Tissue Eng Regen Med (2022) 19(2):325-361 Online ISSN 2212-5469 TERM ()
https://doi.org/10.1007/s13770-021-00417-1 I EEBLF check for

updates

REVIEW ARTICLE

Sources, Characteristics, and Therapeutic Applications
of Mesenchymal Cells in Tissue Engineering

Rosa Angelica Gonzalez-Vilchis' - Angelica Piedra-Ramirez’ - Carlos Cesar Patifio-Morales® -
Concepcion Sanchez-Gomez” - Nohra E. Beltran-Vargas®

Received: 12 October 2021/Revised: 24 November 2021/ Accepted: 5 December 2021 /Published online: 29 January 2022
© The Korean Tissue Engineering and Regenerative Medicine Society 2022

Abstract Tissue engineering (TE) is a therapeutic option within regenerative medicine that allows to mimic the original
cell environment and functional organization of the cell types necessary for the recovery or regeneration of damaged tissue
using cell sources, scaffolds, and bioreactors. Among the cell sources, the utilization of mesenchymal cells (MSCs) has
gained great interest because these multipotent cells are capable of differentiating into diverse tissues, in addition to their
self-renewal capacity to maintain their cell population, thus representing a therapeutic alternative for those diseases that
can only be controlled with palliative treatments. This review aimed to summarize the state of the art of the main sources of
MSC:s as well as particular characteristics of each subtype and applications of MSCs in TE in seven different areas (neural,
osseous, epithelial, cartilage, osteochondral, muscle, and cardiac) with a systemic revision of advances made in the last
10 years. It was observed that bone marrow-derived MSCs are the principal type of MSCs used in TE, and the most
commonly employed techniques for MSCs characterization are immunodetection techniques. Moreover, the utilization of
natural biomaterials is higher (41.96%) than that of synthetic biomaterials (18.75%) for the construction of the scaffolds in
which cells are seeded. Further, this review shows alternatives of MSCs derived from other tissues and diverse strategies
that can improve this area of regenerative medicine.

Keywords Tissue engineering - Mesenchymal stem cells - Regenerative medicine - Biocompatible materials - Tissue
therapy

1 Introduction

There are certain limitations within the therapeutic area

focused on the treatment of diseases in which the repara-

tion or replacement of tissue and organs are needed
because of the limited capacity of the human body to

restore most tissues and organs to their original state [1].

The two principal issues are the lack of donors and trans-
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regenerate, and repair cells, tissues, and organs damaged
owing to factors such as age, chronic illness or congenital
defects, has emerged [5, 6]. Currently, this term encom-
passes diverse areas and technologies, mainly cell therapy
(CT), in which stem, progenitor, and primary cells are used
to reconstruct structures and restore tissue and organ
functions [7-9]; gene therapy, which entails a group of
techniques to introduce genetic material and modify the
expression of a gene product or alter the biological prop-
erties of cells to treat diseases [10]; and tissue engineering
(TE), which involves the use of cell sources, scaffolds (or
cell supports), and bioreactors to regenerate damaged tissue
[11].

