. Zhang, T; Tian, Y.; Wang, Q.; Fu, M.; Xue, C.; Wang, J. Comparative Study of DHA with Different Molecular Forms for
Ameliorating Osteoporosis by Promoting Chondrocyte-to-Osteoblast Transdifferentiation in the Growth Plate of Ovariectomized
Mice. J. Agric. Food Chem. 2021, 69, 10562-10571. [CrossRef] [PubMed]

4.  Epsley, S.; Tadros, S.; Farid, A.; Kargilis, D.; Mehta, S.; Rajapakse, C.S. The Effect of Inflammation on Bone. Front. Physiol. 2020, 11,
511799. [CrossRef] [PubMed]

5. Rasmusson, L.; Abtahi, ]J. Bisphosphonate associated osteonecrosis of the jaw: An update on pathophysiology, risk factors, and
treatment. Int. . Dent. 2014, 2014, 471035. [CrossRef]

6.  Ensrud, K.E.; Crandall, C.J. Bisphosphonates for Postmenopausal Osteoporosis. JAMA 2019, 49, 82-88. [CrossRef] [PubMed]

7. Giuliani, N.; Pedrazzoni, M.; Negri, G.; Passeri, G.; Impicciatore, M.; Girasole, G. Bisphosphonates stimulate formation
of osteoblast precursors and mineralized nodules in murine and human bone marrow cultures in vitro and promote early
osteoblastogenesis in young and aged mice in vivo. Bone 1998, 22, 455-461. [CrossRef]

8. Papapetrou, P.D. Bisphosphonate-associated adverse events. Hormones (Athens) 2009, 8, 96-110. [CrossRef]

9.  Eguia, A.; Bagan-Debon, L.; Cardona, F. Review and update on drugs related to the development of osteonecrosis of the jaw. Med.
Oral Patol. Oral Cir. Bucal 2020, 25, €71-e83. [CrossRef]

10. Lindner, U,; Kramer, J.; Rohwedel, J.; Schlenke, P. Mesenchymal Stem or Stromal Cells: Toward a Better Understanding of Their
Biology? Transfus. Med. Hemotherapy 2010, 37, 75-83. [CrossRef]

11. Kern, S.; Eichler, H.; Stoeve, J.; Kluter, H.; Bieback, K. Comparative analysis of mesenchymal stem cells from bone marrow,
umbilical cord blood, or adipose tissue. Stem Cells 2006, 24, 1294-1301. [CrossRef]

12.  Zeng, R.; Wang, LW.; Hu, Z.B.; Guo, W.T; Wei, ].S.; Lin, H.; Sun, X.; Chen, L.X,; Yang, L.]. Differentiation of human bone marrow
mesenchymal stem cells into neuron-like cells in vitro. Spine (Phila Pa 1976) 2011, 36, 997-1005. [CrossRef]

13. James, A.W. Review of Signaling Pathways Governing MSC Osteogenic and Adipogenic Differentiation. Scientifica (Cairo) 2013,
2013, 684736. [CrossRef] [PubMed]

14. Antebi, B.; Pelled, G.; Gazit, D. Stem cell therapy for osteoporosis. Curr. Osteoporos. Rep. 2014, 12, 41-47. [CrossRef] [PubMed]

15. Kangari, P; Talaei-Khozani, T.; Razeghian-Jahromi, I.; Razmkhah, M. Mesenchymal stem cells: Amazing remedies for bone and
cartilage defects. Stem Cell Res. Ther. 2020, 11, 492. [CrossRef]

16. Behnke, ].; Kremer, S.; Shahzad, T.; Chao, C.M.; Bottcher-Friebertshauser, E.; Morty, R.E.; Bellusci, S.; Ehrhardt, H. MSC Based
Therapies-New Perspectives for the Injured Lung. J. Clin. Med. 2020, 9, 682. [CrossRef] [PubMed]

17. de Klerk, E.; Hebrok, M. Stem Cell-Based Clinical Trials for Diabetes Mellitus. Front. Endocrinol. (Lausanne) 2021, 12, 631463.
[CrossRef]

18. Wang, Y.; Tang, Z.; Gu, P. Stem/progenitor cell-based transplantation for retinal degeneration: A review of clinical trials. Cell
Death Discov. 2020, 11, 793. [CrossRef] [PubMed]

19. Golchin, A. Cell-Based Therapy for Severe COVID-19 Patients: Clinical Trials and Cost-Utility. Stem Cell Rev. Rep. 2021, 17, 56-62.
[CrossRef]

20. Squillaro, T.; Peluso, G.; Galderisi, U. Clinical Trials With Mesenchymal Stem Cells: An Update. Cell Transpl. 2016, 25, 829-848.

[CrossRef]


http://doi.org/10.1073/pnas.1036475100
http://doi.org/10.1186/ar3325
http://www.ncbi.nlm.nih.gov/pubmed/21635717
http://doi.org/10.1021/acs.jafc.1c03228
http://www.ncbi.nlm.nih.gov/pubmed/34464107
http://doi.org/10.3389/fphys.2020.511799
http://www.ncbi.nlm.nih.gov/pubmed/33584321
http://doi.org/10.1155/2014/471035
http://doi.org/10.1001/jama.2019.15781
http://www.ncbi.nlm.nih.gov/pubmed/31621799
http://doi.org/10.1016/S8756-3282(98)00033-7
http://doi.org/10.14310/horm.2002.1226
http://doi.org/10.4317/medoral.23191
http://doi.org/10.1159/000290897
http://doi.org/10.1634/stemcells.2005-0342
http://doi.org/10.1097/BRS.0b013e3181eab764
http://doi.org/10.1155/2013/684736
http://www.ncbi.nlm.nih.gov/pubmed/24416618
http://doi.org/10.1007/s11914-013-0184-x
http://www.ncbi.nlm.nih.gov/pubmed/24407712
http://doi.org/10.1186/s13287-020-02001-1
http://doi.org/10.3390/jcm9030682
http://www.ncbi.nlm.nih.gov/pubmed/32138309
http://doi.org/10.3389/fendo.2021.631463
http://doi.org/10.1038/s41419-020-02955-3
http://www.ncbi.nlm.nih.gov/pubmed/32968042
http://doi.org/10.1007/s12015-020-10046-1
http://doi.org/10.3727/096368915X689622

Int. J. Mol. Sci. 2021, 22, 12750 12 of 15

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.
47.

