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Abstract

The concept of “stemness” incorporates the molecular mechanisms that regulate the unlimited self-regenerative
potential typical of undifferentiated primitive cells. These cells possess the unique ability to navigate the cell cycle,
transitioning in and out of the quiescent GO phase, and hold the capacity to generate diverse cell phenotypes. Stem
cells, as undifferentiated precursors endow with extraordinary regenerative capabilities, exhibit a heterogeneous

and tissue-specific distribution throughout the human body. The identification and characterization of distinct stem
cell populations across various tissues have revolutionized our understanding of tissue homeostasis and regenera-
tion. From the hematopoietic to the nervous and musculoskeletal systems, the presence of tissue-specific stem cells
underlines the complex adaptability of multicellular organisms. Recent investigations have revealed a diverse cohort
of non-hematopoietic stem cells (non-HSC), primarily within bone marrow and other stromal tissue, alongside estab-
lished hematopoietic stem cells (HSC). Among these non-HSC, a rare subset exhibits pluripotent characteristics.

In vitro and in vivo studies have demonstrated the remarkable differentiation potential of these putative stem cells,
known by various names including multipotent adult progenitor cells (MAPC), marrow-isolated adult multilineage
inducible cells (MIAMI), small blood stem cells (SBSC), very small embryonic-like stem cells (VSELs), and multilineage
differentiating stress enduring cells (MUSE). The diverse nomenclatures assigned to these primitive stem cell popula-
tions may arise from different origins or varied experimental methodologies. This review aims to present a compre-
hensive comparison of various subpopulations of multipotent/pluripotent stem cells derived from stromal tissues. By
analysing isolation techniques and surface marker expression associated with these populations, we aim to deline-
ate the similarities and distinctions among stromal tissue-derived stem cells. Understanding the nuances of these
tissue-specific stem cells is critical for unlocking their therapeutic potential and advancing regenerative medicine. The
future of stem cells research should prioritize the standardization of methodologies and collaborative investigations
in shared laboratory environments. This approach could mitigate variability in research outcomes and foster scientific
partnerships to fully exploit the therapeutic potential of pluripotent stem cells.
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Background

The term “stemness” refers to the molecular unlimited
self-regenerative process, triggered by undifferentiated
primitive cells that have the ability to enter and exit the
GO phase of the cell cycle and the power to generate
one or more cell phenotypes. Stem cells, undifferenti-
ated progenitors endowed with remarkable regenerative
potential, display a diverse and tissue-specific distribu-
tion throughout the human body. The identification and
characterization of distinct stem cell populations across
various tissues have transformed our comprehension
of tissue homeostasis and regeneration [1]. From the
hematopoietic system to the nervous and musculoskel-
etal systems, the presence of tissue-specific stem cells
underscores the complexity and adaptability of multicel-
lular organisms. Notably, accumulating evidence empha-
sizes that different tissues harbor unique types of stem
cells, each equipped with specialized functions tailored
to the specific microenvironment of their residing niche.
Understanding the intricate traits of tissue-specific stem
cells is vital for propelling regenerative medicine forward
and unlocking their full therapeutic capabilities [2].

Stem cells are characterized by their unique ability to
undergo continuous division (self-renewal) and, upon
specific cues, differentiate into various specialized cell
types [3]. Classification of stem cells is based on their
differentiation potential, encompassing totipotent and
pluripotent stem cells associated with early embryo
development, as well as multipotent, oligopotent, and
unipotent stem cells prevalent in adult tissues, each
displaying varying degrees of differentiation capacity.
Totipotent cells are present in the earliest developmen-
tal stages, whereas pluripotent cells are located in the
inner cell mass of the blastocyst, capable of giving rise to
a diverse array of cell types representing the three germ
layers but not extraembryonic tissues. Multipotent stem
cells, such as mesenchymal and hematopoietic stem cells,
can differentiate into various cell types within the same
embryonic germ layer. Oligopotent and unipotent stem
cells, often referred to as progenitor cells, have limited
differentiation potential [4].