The following three basic pillars are necessary for the
application of regenerative medicine in TE: cell sources,
biomaterials, and culture stimulation. It is important to
highlight that the last two pillars provide support for the
cell type used, allowing proliferation and differentiation
into the tissue of interest and promoting its migration and
anchoring [12] to either natural (e.g., derived from com-
ponents of the extracellular matrix) or synthetic biomate-
rials [13], along with the creation of an appropriate
environment that mimics in vivo conditions to enhance
tissue development through chemical and electrical
mechanisms [14, 15]. Overall, the use of biomaterials has
been reported as an option for delivery systems of differ-
entiation and conditioning to induce a desire-specific cell
lineage of mesenchymal cells (MSCs). Within this type of
signals, it is important to emphasize those known as growth
factors, whose function is to signal cells during their
development and tissue repair [16], such as some cytoki-
nes, which requires support to prolong their half-life in
normal physiological conditions, as they are prone to
proteolysis, and can be applied for therapeutic purposes.
Among this kind of molecules reported in regenerative
medicine, especially to TE for various applications, are the
following [16]. Transforming growth factor (TGF) for the
regulation of cell growth and immune function; vascular
endothelial growth factor (VEGF) induces of angiogenesis;
Insulin-like growth factor (IGF) acts in endocrine regula-
tion of the somatic growth, induces extracellular matrix
synthesis and differentiation of MSCs to different phases in
bone tissue repair [17]. Bone morphogenic protein (BMP)
is used for promotion of cell regeneration and proliferation
as well as metabolic homeostasis and the reduction of pro-
inflammatory factors [18]. Fibroblast growth factor (FGF)
has an important role in the promotion of angiogenesis and
epithelization besides the migration and proliferation of
keratinocytes and fibroblast. Epidermal growth factor
(EGF) increases the deposition of extracellular matrix and
the stimulation of the proliferation of chondrocytes and
MSCs as a potent mitogen [19]. Platelet-derived growth
factor (PDGF) controls the differentiation of neurons.
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Neurotrophic factors (NF) and those factors that are used to
stimulate cellular proliferation, morphogenesis, and
angiogenesis have been widely used in regenerative med-
icine. Hepatocyte growth factor (HGF) can be used in
combination, such as platelet-rich plasma (PPP), to obtain a
platelet lysate (PL) in a singular solution with high con-
centration of growth factors such as TGB-3, PDGF-AA,
PDGF-AB, PDGF-BB, EGF, IGF-1, HGF [20, 21], or
independently according to the application of interest.
Regarding the first pillar, adult stem cells are one of the
principal cell sources in regenerative medicine, and suffi-
cient evidence on their safety has been reported [22]. These
cells are responsible for the development, maintenance,
and repair of tissues, and numerous clinical trials have
demonstrated their high potential in the treatment of dis-
eases; however, until 2018, only three trials had completed
phase III [23-25]. Nevertheless, a wide variety of studies in
the early stages of clinical trials have used this cell type
[26]. MSCs, multipotent stem cells, are considered a key
option for tissue repair therapy because they have been
studied in clinical trials, and evidence supports their great
tissue repair potential in the treatment of numerous dis-
eases, including orthopedic diseases (pseudoarthrosis and
craniofacial trauma); degenerative diseases of the skeletal
system (osteonecrosis and osteogenesis imperfecta); ocular
(glaucoma and macular degeneration); cardiac (ischemic
cardiomyopathy); renal, hepatic, and pulmonary diseases;
and autoimmune diseases such as rheumatoid arthritis, and
multiple sclerosis [24, 27, 28]. Important advances have
been made in the TE field using MSCs, for example, the
co-culture of these cells with human auricular chondro-
cytes seeded on collagen have been used to generate car-
tilage [29], and adipose derived-mesenchymal stem cells
(AD-MSCs) have been combined with hyaluronic acid in
rat models to regenerate osseous tissue [30]. In addition,
the use of same type of MSCs in recombinant human
tropoelastin scaffolds resulted in epithelium recovery in a
murine model [31]. Apart from the applications of MSCs
mentioned previously, these cells have also been used in
the cardiac area of TE because cardiac and cardiovascular
diseases (CVD) represent the major public health problem,
according to the WHO, of which myocardial infarction
affects a large part of the population. The WHO estimates
that by 2030, almost 23.6 million individuals will die from
a CVD and that this type of disease will continue being the
main cause of death worldwide [32]. Although there are
diverse therapeutic options, these are limited because they
can only control the symptoms or prevent disease progress,
but without tissue recovery. This review focused on the
description of stem cells, specifically MSCs, because they
comprise an important cell source in TE, and analyzed
published studies that employed these cells in the principal
applications of TE.
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2 The most promising cell source for TE:
mesenchymal/stromal stem cells

2.1 Stem cells

Stem cells (SCs) are defined as non-specialized cells with
unlimited or extended self-renewal potential, capable of
differentiating into various cell types, and thus, of serving
as a reservoir to produce, maintain, repair, and regenerate
tissues, while also maintaining their own population
[26, 33, 34].

SCs are generally divided into six main categories based
on the biology of the source from which they were
obtained, which correspond to some stages of the devel-
opment of a complete organism (Figure 1). These cate-
gories include embryonic SCs (ESCs) found in the first
stages of embryonic development [35], fetal SCs (FSC) or
FSCs from extraembryonic tissues, which can be obtained
in the fetal stage, from the tenth week post-fertilization
[36]; adult SCs (ASCs), including mesenchymal,
hematopoietic, and stromal cells [37]; very small embry-
onic-like SCs (VSEL), found both in the adult stage and
early stages of embryonic development [38]; and finally,
those obtained by reprogramming, the induced pluripotent
SCs (iPSCs); and nuclear transfer SCs (NTSC) [39].

Table 1 shows the summarized information of studies on
the particular biologic characteristic of each SC, published
in the last 5 years.

Fig. 1 Stem cell sources in the
different stages of human

SCs can also be classified based on their cellular
potential, in other words, their ability to differentiate.
(Table 1) Thus, SCs are classified into totipotent stem cells,
which are the least specialized and thus can divide and
differentiate into all cell types necessary to form a com-
plete organism [40], pluripotent stem cells, which can form
cells of any of the germ layers, with ESCs and iPSC
belonging to this group, and multipotent stem cells, which
possess one level of specialization lower than the
pluripotent SCs and whose function is to generate cells of
specific lineages, such as the hematopoietic SCs, which can
develop into several types of blood cells [40].

