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Abstract: Mesenchymal stem cells (MSCs) have garnered signif attention in regenerative medicine due tar the
multipotent capabilities and ability to differertgainto various cell types, including osteocytelsoradrocytes, and
adipocytes. Sourced from bone marrow, adipose djssmbilical cord blood, and other tissues, MSCsspes
immunomodulatory properties, making them ideal adates for tissue repair and therapeutic applicati@heir capacity
to migrate to sites of injury and secrete bioacthaecules that promote tissue regeneration aritnhflammation is
crucial in treating a range of conditions. Recaivaamcements have highlighted MSCs' role in therregsion of bone,
cartilage, cardiac tissue, and neural networksy Hne also being explored in the treatment of degiive diseases such
as osteoarthritis, myocardial infarction, and nelegenerative disorders. Despite the promising fieeriéc potential,
several challenges remain, such as optimizingdsdiery methods, understanding long-term effeats] addressing
regulatory hurdles for clinical applications. Thitgicle aims to introduce mesenchymal stem celisthair main uses in
regenerative medicine, offering a comprehensivevi@e of their biological properties, current cal applications, and
the potential challenges that need to be addrdesédoader therapeutic use.

1 Introduction
Regenerative medicine aims to restore or repla
damaged tissues and organs by harnessing the bof
natural repair mechanisms. Mesenchymal stem ce
(MSCs), due to their ability to differentiate inmoultiple
cell types, self-renew, and modulate the immunpaese,
are one of the most extensively studied cell types
regenerative medicine (Figure 1) [1]. Originalleidified
in bone marrow, MSCs can also be isolated fromroth
tissues, including adipose tissue, umbilical catdntal
pulp, and even more recently explored sources li
placenta and peripheral blood [2,3]. These alteraat
sources provide easier access to MSCs, often witlssa
invasive harvesting procedure and higher prolifeeat =
capacity, which broadens their potential for widesg
clinical applications [4]. The therapeutic utiliof MSCs
has been explored in diverse clinical settingsluifing
orthopedic, cardiovascular, neurodegenerative, anfl Definiton of stem cdls
inflammatory conditions [5]. MSCs have shown théitgb MSCs are loosely defined as cells that have thisyabi
to promote tissue repair through direct differeiu'ra_ipto to differentiate into many different cell types \ehi
osteoblasts, chondrocytes, and myocytes in comsitise | o4aining the ability to self-replicate and clonnigally

osteoarthritis, bone _fr_actures, and myocardial rirjnian grow [2,10]. MSCs are characterized by their adhezeo
[6]. Furthermore, theirimmunomodulatory propertiese piastic surface during in vitro culture, diffetiation

made them attractive candidates for treating aumi_ma otential and a broadly defined phenotype. Theasgion
diseases, graft-versus-host disease, and neurattagee gf surface features typical for MSCs is as follows:
disorders [7,8]. Their role in modulating inflamriaait and CD105+, CD73+, CD90+ in the population of in vitro
promoting tissue repair by secreting bioactive malles, o\ yyred cells and at the same time the absence of
such as cytokines, growth factors, and eXtrace"UI"’?'nematopoietic features CD45-, CD34-, CD14-, CD11b-,
vesi_cles,. has expanded their use beyond simplaetisscmg_’ CD19- and MHC class Il molecules. In additio
engineering [9]. the above features, MSCs express the followingufeat
CD9+, CD29+, CD44+, CD49+, CD54+, CD61+, CD63+,
CD71+, CD97+, CD98+, CD99+, CD106+, CD146+,
CD155+, Stro-1+, CD166+, CD166+, CD271+, CD276+

Figure 1 Typical enloged shape of mesenchymal et
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and CD304+ [5]. Adult MSCs have been isolated fromnder specific conditions. MSCs from different tiss
many tissues, especially bone marrow, adiposestisiser sources exhibit varying differentiation potentiahghich

or muscle. In the last decade, MSCs have beentésblamay influence their effectiveness in clinical apgtions
from perinatal tissues (Table 1). These tissuesliagetly [17]. For instance, bone marrow-derived MSCs (BM-
related to the development of the embryo and ibsvti. MSCs) are known to be particularly adept at diffitiggting
Given the limitations of the source of stem cglissinatal into bone cells, making them valuable for orthopedi
tissues represent an important and promising soofce applications [10], while adipose-derived MSCs (AD-
MSCs. Postpartum tissues can be used for themtisn] MSCs) have shown potential in wound healing and ski
such as placenta, amniotic membranes, amnion eiocho regeneration [18]. Recent studies have explored &€