The classification of stem cells based on their potency
often arises from in vitro experiments demonstrat-
ing their differentiation potential. However, for some
stem cells, the in vitro differentiation potential may not
accurately reflect their in vivo differentiation capacities.
Mesenchymal stromal cells (MSCs) encompass a stem
cell population capable of in vivo differentiation into
mesodermal derivatives, such as osteocytes, adipocytes,
and chondrocytes. Nevertheless, certain in vitro studies
have indicated that these cells may also differentiate into
neurons and other ectodermal and/or endodermal cell
phenotypes.
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Discrepancies between in vitro and in vivo physiologi-
cal differentiation potential, along with variations in
in vitro properties depending on isolation and cultiva-
tion procedures, may lead to the misclassification of stem
cells [5]. In this scenario, it is important to emphasize
that the in vitro biological properties of stem cells may
not necessarily reflect their physiological functions in the
body. The classification of stem cells for investigations
aimed at isolating and cultivating stem cells for therapeu-
tic purposes must not be confused with studies devoted
to dissecting the physiological role of stem cells in tissue
renewal and organismal homeostasis.

Recent discoveries suggest the existence of a diverse
group of non-hematopoietic stem cells (non-HSC) pri-
marily within bone marrow stromal tissue, as well as in
the stromal components of other tissues, alongside well-
established hematopoietic stem cells (HSC). Moreover,
it has been theorized that among these non-HSC, a par-
ticularly rare subset exhibits several characteristics of
pluripotent stem cells (PSC). In vitro studies have dem-
onstrated the capacity of these potential PSC to differen-
tiate into cells representing all three germ layers, and they
have been identified in the scientific literature under vari-
ous names, including i) multipotent adult progenitor cells
(MAPC), ii) marrow-isolated adult multilineage induc-
ible (MIAMI) cells, iii) small blood stem cell (SBSC),
iv) very small embryonic-like stem cells (VSELs), and v)
Multilineage differentiating stress enduring (MUSE) cells.
The assignment of different nomenclatures to similar or
overlapping populations of primitive stem cells within
the BM may stem from diverse experimental approaches
[3-6].

Aim

This review aims to provide a comprehensive report
and comparison of various subpopulations of multipo-
tent/pluripotent stem cells derived from stromal tis-
sues. Through an analysis of the isolation methods and
surface marker expression associated with these diverse
populations, the goal is to develop a thorough under-
standing of the commonalities and differences among
stem cells found in stromal tissues. This is to ascertain
whether stem cells isolated using different methods and
subsequently labeled with distinct names may refer to a
singular core population of stem cells. In this scenario,
the diverse biological properties of the various non-HSC
stem cells may depend on the percentage of stem cells
and progenitors present in the samples isolated using dif-
ferent procedures. It should be noted that even stem cells
isolated at the ’purest’ grade contain several subpopula-
tions, including both stem cells and lineage-committed
cells at various degrees of maturation [7, 8].
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Stromal cell population

The term “stromal cells” encompasses a diverse group
of connective tissue cells forming the structural frame-
work for organs and playing crucial roles in health and
disease. Coexisting with parenchymal cells that define
organ-specific functions, stromal cell populations include
fibroblasts, pericytes, and telocytes found across various
organ systems, alongside with heterogenous cell popula-
tions such as bone-marrow-derived mesenchymal stem/
stromal cells (MSCs) and adipose tissue-derived stem/
stromal cells (ASCs), which contain stem cells, progenitor
cells and other stromal cell types [9-11]. Recent research
has unveiled the molecular underpinnings of stromal cell
contributions to processes such as tissue development,
homeostasis, regeneration, immune responses, cancer,
and disease [12]. While stromal cells shape their micro-
environment, their functions are profoundly influenced
by tissue context.