Hoogduijn, M.]J.; Lombardo, E. Mesenchymal Stromal Cells Anno 2019: Dawn of the Therapeutic Era? Concise Review. Stem Cells
Transl. Med. 2019, 8, 1126-1134. [CrossRef] [PubMed]

Abofila, M.T.; Azab, A.E. Stem Cells: Insights into Niche, Classification, Identification, Characterization, Mechanisms of
Regeneration by Using Stem Cells, and Applications in Joint Disease Remedy. . Biotech. Bioprocess. 2021, 2, 2766-2314.
Arjmand, B.; Sarvari, M.; Alavi-Moghadam, S.; Payab, M.; Goodarzi, P; Gilany, K.; Mehrdad, N.; Larijani, B. Prospect of Stem Cell
Therapy and Regenerative Medicine in Osteoporosis. Front. Endocrinol. (Lausanne) 2020, 11, 430. [CrossRef] [PubMed]

Linero, I.; Chaparro, O. Paracrine effect of mesenchymal stem cells derived from human adipose tissue in bone regeneration.
PLoS ONE 2014, 9, €107001. [CrossRef] [PubMed]

Pawitan, J.A. Prospect of stem cell conditioned medium in regenerative medicine. Biomed Res. Int. 2014, 2014, 965849. [CrossRef]
Tofino-Vian, M.; Guillen, M.L; Perez Del Caz, M.D; Silvestre, A.; Alcaraz, M.]. Microvesicles from Human Adipose Tissue-Derived
Mesenchymal Stem Cells as a New Protective Strategy in Osteoarthritic Chondrocytes. Cell. Physiol. Biochem. 2018, 47, 11-25.
[CrossRef]

Collino, F.; Pomatto, M.; Bruno, S.; Lindoso, R.S.; Tapparo, M.; Sicheng, W.; Quesenberry, P.; Camussi, G. Exosome and
Microvesicle-Enriched Fractions Isolated from Mesenchymal Stem Cells by Gradient Separation Showed Different Molecular
Signatures and Functions on Renal Tubular Epithelial Cells. Stem Cell Rev. Rep. 2017, 13, 226-243. [CrossRef] [PubMed]

Raposo, G.; Stoorvogel, W. Extracellular vesicles: Exosomes, microvesicles, and friends. J. Cell Biol. 2013, 200, 373-383. [CrossRef]
Gupta, D.; Liang, X.; Pavlova, S.; Wiklander, O.P.B.; Corso, G.; Zhao, Y.; Saher, O.; Bost, J.; Zickler, A.M.; Piffko, A.; et al.
Quantification of extracellular vesicles in vitro and in vivo using sensitive bioluminescence imaging. J. Extracell. Vesicles 2020, 9,
1800222. [CrossRef]

Zhang, Y.; Liu, Y,; Liu, H.; Tang, W.H. Exosomes: Biogenesis, biologic function and clinical potential. Cell Biosci. 2019, 9, 19.
[CrossRef]

Chaparro Padilla, A.; Weber Aracena, L.; Realini Fuentes, O.; Albers Busquetts, D.; Hernandez Rios, M.; Ramirez Lobos, V.;
Pascual La Rocca, A.; Nart Molina, J.; Beltran Varas, V.; Acuna-Gallardo, S.; et al. Molecular signatures of extracellular vesicles in
oral fluids of periodontitis patients. Oral Dis. 2020, 26, 1318-1325. [CrossRef]

Lasser, C.; Eldh, M.; Lotvall, J. Isolation and characterization of RNA-containing exosomes. J. Vis. Exp. 2012, 59, €3037. [CrossRef]
[PubMed]

Qiu, G.; Zheng, G.; Ge, M.; Wang, ].; Huang, R.; Shu, Q.; Xu, ]. Functional proteins of mesenchymal stem cell-derived extracellular
vesicles. Stem Cell Res. Ther. 2019, 10, 359. [CrossRef]

Chen, Y.A.; Lu, CH,; Ke, C.C.; Chiu, SJ; Jeng, ES.; Chang, C.W,; Yang, B.H.; Liu, R.S. Mesenchymal Stem Cell-Derived Exosomes
Ameliorate Alzheimer’s Disease Pathology and Improve Cognitive Deficits. Biomedicines 2021, 9, 594. [CrossRef]

Wiklander, O.P,; Nordin, J.Z.; O’Loughlin, A.; Gustafsson, Y.; Corso, G.; Mager, L; Vader, P; Lee, Y.; Sork, H.; Seow, Y.; et al.
Extracellular vesicle in vivo biodistribution is determined by cell source, route of administration and targeting. J. Extracell. Vesicles
2015, 4, 26316. [CrossRef]

Kordelas, L.; Schwich, E.; Dittrich, R.; Horn, P.A.; Beelen, D.W.; Borger, V.; Giebel, B.; Rebmann, V. Individual Immune-Modulatory
Capabilities of MSC-Derived Extracellular Vesicle (EV) Preparations and Recipient-Dependent Responsiveness. Int. . Mol. Sci.
2019, 20, 1642. [CrossRef]

Basalova, N.; Sagaradze, G.; Arbatskiy, M.; Evtushenko, E.; Kulebyakin, K.; Grigorieva, O.; Akopyan, Z.; Kalinina, N.; Efimenko, A.
Secretome of Mesenchymal Stromal Cells Prevents Myofibroblasts Differentiation by Transferring Fibrosis-Associated microRNAs
within Extracellular Vesicles. Cells 2020, 9, 1272. [CrossRef] [PubMed]

Xin, H.; Li, Y.; Buller, B.; Katakowski, M.; Zhang, Y.; Wang, X.; Shang, X.; Zhang, Z.G.; Chopp, M. Exosome-mediated transfer
of miR-133b from multipotent mesenchymal stromal cells to neural cells contributes to neurite outgrowth. Stem Cells 2012, 30,
1556-1564. [CrossRef]