2.2 Mesenchymal cells

MSCs are an in vivo multipotent cell population present in
adult and neonatal tissues of mesodermal origin as well as
in the neural crest; they possess differentiation and self-
renewal functions as progenitor cells, and their role is to
maintain homeostasis and provide de novo specialized cells
of mesodermal lineage [14, 28, 43].

According to the International Society for Cellular
Therapy (ISCT), this cell type presents three main char-
acteristics: adherence to plastic under culture conditions,
expression of specific surface markers (Table 2), and the
ability to differentiate in vitro into osteoblasts, chondro-
cytes, and adipocytes [22]. Moreover, it has been observed
that they maintain a fibroblast-like morphology and do not
generate an immune response [15].
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Table 1 General characteristics of stem cells according to their biology

Characteristic Embryonic stem Fetal Stem Very small Adult stem cells Induced pluripotent ~ Nuclear transfer
cells (ESC) cells embryonic-like stem  (ASC) stem cells (iPSC) stem cells
cells (VSEL) (NTSC)
Definition Stem cells derived  Pluripotent Non-hematopoietic Quiescent stem cells  Pluripotent stem A single cell is
from the internal and pluripotent stem that are present in an  cells generated by produced by
mass of the multipotent cells that are adult organism that in vitro the insertion
blastocyst or stem cells negative to the responds to specific reprogramming of of a nucleus
cells available derived lineage marker stimuli from the somatic adult cells from a
from the morula directly from  CD133 that come tissues to produce by simultaneous somatic cell in
stage, besides the fetus or from adult and specialized cells expression to an enucleated
zygote extra fetal fetal tissues inductor genes oocyte
tissues
Potential Totipotent Pluripotent Pluripotent Pluripotent Pluripotent Totipotent
(Zygote) Multipotent Multipotent
Pluripotent
(Morula,
blastocyst)
Source Zygote Morula Fetus Extra Adult bone marrow, Bone marrow, adipose Somatic cells Enucleated
Blastocyst fetal tissues umbilical cord tissue, skin, skeletal oocytes and
(umbilical blood, peripheral muscle, heart, liver, nucleus from
cord, blood blood, nerve tissue somatic cells
amniotic
fluid,
placenta)
Ref. [36, 39, 40] [36] [37-39] [34, 39, 41] [39, 42] [39, 42]
Table 2 MSCs surface markers according to the ISCT MSCs, one of them being the negative expression of CD34.
Surface markers [44] II.I this regard, it has been reported that the CD34 expres-
sion depends on the donor and type of tissue, e.g., a per-
Positive Negative centage of adipose tissue-derived SCs are CD34 positive
CD105 CD45 [43]. Moreover, although other surface markers have been
CD73 CD34 suggested to characterize MSCs (Stro-1, CD271, SSEA-4,
CD90 CD14 o CD11b and CDI146), no consensus has been reached as their

CD79a 0 CD19
HLA-DR

Two of the criteria for the expression of surface antigens is that
> 95% of the total population must express positive markers and
only < 2% can express negative markers

However, there is controversy regarding the classifica-
tion criteria that must be considered to guarantee homo-
geneity. One of the main controversies is the use of the
acronym “MSCs,” as some authors use it to describe
mesenchymal stem cells and others to refer to mesenchy-
mal stromal cells, but without mentioning the source of
extraction, which is the main difference between these cell
types. The former population is directly isolated from bone
marrow, whereas the latter correspond to any structural or
nonstructural tissue [45]. This has led to differences in the
expression of the surface cell markers used to differentiate
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expression varies depending on the cell source [25, 46].
Therefore, it is mandatory to know the markers of MSCs
obtained from a particular tissue besides those established
by the ISCT. Table 3 summarizes the different surface
markers reported in the last five years to characterize MSCs
based on their cell source.

2.3 Cell source, isolation, and culture

MSCs are present in nearly all the tissues of the body, are
located in a perivascular niche [28], and can be obtained
from diverse sources, including adult tissue (peripheral
blood, adipose tissue, bone marrow, skeletal muscle, brain,
dermis, dental pulp, synovial fluid, and tendons) and
neonatal tissue (umbilical cord, umbilical cord blood, and
placenta) [28, 64].