The intricate landscape of stromal cells unveils a diverse
array of subpopulations, including MUSE cells, MIAMI
cells, MAPCs and VSELs, each holding unique character-
istics within the realm of adult multipotent/pluripotent
stem cells. These distinct entities, nestled within the stro-
mal tissues, add a layer of complexity to our understand-
ing of the physiological regenerative potential of our
tissues and organs [13]. The recognition and exploration
of these specific multipotent/pluripotent subpopulations
within stromal tissues broaden the horizons of regenera-
tive medicine, offering promising avenues for therapeu-
tic applications. Harnessing the regenerative capabilities
of MUSE cells, MIAMI cells, MAPCs and VSELs, from
stromal environments could pave the way for innovative
approaches in tissue repair and disease treatment, elevat-
ing the role of stromal cells as crucial players in the pur-
suit of regenerative medicine breakthroughs.

Multilineage-differentiating stress enduring (MUSE) cells
In 2010, Professor Dezawa’s research group at the Uni-
versity of Sendai, Japan, successfully isolated a distinctive
stem cell population termed Multilineage-differentiating
Stress Enduring cells (MUSE) from the mononuclear cell
fraction of the bone marrow [14]. These endogenous,
stress-resistant stem cells express pluripotency master
genes and feature specific surface markers like SSEA-3
[15, 16]. The utilization of FACS and MACS in isolation
protocols ensures the dependable purification of MUSE
cells.

MUSE cells were initially identified in humans and
mice, and subsequently in other species, including rat,
rabbit, sheep, and monkey, demonstrating evolutionary
conservation and broad applicability [17, 18]. These cells
are found in various tissues, such as fibroblasts, adipose
tissue and bone marrow MSCs, and peripheral blood,
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showcasing their versatile accessibility for therapeutic
purposes [19].

In vitro, MUSE cells exhibit extensive trilineage differ-
entiation into hepatocytes, neural/neuronal-lineage cells,
cardiomyocytes, skeletal muscle, and glomerular cells,
highlighting their pluripotent nature. Their distinctive
ability for clonal in vitro trilineage differentiation, as con-
firmed by RT-qPCR and ICC analyses, underscores their
unique pluripotent characteristics, crucial for controlled
and specific differentiation in therapeutic applications.
In vivo, MUSE cells differentiate into diverse cell types,
emphasizing their potential in regenerative medicine.

MUSE cells, present in connective tissues, remain qui-
escent but activate under stress conditions [20]. Their
homing ability to damaged tissues and resistance to
stressors like H,O, and UV make them advantageous for
therapeutic applications [21]. MUSE cells grow as single
cells in suspension and form clusters positive for both
MSC marker CD105 and SSEA-3. Upon transfer to an
adhesion system, single cells express markers of meso-
derm, ectoderm, and endoderm, indicating trilinear dif-
ferentiation and self-renewal ability through multiple
culture cycles (Table 1, Fig. 1).

Comprehensive analyses of MUSE cells have included
investigations into their transcriptomics and proteomics,
identifying specific factors within the secretome that sig-
nificantly contribute to stress resistance and tissue repair
mechanisms [22]. The secretome of MUSE cells reveals a
unique protein profile, including Serpins and 14-3-3 pro-
teins, which contribute to stress tolerance and apoptosis
inhibition [23]. Notably, in severe tissue damage, MUSE
cells migrate from the bone marrow to peripheral blood,
guided by the sphingosine-1-phosphate (S1P) pathway,
particularly the S1IPR2 receptor. In injured areas, MUSE
cells persist and phagocyte apoptotic differentiated cells
using distinct phagocytic receptor subsets compared to
macrophages. The phagocyted contents from the dif-
ferentiated cells, such as transcription factors, were
promptly discharged into the cytoplasm, moved into the
nucleus, and attached to the promoter regions of the stem
cell genomes. Within 2 days, the MUSE cells exhibited
lineage-specific markers associated with the phagocyted
differentiated cells [21, 24]. MUSE cells exhibit immu-
nomodulatory capacity, activating regulatory T cells,
suppressing dendritic cell differentiation, and expressing
HLA-G, suggesting potential in immune tolerance [25].