Wang, X.; Gu, H.; Qin, D.; Yang, L.; Huang, W.; Essandoh, K.; Wang, Y.; Caldwell, C.C.; Peng, T.; Zingarelli, B.; et al. Exosomal
miR-223 Contributes to Mesenchymal Stem Cell-Elicited Cardioprotection in Polymicrobial Sepsis. Sci. Rep. 2015, 5, 13721.
[CrossRef] [PubMed]

Dexheimer, PJ.; Cochella, L. MicroRNAs: From Mechanism to Organism. Front. Cell Dev. Biol. 2020, 8, 409. [CrossRef] [PubMed]
Kocijan, R.; Weigl, M.; Skalicky, S.; Geiger, E.; Ferguson, J.; Leinfellner, G.; Heimel, P.; Pietschmann, P.; Grillari, J.; Redl, H.;
et al. MicroRNA levels in bone and blood change during bisphosphonate and teriparatide therapy in an animal model of
postmenopausal osteoporosis. Bone 2020, 131, 115104. [CrossRef]

Guo, L.; Zhao, R.C.; Wy, Y. The role of microRNAs in self-renewal and differentiation of mesenchymal stem cells. Exp. Hematol.
2011, 39, 608-616. [CrossRef] [PubMed]

Valinezhad Orang, A.; Safaralizadeh, R.; Kazemzadeh-Bavili, M. Mechanisms of miRNA-Mediated Gene Regulation from
Common Downregulation to mRNA-Specific Upregulation. Int. ]. Genomics 2014, 2014, 970607. [CrossRef] [PubMed]

Yao, RW.; Wang, Y.; Chen, L.L. Cellular functions of long noncoding RNAs. Nat. Cell Biol. 2019, 21, 542-551. [CrossRef]
Karakas, D.; Ozpolat, B. The Role of LncRNAs in Translation. Noncoding RNA 2021, 7, 16. [CrossRef]

Loayza-Puch, F.; Agami, R. Lncing protein translation to metastasis. EMBO J. 2013, 32, 2657-2658. [CrossRef]

Sun, Q.; Hao, Q.; Prasanth, K.V. Nuclear Long Noncoding RNAs: Key Regulators of Gene Expression. Trends Genet. 2018, 34,
142-157. [CrossRef] [PubMed]


http://doi.org/10.1002/sctm.19-0073
http://www.ncbi.nlm.nih.gov/pubmed/31282113
http://doi.org/10.3389/fendo.2020.00430
http://www.ncbi.nlm.nih.gov/pubmed/32719657
http://doi.org/10.1371/journal.pone.0107001
http://www.ncbi.nlm.nih.gov/pubmed/25198551
http://doi.org/10.1155/2014/965849
http://doi.org/10.1159/000489739
http://doi.org/10.1007/s12015-016-9713-1
http://www.ncbi.nlm.nih.gov/pubmed/28070858
http://doi.org/10.1083/jcb.201211138
http://doi.org/10.1080/20013078.2020.1800222
http://doi.org/10.1186/s13578-019-0282-2
http://doi.org/10.1111/odi.13338
http://doi.org/10.3791/3037
http://www.ncbi.nlm.nih.gov/pubmed/22257828
http://doi.org/10.1186/s13287-019-1484-6
http://doi.org/10.3390/biomedicines9060594
http://doi.org/10.3402/jev.v4.26316
http://doi.org/10.3390/ijms20071642
http://doi.org/10.3390/cells9051272
http://www.ncbi.nlm.nih.gov/pubmed/32443855
http://doi.org/10.1002/stem.1129
http://doi.org/10.1038/srep13721
http://www.ncbi.nlm.nih.gov/pubmed/26348153
http://doi.org/10.3389/fcell.2020.00409
http://www.ncbi.nlm.nih.gov/pubmed/32582699
http://doi.org/10.1016/j.bone.2019.115104
http://doi.org/10.1016/j.exphem.2011.01.011
http://www.ncbi.nlm.nih.gov/pubmed/21288479
http://doi.org/10.1155/2014/970607
http://www.ncbi.nlm.nih.gov/pubmed/25180174
http://doi.org/10.1038/s41556-019-0311-8
http://doi.org/10.3390/ncrna7010016
http://doi.org/10.1038/emboj.2013.210
http://doi.org/10.1016/j.tig.2017.11.005
http://www.ncbi.nlm.nih.gov/pubmed/29249332

Int. J. Mol. Sci. 2021, 22, 12750 13 of 15

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Khorkova, O.; Hsiao, J.; Wahlestedt, C. Basic biology and therapeutic implications of IncRNA. Adv. Drug Deliv. Rev. 2015, 87,
15-24. [CrossRef] [PubMed]

Li, B,; Luan, S.; Chen, J.; Zhou, Y.; Wang, T.; Li, Z.; Fu, Y.; Zhai, A.; Bi, C. The MSC-Derived Exosomal IncRNA H19 Promotes
Wound Healing in Diabetic Foot Ulcers by Upregulating PTEN via MicroRNA-152-3p. Mol. Ther. Nucleic Acids 2020, 19, 814-826.
[CrossRef] [PubMed]

Toh, W.S,; Lai, R.C.; Zhang, B.; Lim, S.K. MSC exosome works through a protein-based mechanism of action. Biochem. Soc. Trans.
2018, 46, 843-853. [CrossRef]

Crain, S.K.; Robinson, S.R.; Thane, K.E.; Davis, A.M.; Meola, D.M.; Barton, B.A.; Yang, V.K.; Hoffman, A M. Extracellular Vesicles
from Wharton's Jelly Mesenchymal Stem Cells Suppress CD4 Expressing T Cells Through Transforming Growth Factor Beta and
Adenosine Signaling in a Canine Model. Stem Cells Dev. 2019, 28, 212-226. [CrossRef] [PubMed]