The proportion of MSCs varies depending on the tissue;
they represent approximately 0.00001% of the bone mar-
row cells and >1% of the cells in the adipose tissue.
Although the frequency of umbilical cord-derived MSCs is
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Table 3 Surface markers present in MSCs based on the source of isolation. Markers presented in bold are reported as tissue-specific markers

from the tissue of isolation in various sources

MSCs Surface Markers Ref.
BM-MSCs Bone marrow mesenchymal CDl1la-, CD11b-, CD13-, CD14-, CD19-, CD29 + , CD31 + , CD34 + , CD45-, [25, 47-49]
stem cells CD49a + , CD49b + , CD49c + , CD49d + , CD49e + , CD51 + , CD54 + ,
CD58 + , CD61 + , CD71 +, CD73 +, CD90 + , CD102 + , CD104 + ,
CD105 + , CD106 + , CD120a + , CD120b + , CDI121a + , CD124 + , CD133-,
CD140a + , CD140b + , CD146 + , CD166 + , CD200 + , CD221 + ,
CD271 + , SSEA-4 + , STRO-1 + , Nestin +
AD-MSCs Adipose tissue mesenchymal CD73 +, CD90 4 , CD105 4 , CD45-, CD34 £+ , CD14- o CD11b-, CD79a- o [50-53]
stromal cells CD19-, HLA-DR-
CD13 4+, CD29 4+, CD10 + , CD49 + , CD26 + , CD3-, CD11b-, CD106-,
CD36 + y CD44 + in > 80% of the surface of the AD — MSCs y CD31-, CD45-y
CD235a- in less than 2% of the surface. Other: CD271 + , CD200 + , CD273 + ,
CD274 + , CD146 + , CD248 + , CD140b + , CD163-, CD166 + , CD59 +
D-MSCs Dental tissue mesenchymal CD90 + , CD166 + , CD44 + , CD29 + , Cd73 4+, CD146 + , CD106 + , [54]
stromal cells CD105 + , STROI1 + , SSEA4 + , Nanog + , Oct4 + , Nestin + , Notchl + ,
CD34-, CD45-, CD271-, CD71-, CD14-, CD49-, CD11b-, CD133-, HLA-DR-,
CXCR4-, CD40 + , CD133-, CD24-
UC-MSCs Umbilical cord mesenchymal CD29 + , CD44 + , CD73 4, CD90 + , CD105 + , HLA-ABC + , HLA-DR-, [55-57]
stromal cells Vimentin + , Strol + , CD106 + , CD146 + , CD166 +
S-MSCs Synovial tissue or fluid CD73 4+, CD90 + , STRO-1 + , CD105 + , CD34-, CD45-, HLA-DR-, CD19-, [58-60]
mesenchymal stem cells synovial CD40-, CD80-, CD86-, CD11b-, CD14 £+ , CD44 + , CD55 + , CD271-, CD55-,
CD271 + (according to the region of isolation)
Mu-MSCs Muscle tissue mesenchymal — CD45-, CD19-, CD14-, CD34-, CD73 + , CD90 + , CD105 + , PDGRFa, [61-63]

stem cells

CD146 + , CD56 4, CD201 + , CD82 + , CD318 +

similar or even lower than that previously mentioned, they
have a better in vivo expansion capacity owing to their fetal
nature [64].

Table 4 presents the most important characteristics of
MSCs based on their isolation source because hetero-
geneity has been reported in their cellular yield as well as
their advantages and disadvantages, which represent the
principal criteria for their use in regenerative medicine.

2.4 Therapeutic applications of MSCs in different
tissues

According to previous researches, six of the more studied
applications of mesenchymal cells in TE were selected,
including those in neural, osseous, muscle, cartilaginous,
epithelial, and cardiac tissues.

This review covers the use of six sources of MSCs in
each of the TE applications. To that end, boolean expres-
sions obtained from the PubMed database over the last 10
years were used. In addition, because more than 500 results
were found for some of the applications, the search was
limited to the last 5 years in those cases.

Currently, several therapies are under development in
the TE field which use MSCs extracted from different
sources to treat problems associated with diverse tissues;
therefore, a search of the applications with great number of

studies published in recent years was conducted, and the
most frequently used cell sources were identified.
Therapies have emerged as an alternative to treat dis-
orders that can no longer be treated with drugs or surgery
because the damaged tissue is not able to recover owing to
the limited capacity of the organism. The most studied
areas include health issues related to the joints, bones,
muscle, skin, and cardiac and neurodegenerative diseases,
considering their incidence in the global population.

2.5 Applications of MSCs for cartilage
and osteochondral diseases

An example of these disorders is osteoarthritis, one of the
most common illnesses in middle aged and older individ-
uals, which affects over 250 million people worldwide and
is caused by age-related degeneration of the articular car-
tilage. Although an early intervention can help to prevent
the damage from spreading to the healthy cartilage and
current treatments are quite promising, there is no defini-
tive treatment to completely restore the auricular cartilage
to its normal state [81, 82]. To overcome these limitations,
TE has emerged as an alternative to treat this disease.
Rahman et al. (2015) created a BM-MSCs rabbit-derived
composite construct of poly(lactic-co-glycolic acid)
(PLGA)/fibrin scaffold, cultured in a commercial medium