MUSE cells possess significant regenerative potential,
demonstrated by their safety, accessibility, in vivo dif-
ferentiation, and therapeutic effects in various models,
including lacunar infarction, acute myocardial infarction,
amyotrophic lateral sclerosis, and liver fibrosis [26—31].
Clinical trials for conditions like acute myocardial infarc-
tion, ischemic stroke, epidermolysis bullosa, spinal cord



Page 4 of 17

(2024) 15:139

Aprile et al. Stem Cell Research & Therapy

[85] ¢ ue 01 adA1ousyd
LW ue wouy sabeydol
-DeW JO Uonezlie|od
uonesajjoid (12> | bun

(e8] s|1=>
dpelodolewsy-our]

[18] DDl pue gm
[GS] YDdb

-glyul D1USBOUNWIWI-UON| [1/'8S] S9A [9G] SOA paniodal 10N [£G] S|192 [el]oyI0PUT pau0dal 10N -1Y AQ paresuowsg JdVYIN
[6¥] S|192 [eanaN
[¢S] sl192 [eijayiopuy
[16] [£¥] s|192 [/#] DDI pue yddb
S|192 1+ @D JO UOBANDY [08'15]S2A pa10dal 10N [08] S9A  |BANSN pUB D1ISe|qO31SO pa10dal 10N -1Y Ag parensuowad  S|192 [WYIN
[¥] s|192 dneaiduey
[8/] 21£>01edaH
[0¥] s91850AwWolpIeD)
[££] 51193 |elj910pU] [2€] D01 pue yodb
[6€] D1usbounwiwI-UuoN papiodal 10N [6/ '9€] S9A [8€]1S9A  [9/] S21N1DNAIS %jl|-au0g payjodai 10N -14 Aq perensuowsg I3SA
[62]1© [67] S||92 Jejniawo|n
-(VH) usbiue 2140033 [#1] 9]2SNW [RISIMS
uewny jo uojssaidxy [87] @1400AWolpied)
[1Z] uonenuaiayIp ||92 (a4 NER
lpusp ssaiddns pue sbeaul|-jeuoinau /jeinaN [91 1] DDI pue yddb [L€] DDI pue g ‘Yddb
s||92 | A101e|nbHal 31eANDY [07] oA [99] SaA [z7] san [5/] @1A>01edaH -1Y Aq pajessuowsQ -1Y Ag parensuowsg  S||92 ISAN
uolenuaIdYIp uoljenuaIdYIp
Aydeded siskjeue 0S3aW/0puUa/033d osaw/opua
A103e|INnpOowoUNnww| siskjeue awo03a139s swoydudsues) sisk|eue awoaj01d OAIA UlYINg OJMA Ul [eUo|d /o oniaulng  adAy 3>
vl #4741 [b¥] SOL dD [OF ¥
payodal JoN payodal JoN ‘TXOS 7100 ‘DONYN — "#HDIXD P-v3SS ‘€-v3SS uonebnyLIua) [eHaS  [9% Fi7] poojq [elaydiad [7] uewny 0545
[ "1 "vS] PEYAD [¢/] ssuog
[/ e/ senssi [sS] '1€dD's01Ad '06AdD [95] U9BAX0 956 Jopun [€G] anssi sPPsNy (9G] 1Y ‘9SNOW
paniodal 10N abeusep o3 uonesbIy v120 1D WId IXT4 '€/dD'€ELAD ¥¥AD  UONE|OSI MOLIRW 2U0g ‘Ulelg ‘MolIe|y suog [1/] uewny DdVYW
(8¥]
L4¥NOd ‘d1ddINg [8% 'Ov] ¥-¥3SS [8%7] (CO %¢€) uois
[¢S '05] senssi TXOS "LX3d LIN-D ‘060D v91AD 180D -ud) uabAX0 MO| Japun
paiodal 10N obeuwep 03 uoneibiy 'OONVN #/€120 '€90D'62dD ‘TCLdD  UONE|OS| MOIIBU SUOg [0G] mouey auog [8F7] uBWINH  S[|92 IINVIW
[0/] sS2415
1esy dIsuliixs O} Juels|say [¢¥] senssi [¥€ T€l v-v3SS [¥€] poojq |esayduag
[o¥] kD2 0051)  beutep o) uoneibipy [seleclad €] uoneb 3
uolelpedli-ewiuieb jo [z€] doip |9burew, 0} [C€l¥4DXD  -NJuad Jualpelb-|jodi4 pooI|q pJOd [e1IqUIN [G€] uewny
asop ybiy Jayy Aesse uonelbiy [¢€l <100 [¢€] 1-v3SS [5€ 7€l SOv4 [€€ 'z€] moLiey auog [c€] asnow 13SA
[61] pooig [esaydiiag [89] Aquopy
[69] anssi| asodipy ‘dasys Nqqey 1ey
[0Z] 1usw [LZ] senssn oL 7Ll [Le'8L1s0LdD [O11SOVW [PLISDSW [£1]=snow
-1ea1} AN PUB CO°H JoYY abeusep o3 uonebIN DONYN ‘T-XOS "% 120 [71] €-v3SS [811SDv4 [81]1se190iq4 [PLluewny s||9> 35NN
abewep
DUL)SISDI SSINS Buimojjoy buiwoy si9)Jew Y0 si9yiew deyns J030304d uoinye|os| uopez|jed0 sapads  adfy |9