Gonzalez-King, H.; Garcia, N.A.; Ontoria-Oviedo, I; Ciria, M.; Montero, J.A.; Sepulveda, P. Hypoxia Inducible Factor-lalpha
Potentiates Jagged 1-Mediated Angiogenesis by Mesenchymal Stem Cell-Derived Exosomes. Stem Cells 2017, 35, 1747-1759.
[CrossRef] [PubMed]

Luo, J.; Zhao, S.; Wang, J.; Luo, L.; Li, E.; Zhu, Z,; Liu, Y.; Kang, R.; Zhao, Z. Bone marrow mesenchymal stem cells reduce
ureteral stricture formation in a rat model via the paracrine effect of extracellular vesicles. J. Cell. Mol. Med. 2018, 22, 4449-4459.
[CrossRef] [PubMed]

Zhu, N.; Zhang, B.; Yu, Q. Genetic Engineering-Facilitated Coassembly of Synthetic Bacterial Cells and Magnetic Nanoparticles
for Efficient Heavy Metal Removal. ACS Appl. Mater. Interfaces 2020, 12, 22948-22957. [CrossRef] [PubMed]

Carnino, ].M.; Ni, K.; Jin, Y. Post-translational Modification Regulates Formation and Cargo-Loading of Extracellular Vesicles.
Front. Immunol. 2020, 11, 948. [CrossRef]

Chen, C.C,; Chang, D.Y;; Li, ].].; Chan, HW.,; Chen, ].T,; Chang, C.H,; Liu, R.S.; Chang, C.A.; Chen, C.L.; Wang, H.E. Investigation
of biodistribution and tissue penetration of PEGylated gold nanostars and their application for photothermal cancer treatment in
tumor-bearing mice. J. Mater. Chem. B 2020, 8, 65-77. [CrossRef]

Brezhneva, N.; Dezhkunov, N.V.; Ulasevich, S.A.; Skorb, E.V. Characterization of transient cavitation activity during sonochemical
modification of magnesium particles. Ultrason. Sonochemistry 2021, 70, 105315. [CrossRef] [PubMed]

Hwang, O.K;; Noh, YYW.; Hong, ].T.; Lee, ].W. Hypoxia Pretreatment Promotes Chondrocyte Differentiation of Human Adipose-
Derived Stem Cells via Vascular Endothelial Growth Factor. Tissue Eng. Regen. Med. 2020, 17, 335-350. [CrossRef]

Olmo, A.; Yuste, Y.; Serrano, J.A.; Maldonado-Jacobi, A.; Perez, P.; Huertas, G.; Pereira, S.; Yufera, A.; de la Portilla, F. Electrical
Modeling of the Growth and Differentiation of Skeletal Myoblasts Cell Cultures for Tissue Engineering. Sensors 2020, 20, 3152.
[CrossRef]

Resnik, D.B.; Vorhaus, D.B. Genetic modification and genetic determinism. Philos. Ethics Humanit. Med. 2006, 1, E9. [CrossRef]
Haney, M.J.; Klyachko, N.L.; Zhao, Y.; Gupta, R.; Plotnikova, E.G.; He, Z; Patel, T.; Piroyan, A.; Sokolsky, M.; Kabanov, A.V.; et al.
Exosomes as drug delivery vehicles for Parkinson’s disease therapy. J. Control. Release 2015, 207, 18-30. [CrossRef]

King, HW.; Michael, M.Z.; Gleadle, ].M. Hypoxic enhancement of exosome release by breast cancer cells. BMC Cancer 2012, 12,
421. [CrossRef] [PubMed]

Ramasubramanian, L.; Kumar, P.; Wang, A. Engineering Extracellular Vesicles as Nanotherapeutics for Regenerative Medicine.
Biomolecules 2019, 10, 48. [CrossRef]

Sato, Y.T.; Umezaki, K.; Sawada, S.; Mukai, S.A.; Sasaki, Y.; Harada, N.; Shiku, H.; Akiyoshi, K. Engineering hybrid exosomes by
membrane fusion with liposomes. Sci. Rep. 2016, 6, 21933. [CrossRef] [PubMed]

Tian, Y,; Li, S.; Song, J.; Ji, T.; Zhu, M.; Anderson, G.J.; Wei, ].; Nie, G. A doxorubicin delivery platform using engineered natural
membrane vesicle exosomes for targeted tumor therapy. Biomaterials 2014, 35, 2383-2390. [CrossRef]

Kwon, S.; Shin, S.; Do, M.; Oh, B.H.; Song, Y.; Bui, V.D.; Lee, E.S.; Jo, D.G.; Cho, Y.W.; Kim, D.H,; et al. Engineering approaches for
effective therapeutic applications based on extracellular vesicles. J. Control. Release 2021, 330, 15-30. [CrossRef]

Kooijmans, S.A.A.; Fliervoet, L.A.L.; van der Meel, R.; Fens, M.; Heijnen, H.E.G.; van Bergen En Henegouwen, PM.P,; Vader, P.;
Schiffelers, R.M. PEGylated and targeted extracellular vesicles display enhanced cell specificity and circulation time. J. Control.
Release 2016, 224, 77-85. [CrossRef]

Kooijmans, S.A.A.; Stremersch, S.; Braeckmans, K.; de Smedt, S.C.; Hendrix, A.; Wood, M.J.A.; Schiffelers, R.M.; Raemdonck, K,;
Vader, P. Electroporation-induced siRNA precipitation obscures the efficiency of siRNA loading into extracellular vesicles. .
Control. Release 2013, 172, 229-238. [CrossRef]

Pomatto, M.A.C.; Bussolati, B.; D’ Antico, S.; Ghiotto, S.; Tetta, C.; Brizzi, M.F.; Camussi, G. Improved Loading of Plasma-Derived
Extracellular Vesicles to Encapsulate Antitumor miRNAs. Mol. Ther. Methods Clin. Dev. 2019, 13, 133-144. [CrossRef]