@ Springer
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for chondrocyte differentiation, and observed that the
construct was capable of regenerating tissue in an in vitro
environment [81], thus proving its potential in cartilage TE.
In addition, Yin et al. (2016) formed a compound with goat
cartilage extracellular matrix (ECM); particles of the fresh
cartilage (cartilage ECM-derived particles; CEDPs) were
produced through a series of steps; rat BM-MSCs were
seeded on the surface of CEDPs and the construct was
implanted in rats with defects in the cartilage of the tro-
chlear groove. It was found that the animals showed a good
and fast recovery in their joint function [83]. Furthermore,
in other congenital diseases associated with cartilage, such
as microtia, infants have only few options for atrial
reconstruction. Thus, Cohen et al. (2018) generated con-
structs of human auricular chondrocytes and human MSCs
with type I collagen and subcutaneously implanted them in
athymic mice, and a cartilage generation equivalent to that
of the native auricular cartilage was observed [29].

2.6 Applications of MSCs for musculoskeletal
diseases

Another example are the musculoskeletal pathologies, such
as fractures, lumbago, and osteoporosis, which have
increased owing to a longer life expectancy and the aging
global population [84]; thus, it is necessary to find options
to treat these disorders. Boeckel et al. (2019) implanted a
graft of AD-MSCs with hyaluronic acid (HA) in rats with a
critical osseous defect in each femur and observed an
increase in the osseous tissue [30]. Moreover, Toosi et al.
(2016) created collagen sponges reinforced with
biodegradable polyglycolic acid (PGA) fibers, and in vitro
experiments using these sponges demonstrated that the
incorporation of PGA fibers increase cell adherence as well
as proliferation and differentiation of BM-MSCs, which
make them useful for the treatment of pseudoarthrosis [85].
Zhang et al. (2017) intramuscularly implanted hydroxya-
patite/PLGA nanocomposites scaffolds with BM-MSCs
and bone morphogenetic protein-2 (BMP-2) in rabbits and
found that hydroxyapatite promotes an improvement in
bone mineralization and formation [86].

2.7 Applications of MSCs for epithelial covering
in traumas

TE has also shown important advances in the field of
epithelial tissue regeneration as it is most exposed tissue to
damage caused by burns, irritators, traumas, or tumor
resection [87]. In addition, when the damage encompasses
a large surface, there are limitations in the performance of a
skin autograft, leading to complications; thus, researchers
have looked for alternatives in graft creation [87, 88]. In
preclinical stages, Mashiko et al. (2018) implanted a
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scaffold composed of recombinant human collagen peptide
(rhCP), together with the combination of human AD-MSCs
and endothelial cells from umbilical veins, in an ulcer
model of irradiated mice and detected improved cica-
trization compared with the groups that had only received
the biomaterials or AD-MSCs and the controls (without
scaffold or cells) [89]. Kellar et al. (2016) also reported the
use of AD-MSCs with human tropoelastin in a murine
model of excisional wound, in which the scaffold-treated
wounds showed a closure rate of 94% as well as a recovery
of normal epithelium of 75%, which was higher than that
of the controls [31].

2.8 Applications of MSCs for muscle pathologies

Furthermore, TE is a great alternative for the treatment of
certain muscle pathologies, such as muscular dystrophy or
diseases caused by lesions or congenital defects [90].
Ansari et al. (2016) created RGD microspheres (common
peptide motif of cell adhesion: arginine-glycine-aspartic
acid) coupled to alginate and used them to encapsulate
gingival mesenchymal stem cells (GMSCs). This construct
was subcutaneously implanted in immunocompromised
mice, together with a cocktail for myogenic differentiation,
showing that after 4 weeks of in vitro differentiation, the
GMSCs exhibited morphology similar to that of muscle
cells and that the RGD-alginate-coupled scaffold regulated
their myogenic differentiation. Furthermore, in in vivo
experiments, the generation of small muscle-like structures
was observed through hematoxylin-eosin (H&E) staining
[90].

2.9 Applications of MSCs for regenerations
of nervous tissue

Owing to the specific properties of nervous tissue-derived
cells (excitability and conductivity) and their low regen-
erative capacity, it is highly complicated to administer
treatments to cure disorders of the central nervous system,
such as neurodegenerative diseases, traumatic lesions of
the brain or spine, and cerebral infarction. Therefore, cell
replacement through regenerative medicine has been an
innovation in neuronal engineering, in which only devices
to treat nervous system dysfunctions had been designed
[91, 92]. The viability and neurogenesis of MSC have been
examined in vitro in different scaffolds. In this regard,
Quintiliano et al. (2016) studied a 15% PLGA scaffold with
D-MSCs obtained from dental pulp and reported a fast
degradation, 41% by day 28, which represents an advan-
tage as this attenuates the progressive damage sustained by
the nervous fibers after a lesion and provides sufficient time
for the cells to appropriately proliferate, migrate, and dif-
ferentiate into mature nervous tissue; these results support
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the execution of preclinical tests in animal models [93]. For
neurodegenerative diseases, Jamali et al. (2017) proposed
the use of a poly-L-lactic acid scaffold with MSCs col-
lected from the trabecular meshwork to obtain dopamin-
ergic neurons, which constitute an appropriate source for
the treatment of Parkinson’s disease [94].