DAV 'SI122 IIVIW ‘DSES “TISA ‘S92 ISN JO SDnsu1deIeyd jeuonduny pue didAlousb/ousyd ‘poyiaw uoneos) ‘ssiiadold ulely L ajqel



Page 5 of 17

(2024) 15:139

Aprile et al. Stem Cell Research & Therapy

[9t7] uoneyuejdwi |e1

[Pi] DDI pue Yodb

payiodas JoN paliodal JoN payiodas JoN [i7i7] SSA  -USp Ul UOIIRIBAIUI03SSO payiodas JoN -1Y Aq paresisuowsg SgS
uoneRUAIBYIP uoneRUAIBYIP
fpeded siskjeue uonenuaJayIp 053W/0pua/0139 osaw/opud

K101eINnpOoWwounwiw|

sisAjeue awo01a1>35

awoydudsues)

sisA|eue awoaj0.d

OAIA UL Y|Ng

OJ}IA Ul [eUO|D

joaonAauyng  adAy (@D

(panunUOd) | 3jqey



Aprile et al. Stem Cell Research & Therapy ~ (2024) 15:139 Page 6 of 17

Localization and q i i
Surface Marker Isolation Methods Migration to damaged tissues Main properties
and phagocytosis of dead cells
5 Suspension
oo N growth in cluster
FACS: s }
SSEA-3+ ) )
. o -
w
% Tolerane f
g olerance HAD
Ecto/Endo/Meso
MACS: differentiation . Lo 3
¥ in vitro and in vivo Stress Resistance: ¥
SSEA-3+ A 3%
. Oxidative stress,
Stromal Tissues and Gamma and UV # " Gk
Peripheral Blood irradiation
CXCR-4, CD133, — Migration to damaged tissues
SSEA-4; Small size 3-6 pm )
FACS: and large nuclei \ /“
9 OCT 3/4+ ‘\ —s —
m CXCR-4+ Ecto/Endo/Meso ®
2 SSEA-4+ == differentiation p
CD133+ : in vitro and in vivo
CDA45- Stress Resistance:
Gamma irradiation
Stromal Tissues and \ o 4 fleatistess
Peripheral Blood
CD29, CD63, CD81, CD122, Growth under low Ecto/Endo/Meso (] Activation of CD4+ T cells
CD164, cMet, BMPR1B, NTRK3 oxygen tension (3% 02) differentiation pe
in vitro and in vivo N
= MSCs
> P\
< / = )
s N\ \ ' Migration to damaged tissues
§ i D)
B —~ ®
one .
Marrow 5
CD44, CD13, CD73, CD90 ® Polarization of macrophages
¢ g Growth under low Ecto/Endo/Meso @
CD105, CD31, and CD49d oxygen tension (5% 05) differentiation from an M1 phenotypeic?/an M2
in vitro and in vivo 0
< - . BN o Monogyte  MOSHILAS L f
ool / ) onocyte 1135 5 .
= Bone Marrow . \ ’
Muscle % = y Migration to damaged tissues
- i
Q
Ecto/Endo/Meso ®
T ] T differentiation e
' ' ' \/ in vitroand in vivo Proteomic analysis ~
o identification of o
D P : : . pluripotency markers:
2 ® Serial centrifugation CDO, ITGAG, MAPKT, | .
@ - A\ 4 MTHFD1, STAT3,
HSPB1, and HSPA4 -
Peripheral Blood o 9