Jeyaram, A.; Lamichhane, TN.; Wang, S.; Zou, L.; Dahal, E.; Kronstadt, S.M.; Levy, D.; Parajuli, B.; Knudsen, D.R.; Chao, W,;
et al. Enhanced Loading of Functional miRNA Cargo via pH Gradient Modification of Extracellular Vesicles. Mol. Ther. 2020, 28,
975-985. [CrossRef]

Lamichhane, T.N.; Jeyaram, A.; Patel, D.B.; Parajuli, B.; Livingston, N.K.; Arumugasaamy, N.; Schardyt, J.S.; Jay, S.M. Oncogene
Knockdown via Active Loading of Small RNAs into Extracellular Vesicles by Sonication. Cell. Mol. Bioeng. 2016, 9, 315-324.
[CrossRef]

Syn, N.L.; Wang, L.; Chow, E.K.; Lim, C.T.; Goh, B.C. Exosomes in Cancer Nanomedicine and Immunotherapy: Prospects and
Challenges. Trends Biotechnol. 2017, 35, 665-676. [CrossRef]


http://doi.org/10.1016/j.addr.2015.05.012
http://www.ncbi.nlm.nih.gov/pubmed/26024979
http://doi.org/10.1016/j.omtn.2019.11.034
http://www.ncbi.nlm.nih.gov/pubmed/31958697
http://doi.org/10.1042/BST20180079
http://doi.org/10.1089/scd.2018.0097
http://www.ncbi.nlm.nih.gov/pubmed/30412034
http://doi.org/10.1002/stem.2618
http://www.ncbi.nlm.nih.gov/pubmed/28376567
http://doi.org/10.1111/jcmm.13744
http://www.ncbi.nlm.nih.gov/pubmed/29993184
http://doi.org/10.1021/acsami.0c04512
http://www.ncbi.nlm.nih.gov/pubmed/32338492
http://doi.org/10.3389/fimmu.2020.00948
http://doi.org/10.1039/C9TB02194A
http://doi.org/10.1016/j.ultsonch.2020.105315
http://www.ncbi.nlm.nih.gov/pubmed/32906064
http://doi.org/10.1007/s13770-020-00265-5
http://doi.org/10.3390/s20113152
http://doi.org/10.1186/1747-5341-1-9
http://doi.org/10.1016/j.jconrel.2015.03.033
http://doi.org/10.1186/1471-2407-12-421
http://www.ncbi.nlm.nih.gov/pubmed/22998595
http://doi.org/10.3390/biom10010048
http://doi.org/10.1038/srep21933
http://www.ncbi.nlm.nih.gov/pubmed/26911358
http://doi.org/10.1016/j.biomaterials.2013.11.083
http://doi.org/10.1016/j.jconrel.2020.11.062
http://doi.org/10.1016/j.jconrel.2016.01.009
http://doi.org/10.1016/j.jconrel.2013.08.014
http://doi.org/10.1016/j.omtm.2019.01.001
http://doi.org/10.1016/j.ymthe.2019.12.007
http://doi.org/10.1007/s12195-016-0457-4
http://doi.org/10.1016/j.tibtech.2017.03.004

Int. J. Mol. Sci. 2021, 22, 12750 14 of 15

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Wu, P; Zhang, B.; Ocansey, D.K.W.; Xu, W.; Qian, H. Extracellular vesicles: A bright star of nanomedicine. Biomaterials 2021, 269,
120467. [CrossRef]

Wang, K.X.; Xu, L.L.; Rui, Y.F; Huang, S.; Lin, S.E.; Xiong, ].H.; Li, Y.H.; Lee, W.Y,; Li, G. The effects of secretion factors from
umbilical cord derived mesenchymal stem cells on osteogenic differentiation of mesenchymal stem cells. PLoS ONE 2015, 10,
€0120593. [CrossRef]

Yang, J.; Yu, K; Liu, D.; Yang, J.; Tan, L.; Zhang, D. Irisin enhances osteogenic differentiation of mouse MC3T3-E1 cells via
upregulating osteogenic genes. Exp. Ther. Med. 2021, 21, 580. [CrossRef]

Liu, Y;; Shan, H.; Zong, Y.; Lin, Y.; Xia, W.; Wang, N.; Zhou, L.; Gao, Y.; Ma, X; Jiang, C.; et al. IKKe in osteoclast inhibits the
progression of methylprednisolone-induced osteonecrosis. Int. J. Biol. Sci. 2021, 17, 1353-1360. [CrossRef]

Hayrapetyan, A.; Jansen, J.A.; van den Beucken, J.J. Signaling pathways involved in osteogenesis and their application for bone
regenerative medicine. Tissue Eng. Part B Rev. 2015, 21, 75-87. [CrossRef]

Baker, N.; Sohn, J.; Tuan, R.S. Promotion of human mesenchymal stem cell osteogenesis by PI3-kinase/ Akt signaling, and the
influence of caveolin-1/cholesterol homeostasis. Stem Cell Res. Ther. 2015, 6, 238. [CrossRef]

Zhang, P; Zhang, H.; Lin, J.; Xiao, T.; Xu, R; Fu, Y.;; Zhang, Y; Du, Y.; Cheng, J.; Jiang, H. Insulin impedes osteogenesis of BMSCs
by inhibiting autophagy and promoting premature senescence via the TGF-betal pathway. Aging (Albany NY) 2020, 12, 2084-2100.
[CrossRef]

Rossini, M.; Gatti, D.; Adami, S. Involvement of WNT /beta-catenin signaling in the treatment of osteoporosis. Calcif. Tissue Int.
2013, 93, 121-132. [CrossRef]

Holliday, L.S.; Patel, S.S.; Rody, W.J., Jr. RANKL and RANK in extracellular vesicles: Surprising new players in bone remodeling.
Extracell. Vesicles Circ. Nucleic Acids 2021, 2, 18-28. [CrossRef] [PubMed]

Jin, Q.; Li, P; Yuan, K.; Zhao, F.; Zhu, X.; Zhang, P.; Huang, Z. Extracellular vesicles derived from human dental pulp stem cells
promote osteogenesis of adipose-derived stem cells via the MAPK pathway. J. Tissue Eng. 2020, 11, 2041731420975569. [CrossRef]
[PubMed]