2.10 Applications of MSCs for mechanical cardiac
pathologies

Finally, another area of interest for TE is the treatment of
cardiac diseases, such as myocardial infarction, as the
currently available treatments have diverse limitations.
Nali et al. (2017) created a construct using UC-MSCs over
a scaffold comprising decellularized umbilical artery,
implanted it in a myocardial infarction rat model, and
observed an improvement in the heart function [95]. Chen
et al. (2018) created nanofiber patches of chitosan/silk-fi-
broin-modified cellulose with mice AD-MSCs, implanted
them in rats with myocardial infarction, and later observed
myocardial fibrosis attenuation [96]. Moreover, Prat-Vidal
et al. (2020) created a scaffold called PeriCord comprising
a decellularized pericardial matrix colonized with WIJ-
MSCs, which was implanted on a non-revascularizable scar
in the inferior wall of a 63-year-old male patient. The
three-month follow up showed optimal results, and the
magnetic resonance indicated a ~9% reduction in the scar
mass of the treated area [97]. Currently, the PeriCord
scaffold is commercialized for its use in similar researches.

The tables below summarize the most recent studies on
TE regarding osseous (Table 5), cartilaginous (Table 6),
osteochondral (Table 7), muscle (Table 8), dermal
(Table 9), nervous (Table 10), and cardiac (Table 11) tis-
sues. These tables provide detailed information on the cell
source, extraction tissues, and type of isolated MSCs, in
addition to the analyses performed, markers used for cell
characterization by different techniques (Immunofluores-
cence (IF), Flow cytometry (FC), Immunohistochemistry
(IHC), Immunostaining (IS), Western-Blot (WB), Enzyme-
linked immunosorbent assay (ELISA) and Polymerase
chain reaction (PCR)), cellularized scaffolds, type of
scaffold used, and findings.

2.11 Clinical trials in TE with MSCs

There are several clinical trials in the TE field where MSCs
are used, as shown in Figure 2. Some of the clinical trials
are focused on treating cartilage and osteochondral dis-
eases. One example is the clinical trial that seeks to
treat knee osteoarthritis (NCT00850187) using BMMSCs

on a collagen I scaffold [198]. Another one is using

ADMSCs seed on a human amniotic membrane
(NCT04670302) as a treatment for supraspinatus tear
[199].

On the other hand, there are clinical trials focused on
bone regeneration. One of them consists of treating bone
loss using BMMSCs on a scaffold called BioMax
(NCTO01389661). It was reported that in the nine patients
who participated in the study, there was bone formation in
the space where maxillary cyst was located, which had
already been extracted and there were no severe adverse
reactions reported [200, 201]. Another clinical trial
attempted to treat the cleft lip and palate condition using
DPMSCs seeded on a collagen and hydroxyapatite scaffold
(NCTO01932164). The study reports that bone formation
was quantified in five patients with this condition using TC.
Six months after the intervention, final completion of the
alveolar defect, with an 89.5% mean bone height was
detected [202]. Furthermore, another clinical trial is based
on treating periapical periodontitis using UCMSCs encap-
sulated in a plasma-derived biomaterial (NCT03102879).
The study was reported as an efficacy trial. One year after
the intervention, the treated tooth remained in the mouth
without pain [203].

Other clinical trials are focused on the recovery of
epithelial tissue. One example is a clinical trial that consists
of treating diabetic foot ulcer (NCT03865394) using
ADMSCs suspended in a fibrin solution [204]; however, no
results were presented.

Finally, there is a clinical trial that consists of evaluating
patch with WIMSCs seeded on a decellularized human
pericardial matrix to treat myocardial infarction
(NCTO03798353). The study reported that the construct with
the scaffold called Pericord and the WJMSCs was
implanted on a non-revascularizable scar in the inferior
wall of a 63-year-old man. The three-month follow up
showed optimal results, and magnetic resonance indicated
~9% reduction in the scar mass of the treated area
[97, 205]. Currently, the PeriCord scaffold is commer-
cialized for its use in similar research.

As can be seen, TE using MSCs seeks to treat a wide
variety of pathologies and uses various types of MSCs
according to the purpose of the clinical trial.