Fig. 1 Key Properties of Stromal and Peripheral Blood Stem Cell Populations (MUSE, VSEL, SSBC, MIAMI, MAPC). Localization, surface markers,
isolation methods, and main properties of stem cells have been reported

injuries, ALS, cerebral palsy, and COVID-19-related In summary, MUSE cells present a unique pluripotent
acute respiratory distress syndrome are underway in  profile, making them versatile candidates for regenera-
Japan. The absence of tumorigenesis post-injection and tive medicine with applications in diverse biological
their applicability without gene manipulation or cytokine  contexts.

treatment further underscore MUSE cells’ promise in

regenerative medicine.
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Very small embryonic-like (VSEL) stem cells

Discovered in 2006, Very Small Embryonic-Like (VSEL)
stem cells have emerged as a unique subset within the
realm of stem cell research, holding great promise for
regenerative medicine [32]. Unlike conventional stem
cell populations, VSEL cells present distinct character-
istics that set them apart and offer an ethical alternative
to embryonic stem cells. VSEL cells, remarkably small
in size (3—6 pm), lack certain lineage markers (CD45-,
lin—), and express specific surface antigens like Sca-1 and
CXCR4. They also exhibit pluripotency markers, includ-
ing Oct-4, SSEA-3, Nanog, and Rex1, commonly associ-
ated with embryonic stem cells [33]. VSELs have been
identified in both mice and humans, displaying remark-
able differentiation potential and widespread localization
in tissues such as bone marrow, umbilical cord blood, and
peripheral blood. The sorting method involves the use of
beads of predefined sizes, isolating Oct-4+CXCR4+SS
EA-1+4Sca-14+CD45 - lin — cells in mice and Oct-4+C
XCR4+SSEA-4+CD133+CD45 - lin — cells in humans
[34, 35]. These sorted cells display large nuclei with unor-
ganized chromatin (euchroma). Approximately 5-10% of
isolated VSELs, when cultured, can form VSEL-Derived
Sphere (DS), resembling embryoid bodies. These struc-
tures, observed in young mice, exhibit features such as
immature cells with large nuclei, and express pluripo-
tency markers. VSEL-DS, when replated, can generate
new secondary or tertiary spheres and, under conducive
conditions, differentiate into various cell types [36, 37].
These cells exhibit not only in vitro trilineage differen-
tiation but also contribute to diverse in vivo outcomes,
including the development of bone-like structures,
endothelial cells, cardiomyocytes, hepatocytes, and pan-
creatic cells. VSELs demonstrate migratory capabilities,
responding to specific tissues during migration assays
and showing a prompt response to tissue damage. More-
over, they exhibit stress resistance, surviving high doses
of gamma-irradiation and extrinsic heat stress, showcas-
ing their robust nature in adverse conditions (Table 1,
Fig. 1).