Zhu, M.; Liu, Y,; Qin, H,; Tong, S.; Sun, Q.; Wang, T.; Zhang, H.; Cui, M.; Guo, S. Osteogenicainduced exosomes stimulate
osteogenesis of human adipose-derived stem cells. Cell Tissue Bank. 2021, 22, 77-91. [CrossRef] [PubMed]

Nakao, Y.; Fukuda, T.; Zhang, Q.; Sanui, T.; Shinjo, T.; Kou, X.; Chen, C.; Liu, D.; Watanabe, Y.; Hayashi, C.; et al. Exosomes from
TNF-alpha-treated human gingiva-derived MSCs enhance M2 macrophage polarization and inhibit periodontal bone loss. Acta
Biomater. 2021, 122, 306-324. [CrossRef]

Zhao, A.G.; Shah, K.; Cromer, B.; Sumer, H. Mesenchymal Stem Cell-Derived Extracellular Vesicles and Their Therapeutic
Potential. Stem Cells Int. 2020, 2020, 8825771. [CrossRef]

Li, L.; Zhou, X.; Zhang, ].T,; Liu, A.E; Zhang, C.; Han, ].C.; Zhang, X.Q.; Wu, S.; Zhang, X.Y.; Lv, EQ. Exosomal miR-186 derived
from BMSCs promote osteogenesis through hippo signaling pathway in postmenopausal osteoporosis. J. Orthop. Surg. Res. 2021,
16, 23. [CrossRef]

Zhang, X.; Wang, W.; Wang, Y.; Zhao, H.; Han, X.; Zhao, T.; Qu, P. Extracellular Vesicle-Encapsulated miR-29b-3p Released From
Bone Marrow-Derived Mesenchymal Stem Cells Underpins Osteogenic Differentiation. Front. Cell Dev. Biol. 2020, 8, 581545.
[CrossRef]

Ge, Y.; Wang, X. The role and mechanism of exosomes from umbilical cord mesenchymal stem cells in inducing osteogenesis and
preventing osteoporosis. Res. Sq. 2020. [CrossRef]

Hu, Y;; Xu, R.; Chen, C.Y,; Rao, S.S; Xia, K.; Huang, J.; Yin, H.; Wang, Z.X.; Cao, J.; Liu, Z.Z.; et al. Extracellular vesicles from
human umbilical cord blood ameliorate bone loss in senile osteoporotic mice. Metabolism 2019, 95, 93-101. [CrossRef]

Hu, R,; Liu, W,; Li, H,; Yang, L.; Chen, C.; Xia, Z.Y.; Guo, L.].; Xie, H.; Zhou, H.D.; Wu, X.P; et al. A Runx2/miR-3960/miR-2861
regulatory feedback loop during mouse osteoblast differentiation. J. Biol. Chem. 2011, 286, 12328-12339. [CrossRef]

Lu, G.D.; Cheng, P; Liu, T.; Wang, Z. BMSC-Derived Exosomal miR-29a Promotes Angiogenesis and Osteogenesis. Front. Cell
Dev. Biol. 2020, 8, 608521. [CrossRef]

Behera, J.; Kelly, K.E.; Voor, M.].; Metreveli, N.; Tyagi, S.C.; Tyagi, N. Hydrogen Sulfide Promotes Bone Homeostasis by Balancing
Inflammatory Cytokine Signaling in CBS-Deficient Mice through an Epigenetic Mechanism. Sci. Rep. 2018, 8, 15226. [CrossRef]
[PubMed]

Behera, J.; Kumar, A.; Voor, M.].; Tyagi, N. Exosomal IncRNA-H19 promotes osteogenesis and angiogenesis through mediating
Angptl/Tie2-NO signaling in CBS-heterozygous mice. Theranostics 2021, 11, 7715-7734. [CrossRef]

Chevillet, J.R.; Kang, Q.; Ruf, LK,; Briggs, H.A.; Vojtech, L.N.; Hughes, S.M.; Cheng, H.H.; Arroyo, ].D.; Meredith, E.K,; Gallichotte,
E.N.; et al. Quantitative and stoichiometric analysis of the microRNA content of exosomes. Proc. Natl. Acad. Sci. USA 2014, 111,
14888-14893. [CrossRef] [PubMed]

Albanese, M.; Chen, Y.-EA_; Hiils, C.; Gartner, K.; Tagawa, T.; Mejias-Perez, E.; Keppler, O.T.; Gobel, C.; Zeidler, R.; Shein, M.
Micro RNAs are minor constituents of extracellular vesicles and are hardly delivered to target cells. BioRxiv 2020. [CrossRef]
Kim, H.S.; Choi, D.Y,; Yun, S.J.; Choi, S.M.; Kang, ] W.; Jung, ] W.; Hwang, D.; Kim, K.P,; Kim, D.W. Proteomic analysis of
microvesicles derived from human mesenchymal stem cells. J. Proteome Res. 2012, 11, 839-849. [CrossRef] [PubMed]

Lai, R.C.; Tan, S.S.; Teh, B.].; Sze, S.K.; Arslan, F.; de Kleijn, D.P,; Choo, A.; Lim, S.K. Proteolytic Potential of the MSC Exosome
Proteome: Implications for an Exosome-Mediated Delivery of Therapeutic Proteasome. Int. ]. Proteom. 2012, 2012, 971907.
[CrossRef]