By November 2021, 15 clinical studies had reported the
use of MSC in TE in accordance with the CrinicalTrials.-
gov web page of the United States. Among those 15 results,
eight have been already completed, two are in the
recruitment phase, two are in an unknown state, three
aren’t in recruitment phase yet and one clinical trial doesn 't
have specific information about the phase of the study

@ Springer
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Among all of these results, only nine are examining the use
of MSCs with scaffolds, showing that this therapeutic
option represents a great area of opportunity.

3 Discussion

The use of TE in the treatment of several diseases has
proved to be a promising alternative for many patients.
This review is particularly based on the analysis of recent
studies that use MSCs in TE and also considers the type of
scaffold employed and the application in TE.

3.1 MSCs terminology

However, there is a lack of homogeneity in the use of
terminology in this research field. As previously described,
the ISCT proposed three minimal criteria to define MSCs, a
subtype of SCs, for consistency purposes. Nevertheless, its
statement also mentions that one of the main issues found
is that the “MSCs” acronym has been used to refer to
mesenchymal stem cells as well as mesenchymal stromal
cells. To avoid confusion, the offered solution was to
specify the cell source from which the cell culture was
obtained, making it possible to continue using the “MSCs”
acronym to describe either of the two populations without
having to directly indicate the differences between them
[44]. Despite this effort, there is still controversy on how to
characterize and name MSCs, which hinders the search of
information in databases. Consequently, given the exten-
ded use of the acronyms without mentioning the biologic
origin of the cells, it is considered important to highlight
the differences between both concepts. The term “mes-
enchymal stem cells” refers to the fraction of SCs derived
from bone marrow with in vivo multipotent ability, and
thus would be equivalent to the term “BM-MSCs,”
whereas “mesenchymal stromal cells” are found in tissues
different from the bone marrow, also showing in vitro
multipotent features [45], and thus encompassing, by def-
inition, all the other tissues in which SCs can be found.
Although both populations present the same proposed basic
characteristics, defining the acronyms helps to restrict the
search of information. Additionally, this lack of specificity
creates a problem on one of the proposed identification
criteria of MSCs, the surface markers, as the ISCT has only
accepted a few markers to describe MSCs based on the
premise that positive markers should be present in 95% of
the population; however, as shown in Table 4, surface
markers tend to change, and their specificity depends on
the cell source or even the donor. Therefore, it is necessary
to explain whether one is referring to a mesenchymal stem
cell or a mesenchymal stromal cell, and if appropriate, the
source of isolation.

@ Springer

Another factor to consider is the notorious lack of
standardization and characterization of the cell cultures of
mesenchymal cells, as there are several studies in which
the surface markers are not verified by immunodetection
techniques, but through a test of differentiation into the
three main linages (osteoblasts, chondrocytes, and adipo-
cytes), which is verified through histological staining and
without confirming the homogeneity of the culture. Fig-
ure 3 shows the methodology proposed to work with the
MSCs populations using the minimum markers necessary
to characterize them based on their extraction source.

3.2 Limitation between TE and CT

Moreover, the search of TE applications showed that
consensus on the information encompassed by the TE and
CT fields and maybe even on the implant of biomaterials is
still necessary probably because TE possesses the same
fundamentals as CT, but it is characterized by the use of
biocompatible scaffolds and bioreactors or physical and
chemical stimuli that improve the differentiation of the cell
cultures. This issue was evinced after the first search filter,
in which the results obtained classified the exclusive use of
MSC differentiated in special culture media such as TE
only because of the use of a special inductor media. In this
particular research, frequent use of scaffolds from different
origins derived from tissues derived from MSCs, known as
MSCs-derived  decellularized  extracellular  matrices
(MSCs-ECM), serve as cell support. During the publication
review, some of the studies were found to classify the use
of MSCs-ECM scaffolds implanted in animal models as TE
[206], but no culture of MSCs was performed in the scaf-
fold; thus, these studies were regarded as regenerative
medicine therapies and were not included as part of the
specific TE field.

3.3 First pillar of TE: Cell source

Furthermore, it was observed that most studies address
osseous, cartilaginous, and osteochondral TE (Tables 5, 6,
and 7); the last being a combination of the first two. In
addition, a higher use of MSCs derived from bone marrow
can be observed, as shown in the tables previously men-
tioned, followed by those derived from adipose tissue, and
lastly those derived from umbilical cord. This is because
the bone marrow possesses a better differentiation capacity,
and it was also the first source from which MSCs were
isolated and identified. Nonetheless, its use for cell col-
lection is limited as it involves performing a procedure that
is dangerous for the patient, which makes bone marrow a
complex source for the isolation of MSCs. In contrast, the
adipose tissue, which is an accessible cell source and is
largely present in the organism, is the second most used
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Fig. 2 Clinical trials from the last ten years in TE using MSCs as the principal cell source for different pathologies

tissue for the collection of MSCs and has the highest
extraction yield of MSCs; thus, it represents an autologous
transplant alternative for patients (Table 4).