Comprehensive analyses have been conducted on
the proteome and transcriptome of VSELs, reveal-
ing dynamic profiles that contribute to their functional
diversity. Researchers have diligently investigated the
molecular characteristics of VSELs to understand their
developmental origin. By studying highly purified dou-
ble-sorted VSELs from murine bone marrow under
steady-state conditions, it has been observed that these
cells express genes associated with both epiblast speci-
fication (e.g., Stella, Prdm14, Fragilis, Blimpl, Nanos3,
and Dnd1) and primordial germ cells (PGCs). Notably,
PGC-specific genes like Dppa2, Dppa4, and Mvh, which
are characteristic of late-migratory PGCs, were also
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expressed. Authors hypothesized that VSELs maintain
quiescence in adult tissues through mechanisms similar
to those governing PGC quiescence, involving epigenetic
modifications of paternally imprinted genes [38]. These
findings suggest that VSELs modify the imprinting of
early-development imprinted gene loci (e.g., Igf2-H19),
rendering them resistant to insulin-like growth factor
signaling. These insights strengthen the link between
PGCs and VSELs as potential precursors for long-term
tissue regeneration.

Some studies suggest that VSELs may possess immu-
nomodulatory capabilities, indicating their potential
interactions with the immune system. Claims have been
made that VSELs could regulate the immune response,
potentially enhancing it in cases of infections or injuries
and attenuating it in conditions of autoimmune hyper-
activity. However, these findings have been reported pri-
marily on the websites of private regenerative medicine
centers, lacking validation through scientific evidence.

On the other hand, several clinical trials suggest that
VSELs might exhibit immune-privileged properties,
potentially enabling transplantation across histocompat-
ibility barriers without triggering an immune response.
Nevertheless, further research is necessary to compre-
hensively understand the underlying mechanisms and to
develop effective therapies utilizing VSELSs [39].

VSELs are currently being investigated in clinical trials
for various applications [40, 41]. In the context of knee
osteoarthritis, researchers are exploring the safety and
efficacy of autologous VSELs by injecting them into the
affected knee. Additionally, VSELs are being evaluated
for facial skin antiaging, where they are injected into spe-
cific areas. Furthermore, these stem cells are being stud-
ied for their potential role in addressing organic erectile
dysfunction. Overall, VSELs hold promise as a fascinat-
ing avenue for tissue regeneration and aging-related
therapies.

A significant application of VSEL cells has been
explored in diabetes repair. VSELSs, isolated from mouse
bone marrow, were analyzed for specific markers and
demonstrated the ability to differentiate into various cell
types. Upon intravenous injection into mice with pan-
creas damage, VSELs migrated to the pancreas, survived,
and resulted in a significant decrease in blood glucose
levels for at least two months. The mice also experienced
gradual weight gain [42]. This groundbreaking research
suggests that VSELs could be a promising strategy for
treating diabetes and other regenerative diseases, offering
a viable alternative to traditional stem cell therapies [35,
43].

In summary, VSELs present a unique combination
of migratory, stress-resistant, and differentiation fea-
tures, positioning them as resilient contributors to tissue
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regeneration and repair. This makes them promising
candidates for therapeutic applications in regenerative
medicine, akin to MUSE cells, showcasing distinct char-
acteristics in diverse biological contexts.

Marrow isolated adult multilineage inducible (MIAMI) cells
Marrow Isolated Adult Multilineage Inducible (MIAMI)
cells were discovered in 2004 by Gianluca D’Ippolito and
his team [47]. These cells have sparked significant interest
in the field of regenerative medicine due to their distinc-
tive characteristics and promising therapeutic potential.
The process of isolating MIAMI cells involves a special-
ized expansion and selection procedure that emulates the
in vivo microenvironment of primitive stem cells in the
bone marrow. This process entails co-culturing adherent
and non-adherent marrow cells on fibronectin under low
oxygen conditions (3%) [48]. Compared to human mes-
enchymal stem cells, which exhibit a typical fibroblastic
morphology with few long and thin cellular processes,
MIAMI cells appear smaller, with a more compact and
rounded cytoplasm. The remarkable ability of MIAMI
cells to differentiate into various lineages—mesodermal,
ectodermal, and endodermal—makes them versatile for
addressing diverse tissue regeneration needs. Surface
marker analysis plays a key role in identifying and charac-
terizing these cells. They express specific markers such as
CD29, CD63, CD81, CD122, CD164, cMet, BMPR1B, and
NTRKS3, while significantly lacking expression of markers
like CD34, CD36, CD45, cKit, and HLA-DR. This distinc-
tive marker profile contributes to their unique identity.
Additionally, MIAMI cells express typical embryonic
stem cell markers such as Sox2, Nanog, Oct-4, and Rex-1,
along with strong telomerase expression, indicating their
pluripotent characteristics, despite exhibiting a rounded
and compact morphology with a high nucleus-to-cyto-
plasm ratio [47]. MIAMI cells isolated from various
donors’ bone marrow show consistently similar genetic
expression, regardless of age and sex, and appear to share
more proteins with human embryonic stem cells than
with mesenchymal stem cells, but without the potential
to form teratomas, as they have been demonstrated to be
non-cancerogenic [48]. Additionally, the expression level
of distinctive markers of MIAMI cells remains constant
regardless of age and gender. Furthermore, although the
proportion of MIAMI cells compared to the total mar-
row nucleated cells decreases from 0.01% at the age of 3
to 0.0018% at the age of 45, their overall number remains
stable after the age of 45.