http://doi.org/10.1016/j.biomaterials.2020.120467
http://doi.org/10.1371/journal.pone.0120593
http://doi.org/10.3892/etm.2021.10012
http://doi.org/10.7150/ijbs.57962
http://doi.org/10.1089/ten.teb.2014.0119
http://doi.org/10.1186/s13287-015-0225-8
http://doi.org/10.18632/aging.102723
http://doi.org/10.1007/s00223-013-9749-z
http://doi.org/10.20517/evcna.2020.02
http://www.ncbi.nlm.nih.gov/pubmed/33982033
http://doi.org/10.1177/2041731420975569
http://www.ncbi.nlm.nih.gov/pubmed/33312494
http://doi.org/10.1007/s10561-020-09867-8
http://www.ncbi.nlm.nih.gov/pubmed/33216281
http://doi.org/10.1016/j.actbio.2020.12.046
http://doi.org/10.1155/2020/8825771
http://doi.org/10.1186/s13018-020-02160-0
http://doi.org/10.3389/fcell.2020.581545
http://doi.org/10.21203/rs.3.rs-37420/v1
http://doi.org/10.1016/j.metabol.2019.01.009
http://doi.org/10.1074/jbc.M110.176099
http://doi.org/10.3389/fcell.2020.608521
http://doi.org/10.1038/s41598-018-33149-9
http://www.ncbi.nlm.nih.gov/pubmed/30323246
http://doi.org/10.7150/thno.58410
http://doi.org/10.1073/pnas.1408301111
http://www.ncbi.nlm.nih.gov/pubmed/25267620
http://doi.org/10.1101/2020.05.20.106393
http://doi.org/10.1021/pr200682z
http://www.ncbi.nlm.nih.gov/pubmed/22148876
http://doi.org/10.1155/2012/971907

Int. J. Mol. Sci. 2021, 22, 12750 15 of 15

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

McBride, J.D.; Rodriguez-Menocal, L.; Guzman, W.; Khan, A.; Myer, C.; Liu, X; Bhattacharya, S.K.; Badiavas, E.V. Proteomic
analysis of bone marrow-derived mesenchymal stem cell extracellular vesicles from healthy donors: Implications for proliferation,
angiogenesis, Wnt signaling, and the basement membrane. Stem Cell Res. Ther. 2021, 12, 328. [CrossRef]

Hu, Y;; Zhang, Y.; Ni, C.Y.; Chen, C.Y.; Rao, S.S.; Yin, H.; Huang, J.; Tan, Y.J.; Wang, Z.X,; Cao, ].; et al. Human umbilical cord
mesenchymal stromal cells-derived extracellular vesicles exert potent bone protective effects by CLEC11A-mediated regulation
of bone metabolism. Theranostics 2020, 10, 2293-2308. [CrossRef]

Shen, B.; Vardy, K.; Hughes, P.; Tasdogan, A.; Zhao, Z.; Yue, R.; Crane, G.M.; Morrison, S.J. Integrin alphall is an Osteolectin
receptor and is required for the maintenance of adult skeletal bone mass. Elife 2019, 8, e42274. [CrossRef]

Huang, B.; Su, Y,; Shen, E.; Song, M.; Liu, D.; Qi, H. Extracellular vesicles from GPNMB-modified bone marrow mesenchymal
stem cells attenuate bone loss in an ovariectomized rat model. Life Sci. 2021, 272, 119208. [CrossRef] [PubMed]

Roubelakis, M.G.; Pappa, K.I; Bitsika, V.; Zagoura, D.; Vlahou, A.; Papadaki, H.A.; Antsaklis, A.; Anagnou, N.P. Molecular
and proteomic characterization of human mesenchymal stem cells derived from amniotic fluid: Comparison to bone marrow
mesenchymal stem cells. Stem Cells Dev. 2007, 16, 931-952. [CrossRef]

Zhang, D.; Wei, G.; Li, P; Zhou, X.; Zhang, Y. Urine-derived stem cells: A novel and versatile progenitor source for cell-based
therapy and regenerative medicine. Genes Dis. 2014, 1, 8-17. [CrossRef]

Chen, C.Y;; Rao, S.S.; Tan, Y.J.; Luo, M.].; Hu, X.K,; Yin, H.; Huang, J.; Hu, Y.; Luo, ZW.,; Liu, Z.Z; et al. Extracellular vesicles from
human urine-derived stem cells prevent osteoporosis by transferring CTHRC1 and OPG. Bone Res. 2019, 7, 18. [CrossRef]

Xu, S.; Wang, Z. Bone marrow mesenchymal stem cell-derived exosomes enhance osteoclastogenesis during alveolar bone
deterioration in rats. RSC Adv. 2017, 7, 21153-21163. [CrossRef]

Shojaei, S.; Hashemi, S.M.; Ghanbarian, H.; Salehi, M.; Mohammadi-Yeganeh, S. Effect of mesenchymal stem cells-derived
exosomes on tumor microenvironment: Tumor progression versus tumor suppression. J. Cell. Physiol. 2019, 234, 3394-3409.
[CrossRef] [PubMed]

Huang, Y.C.; Lai, L.C. The potential roles of stem cell-derived extracellular vesicles as a therapeutic tool. Ann. Transl. Med. 2019,
7,693. [CrossRef] [PubMed]

Turturici, G.; Tinnirello, R.; Sconzo, G.; Geraci, F. Extracellular membrane vesicles as a mechanism of cell-to-cell communication:
Advantages and disadvantages. Am. |. Physiol. Cell Physiol. 2014, 306, C621-C633. [CrossRef] [PubMed]

Lai, P; Weng, J.; Guo, L.; Chen, X.; Du, X. Novel insights into MSC-EVs therapy for immune diseases. Biomark Res. 2019, 7, 6.
[CrossRef]

Trindade, R.P,; Renault, N.; El Harane, N.; Menasché, P.; Williams, G.R. Extracellular vesicles can be processed by electrospinning
without loss of structure or function. Mater. Lett. 2021, 282, 128671. [CrossRef]

Qin, B.; Zhang, Q.; Chen, D.; Yu, H.Y; Luo, A.X;; Suo, L.P; Cai, Y,; Cai, D.Y,; Luo, J.; Huang, J.E; et al. Extracellular vesicles
derived from mesenchymal stem cells: A platform that can be engineered. Histol. Histopathol. 2021, 36, 615-632. [CrossRef]
Gowen, A.; Shahjin, E; Chand, S.; Odegaard, K.E.; Yelamanchili, S.V. Mesenchymal Stem Cell-Derived Extracellular Vesicles:
Challenges in Clinical Applications. Front. Cell Dev. Biol. 2020, 8, 149. [CrossRef]