In the case of the umbilical cord, although it represents
an easily accessible source and the MSCs are closer to the
first stages of development, presenting more primitive
properties [207], there is not much research on this subject
because it is not a common practice to save this type of
extraembryonic tissue at the moment of birth, particularly
owing to the associated costs, and the genetic and chro-
mosomal studies required to verify that the donor (the
neonate) will develop normally [208].

3.4 Second pillar of TE: Biomaterials

In accordance with TE’s second pillar, including bioma-
terials, it can be observed that the use of scaffold synthe-
sized using natural biomaterials or of those with a
combination of natural and synthetic biomaterials, pre-
dominates in most studies, with the synthetic biomaterials
the least used ones. Of the total 112 studies analyzed
(Tables 5-11), 41.96% used natural biomaterials, 32.14%

employed a combination of natural and synthetic bioma-
terials, and only 18.75% used exclusively synthetic bio-
materials for the construction of scaffolds. This is because
the use of natural or combined materials allows us to better
mimic the natural environment of cells, favoring their
differentiation and adhesion to the scaffold. The five bio-
materials most widely used are collagen, chitosan, gelatin,
hydroxyapatite, and silk fibroin; however, alginate, HA,
and fibrin, among others, are also employed. Decellularized
extracellular matrices have also been reported as scaffolds
for the seeding of MSCs [111, 122, 127] as well as the use
of other compounds, such as growth factors or function-
alization with nanoparticles to improve the scaffolds’
functionality [183, 209].

3.5 Third pillar of TE: Culture stimulation

Finally, the last pillar addressed by TE, external stimuli are
applied to improve cellular growth and differentiation,
which constitutes an important aspect to successfully
mimic the tissue of interest through the use of bioreactors.
The use of bioreactors has been reported in the different
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Fig. 3 Methodology proposed to characterize mesenchymal and stromal cell cultures based on their site of collection (specific surface markers
according to the literature) and the three minimum general techniques to characterize MSCs after differentiation into the target cell population

applications discussed in this revision, either with scaffolds
or cell cultures only; the most relevant studies are dis-
cussed in the following text. Quarta et al. (2017) employed
Mu-MSCs and other muscle-resident cells and a perfusion
bioreactor as an effective treatment for muscle volume
loss, which enhanced the efficacy of the Mu-MSCs in the
constructs [96]; Sulaiman et al. (2020) observed that the
culture of BM-MSCs in gelatin microspheres in a dynamic
reactor increased the differentiation of chondrocytes
in vitro, along with cell proliferation as well as RNA and
protein expression when compared with the static cultures
[97]. Moreover, Xu et al. (2019) reported that the use of a
bioreactor in a 3D culture of human BM-MSCs with
alginate and gelatin microspheres presented higher prolif-
eration than 2D cultures using only alginate or alginate and
gelatin for the generation of cartilage [210]. In osseous TE,
Zhang et al. (2021) demonstrated that the mechanical
stimulation of human UC-MSCs cultured in a porous
hydroxyapatite scaffold that was created using a bioreactor
led to the modulation of the inflammatory response and
osteogenic differentiation [211]. Finally, Agabalyan et al.
(2017) used dermal SCs (DSCs) from hair follicles in
parallel DASGIP (Eppendorf) reactors to produce skin-
derived precursors and regenerate the dermis and reported
that the expansion in the bioreactor cultures was five times
higher than that of the static cultures [212]. Although the
use of bioreactors is associated with better differentiation

@ Springer

results and larger cultures, it is used in a reduced per-
centage of the applications of MSCs in TE.

For the MSCs to be stable during the culture in biore-
actors, they have to be taken care of and stimulated right
from the moment of isolation from the tissue to increase
their survival, differentiation efficiency, and homing to the
damaged tissue [213]. Growth factors are important for this
conditioning because during this phase, the use of bioma-
terials avoids the degradation of these inductor molecules,
maintains their stability and bioactivity, and ensures the
release of a low and continuous concentration of these
factors without causing toxic damage to the organism
[214].

4 Conclusion

MSCs can be considered the main cell source in regener-
ative medicine and TE as they are easy to obtain (multiple
cell sources) and possess multipotentiality; especially AD-
MSCs, which are obtained through procedures that are
safer and less painful for the patient, present a high cell
yield, facilitating their application in therapy.

As a perspective, this review proposes the need to
homogenize the terminologies related to regenerative
medicine, including the concepts of CT and TE as well as
the use of the acronym “MSCs” to facilitate bibliographic
search. In addition, it is necessary that the markers—
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morphology—differentiation correlation proposed by the
ISCT becomes a basic requirement to characterize MSCs
and achieve the homogenization goal. Furthermore, stan-
dardization for the selection of tissue-specific markers that
allow a more specific cell characterization is necessary.
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