[11-13]. differentiation is influenced by extracellular cumsch as
growth factors, matrix stiffness, and oxygen tensio
Table 1 Sources of MSCs [5,14,15] [19,20]. Understanding these factors is criticalr fo
Difficulty | Quantity Comments on developing effective MSC-based therapies, as ttay ¢
Sour ce to Obtainable |solation determine the fate of MSCs in the microenvironmefnt
Obtain (Relative) injured tissues. For example, low oxygen tensigpdia)
Bone Moderate Low to Invasive has been shown to enhance the differentiation 0€EMS
Marrow Moderatt procedur into cartilage and reduce their differentiation oint
. Easier to adipocytes, which may benefit cartilage regeneng2d)].
Adipose . )
Tissue Low High cpllect using N
liposuctior 3.2 Immunomodulatory and anti-inflammatory
Non-invasive effects
Umbilical Low Moderate collection _ In addition to their differentiation abilities, MS@xert
Cord during significant immunomodulatory effects, making them
childbirth useful in treating inflammatory and autoimmune asss.
Dental Moderate Low Requires tooth  MSCs can suppress the proliferation of immune celth
Pulg extractior as T-cells, B-cells, natural killer cells, and deticl cells
Non-invasive through direct cell-cell contact and the secretibranti-
Placenta Low High collection inflammatory cytokines like interleukin-10 (IL-1(nd
pos-delivery transforming growth factor-beta (TG¥-[15,22]. MSCs
Requires are also known to influence the polarization of
Amniotic High Low to amniocentesis; macrophages, shifting them from a pro-inflammatitg)
Fluid Moderate | invasive and to an anti-inflammatory (M2) phenotype, which can
risky promote tissue repair and wound healing [23]. This
Requires property has been leveraged in the treatment dt-gra
mobilization versus-host disease (GVHD), where MSCs have been
Peripheral Hiah Low agents or shown to reduce inflammation and promote graft
Blood 9 extensive acceptance in allogeneic transplants [7].
processing to
yield MSC: 4  Applications of mesenchymal stem cells

3 Mechanismsof mesenchymal stem cells

in regener ative medicine

MSCs therapeutic potential is not limited to theipromise in treating bone defects, cartilage ingjriend
ability to differentiate into various cell typebgly also play osteoarthritis. Several studies have demonstrabed t
a crucial role in modulating the immune system anMSCs can enhance bone regeneration when combitied wi
promoting healing through the secretion of bioactivscaffolds or biomaterials, allowing for the fornamti of
molecules. MSCs secrete a range of bioactive miaecunew bone tissue in critical-size defects [11-18)drtilage
through paracrine signaling, which promotes healingepair, MSCs have been shown to differentiate into
reduces apoptosis, and stimulates angiogenesisseThehondrocytes under appropriate conditions, leatbnite
mechanisms, acting in synergy, underscore the tlégsa restoration of damaged cartilage in osteoarthjdiicts. A
and promise of MSCs in clinical applications [16].

31

to differentiate

Differentiation capacity
One of the hallmark properties of MSCs is theitigbi
into various cell
osteoblasts, chondrocytes, adipocytes, and everomeu

types,

in regener ative medicine
4.1 Orthopedic applications
The use of MSCs in orthopedic applications has show

significant body of research supports the use oCH &
intra-articular injections for osteoarthritis, whethey
reduce inflammation and promote cartilage regeimerat
[6] (Table 2).

including
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Table 2 Examples of orthopedic applications of MEC34,25]  hold great potential for pushing the boundarie$&C-

Diseass/Condition MSC Therapeutic based therapies.
Source Outcome

Enhanced cartilage 5.1 Use of stem cellsin biocompatibility analysis

" Bone regeneration and As the field of biomaterials grows, the need fanaete

Osteoarthritis marrow reduced and reliable methods to assess biocompatibiligyritgcal.

inflammatior Traditionally, biocompatibility testing involved ehuse of

Non-union Bone Accelerated bone| @nimal models or isolated cell lines, but the adven
fractures marrow healing MSC-based biocompatibility analysis offers a more
_ . _ Reduced disc sophisticated and physiologically relevant approach

Spinal disc Adipose degeneration and| MSCS, due to their ability to mimic various tissypes,
degeneration tissue improved mobilit can be used as a model system to assess how hiatsate

interact with living cells [11,30]. Mesenchymal steells
are ideal candidates for biocompatibility testimgéuse of
their sensitivity to environmental cues and thdifity to
differentiate into various cell types. This makeSGs
highly suitable for assessing the cytotoxicity| aghesion,
yproliferation, and differentiation capabilities afovel
Ohiomaterials. For example, a biocompatibility stujng
MSCs can evaluate whether a material promoteshdsita
'hsc adhesion and proliferation, which are crucat®rs
in determining its suitability for tissue enginegyi
applications [12,13]. Recent studies have used MSCs
test the biocompatibility of various scaffolds, hygels,
and implants designed for tissue regeneration. The
outcomes of these tests not only determine theriabse
.safety but also provide insights into how well thaterial
Igupports MSC-mediated tissue repair [11,31].