Zhang, C.; Shang, Y.; Chen, X.; Midgley, A.C.; Wang, Z.; Zhu, D.; Wu, J.; Chen, P; Wu, L.; Wang, X,; et al. Supramolecular
Nanofibers Containing Arginine-Glycine-Aspartate (RGD) Peptides Boost Therapeutic Efficacy of Extracellular Vesicles in Kidney
Repair. ACS Nano 2020, 14, 12133-12147. [CrossRef] [PubMed]

Oh, S.; Brammer, K.S,; Li, Y.S.; Teng, D.; Engler, A.J.; Chien, S.; Jin, S. Stem cell fate dictated solely by altered nanotube dimension.
Proc. Natl. Acad. Sci. USA 2009, 106, 2130-2135. [CrossRef]

Zhao, Q.; Zhang, Y.; Xiao, L.; Lu, H.; Ma, Y,; Liu, Q.; Wang, X. Surface engineering of titania nanotubes incorporated with
double-layered extracellular vesicles to modulate inflammation and osteogenesis. Regen. Biomater. 2021, 8, rbab010. [CrossRef]
Wang, Y; Yao, J.; Cai, L.; Liu, T.; Wang, X.; Zhang, Y.; Zhou, Z.; Li, T.; Liu, M.,; Lai, R; et al. Bone-Targeted Extracellular Vesicles
from Mesenchymal Stem Cells for Osteoporosis Therapy. Int. ]. Nanomed. 2020, 15, 7967-7977. [CrossRef] [PubMed]

Guan, B.; Zhang, X. Aptamers as Versatile Ligands for Biomedical and Pharmaceutical Applications. Int. . Nanomed. 2020, 15,
1059-1071. [CrossRef]

Bouvier-Muller, A.; Duconge, F. Application of aptamers for in vivo molecular imaging and theranostics. Adv. Drug Deliv. Rev.
2018, 134, 94-106. [CrossRef] [PubMed]

Luo, ZW,; Li, EX,; Liu, YW,; Rao, S.S.; Yin, H.; Huang, J.; Chen, C.Y;; Hu, Y.; Zhang, Y.; Tan, Y.J.; et al. Aptamer-functionalized
exosomes from bone marrow stromal cells target bone to promote bone regeneration. Nanoscale 2019, 11, 20884-20892. [CrossRef]
[PubMed]

Gatti, M.; Beretti, F.; Zavatti, M.; Bertucci, E.; Ribeiro Luz, S.; Palumbo, C.; Maraldi, T. Amniotic Fluid Stem Cell-Derived
Extracellular Vesicles Counteract Steroid-Induced Osteoporosis In Vitro. Int. J. Mol. Sci. 2020, 22, 38. [CrossRef]

Zhao, P; Xiao, L.; Peng, J.; Qian, Y.Q.; Huang, C.C. Exosomes derived from bone marrow mesenchymal stem cells improve
osteoporosis through promoting osteoblast proliferation via MAPK pathway. Eur. Rev. Med. Pharmacol. Sci. 2018, 22, 3962-3970.
[CrossRef] [PubMed]

Liu, W.; Huang, J.; Chen, F; Xie, D.; Wang, L.; Ye, C.; Zhu, Q.; Li, X,; Li, X.; Yang, L. MSC-derived small extracellular vesicles
overexpressing miR-20a promoted the osteointegration of porous titanium alloy by enhancing osteogenesis via targeting BAMBI.
Stem Cell Res. Ther. 2021, 12, 348. [CrossRef] [PubMed]


http://doi.org/10.1186/s13287-021-02405-7
http://doi.org/10.7150/thno.39238
http://doi.org/10.7554/eLife.42274
http://doi.org/10.1016/j.lfs.2021.119208
http://www.ncbi.nlm.nih.gov/pubmed/33582177
http://doi.org/10.1089/scd.2007.0036
http://doi.org/10.1016/j.gendis.2014.07.001
http://doi.org/10.1038/s41413-019-0056-9
http://doi.org/10.1039/C6RA27931G
http://doi.org/10.1002/jcp.27326
http://www.ncbi.nlm.nih.gov/pubmed/30362503
http://doi.org/10.21037/atm.2019.11.66
http://www.ncbi.nlm.nih.gov/pubmed/31930094
http://doi.org/10.1152/ajpcell.00228.2013
http://www.ncbi.nlm.nih.gov/pubmed/24452373
http://doi.org/10.1186/s40364-019-0156-0
http://doi.org/10.1016/j.matlet.2020.128671
http://doi.org/10.14670/HH-18-297
http://doi.org/10.3389/fcell.2020.00149
http://doi.org/10.1021/acsnano.0c05681
http://www.ncbi.nlm.nih.gov/pubmed/32790341
http://doi.org/10.1073/pnas.0813200106
http://doi.org/10.1093/rb/rbab010
http://doi.org/10.2147/IJN.S263756
http://www.ncbi.nlm.nih.gov/pubmed/33116512
http://doi.org/10.2147/IJN.S237544
http://doi.org/10.1016/j.addr.2018.08.004
http://www.ncbi.nlm.nih.gov/pubmed/30125606
http://doi.org/10.1039/C9NR02791B
http://www.ncbi.nlm.nih.gov/pubmed/31660556
http://doi.org/10.3390/ijms22010038
http://doi.org/10.26355/eurrev_201806_15280
http://www.ncbi.nlm.nih.gov/pubmed/29949171
http://doi.org/10.1186/s13287-021-02303-y
http://www.ncbi.nlm.nih.gov/pubmed/34134765

	Introduction 
	MSC-EV with Carried Molecules for Diseases Treatment 
	Applications of Modified EVs for Therapy 
	Therapeutic Potential of Exogenous MSC-EVs for Osteoporosis 
	Rebalancing the Bone Homeostasis by Regulation of Bone Formation and Resorption 
	miRNAs and lncRNAs Carried by MSC-EVs Serve as Osteoporosis Medications 
	MSC-EVs’ Protein Act as Therapeutic Cargo in the Treatment of Osteoporosis 

	Modification of MSC-EVs in Osteoporosis Therapy 
	Conclusions and Prospects 
	References