4.2 Cardiovascular applications

MSCs have also shown significant potential in treat
cardiovascular diseases, particularly myocardi@lration
(MIl). MSCs can contribute to cardiac repair b
differentiating into cardiomyocytes, secreting pr
angiogenic factors that promote neovascularizateomd

preclinical and clinical studies have demonstratieat
MSCs improve cardiac function and reduce scar isize
patients following MI [26]. However, challenges r@imin
enhancing MSC engraftment and survival in the hosti
environment of ischemic cardiac tissue. Strateglieh as
preconditioning MSCs with hypoxia or using biomater
scaffolds to deliver MSCs have shown promise
improving their therapeutic efficacy [27].

5.2 3D Printing using MSCs

One of the most exciting frontiers in regenerative
medicine is the integration of mesenchymal sters gath
3D printing technologies. This approach, also knagn
"bioprinting," involves the use of stem cells teate three-
dimensional, tissue-like structures that mimic tiaural
"brehitecture of human tissues. MSCs, due to thodityato

4.3 Neurological applications

MSC-based therapies are being explored for a rahge
neurodegenerative and neuroinflammatory condition
including multiple sclerosis (MS), Parkinson’s dise, and
spinal cord injury. In the case of MS, MSCs haverbe
shown to reduce inflammation, promote remyelinatio

and support the survival of neurons in preclinivaldels differentiate into multiple cell types, are partaly well-

.[28]' Their ability to cross the_ blood-brain barréd their . suited for this technology, allowing researchermsrtgineer
immunomodulatory properties make them attractN%

: ! omplex tissues such as bone, cartilage, and engem®
cgand|dates for treating cenf[ral nervous system (CN 2]. Bioprinting using offers several advantagesro
dlsongrs. Recent adv_an(_:es n the use qf_MSCspfnaIs traditional tissue engineering approaches. Fitsh)lows
cord injury (SCI) repair highlight .the|r ability toromote ¢, precise control over the spatial arrangementedifs,
axonal regeneration, reduce gl|a_l sca_r_formatlmd @which is critical for replicating the intricate
improve functional recovery. While clinical trialare

! - microenvironment of tissues. Second, bioprintinglées
ongoing, the preclinical data support the poteatidfiSCs ; : ; : :
to provide significant benefits for patients wit€1929]. the incorporation of bioactive materials, such asagh

factors and scaffolds, which can enhance MSCs
. . differentiation and promote tissue maturation. Ehes
5 Futuredirections _ “advancements have significant implications  for
The field of mesenchymal stem cells in regeneratiiggenerative medicine, particularly in  developing
medicine has made significant strides, but therstils  personalized therapies tailored to individual pagd30].
much to be explored in enhancing their therapaiticacy  Recent studies have demonstrated the potentialDef 3
and expanding their clinical applications. Ongoingyinted MSC constructs for cartilage regeneratishere
research is focusing on optimizing MSC deliverymwels  printed scaffolds seeded with MSCs were shown to

[4], improving their engraftment and survival [8ind  promote cartilage tissue formation and repair in
overcoming challenges related to heterogeneitysaaling  gsteoarthritic models [33-35].

up for clinical use. Advances in biotechnology,tsas 3D
printing and biocompatibility analysis using stemills;
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6 Concluson

NEWSOME, P.N.: TGB1 priming enhances CXCR3

The future of mesenchymal stem cell-based therapies Mediated mesenchymal stromal cell engraftmenteto th

lies in advancing both the technologies used toder
their potential and the strategies to overcomectireent
limitations [30]. Innovations such as 3D bioprimgtiand
the use of MSCs in biocompatibility testing reprase
critical steps forward in optimizing MSC-based tyaes
for clinical use. As research continues, the coliam of
MSCs with emerging technologies will undoubtedly
expand the therapeutic applications of stem deflaging
regenerative medicine closer to fully restoring dged

These future directions hold the key to unlockihg full
regenerative potential of MSCs, making them
a cornerstone in the evolution of modern medicine.
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