Due to these characteristics, MIAMI cells are cur-
rently under investigation in various clinical applications,
including tissue regeneration [49]. MIAMI cells express
numerous markers similar to embryonic stem cells, they
do not possess complete self-renewal capacity; however,
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they appear to respond to specific molecular signals
in the right environmental conditions to induce self-
renewal. This can be exploited to manipulate these cells
to become more stable, maintain their pluripotency, and
support their immunoregulatory properties for longer
periods. Importantly, MIAMI cells show rapid prolifera-
tion without signs of senescence, ensuring the mainte-
nance of their differentiation potential during prolonged
culture periods, which is crucial for scalability and
potential clinical applications. MIAMI cells demonstrate
migratory capabilities to damaged tissues and immu-
nomodulatory capacity, suggesting their potential in
tissue repair and immunomodulation [50, 51]. In thera-
peutic applications, MIAMI cells have shown promise in
various pathologies, such as in the treatment of periph-
eral vascular disease (PVD). Studies using a murine
model of critical limb ischemia have demonstrated that
the combination of MIAMI cells with a bilayer electro-
spun gelatin B nanofiber construct (BIC) significantly
improved limb recovery compared to single treatments
[52]. This combined approach led to improved blood flow
restoration, reduced ischemia and necrosis, and preven-
tion of intermuscular adipose tissue infiltration (IMAT).
However, further research and clinical studies are essen-
tial to unveil the full therapeutic potential of MIAMI cells
and establish their role in treating a variety of diseases
and conditions.

Multipotent adult progenitor cells (MAPCs)

The multipotent adult progenitor cells (MAPCs) were
first identified in human bone marrow and subsequently
confirmed in animal models, such as mice and rats.
MAPCs have demonstrated a remarkable ability to dif-
ferentiate into a variety of cell lineages, including meso-
dermal, ectodermal, and endodermal lineages. These
cells can be isolated from various tissue sources, includ-
ing bone marrow, brain, muscle and bone tissue [53, 54].
However, isolating MAPCs from bone marrow has been
one of the most common and widely studied methods to
date. The process of isolating MAPCs from bone mar-
row involves several key steps that have been developed
and optimized over the years. One distinctive feature of
this process is the use of low-oxygen conditions, typi-
cally around 5%, during cell isolation. This hypoxic envi-
ronment mimics the physiological conditions present in
the bone marrow and promotes the maintenance of the
unique properties of MAPCs. Once a critical mass of
cells is reached in culture, MAPCs can then be selected
using specific cell surface markers through flow cytom-
etry techniques, allowing for the separation of MAPCs
based on their expression of specific markers such as
CD44, CD13, CD73, CD90, CD105, CD31, and CD49d
[53]. Despite MAPCs may be present in a population of
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MSCs, the crucial points that define MAPCs compared
to MSCs essentially lie in their different origins, not only
mesodermal, and surface marker expressions. These dif-
ferences define distinct potentials, such as a broader
differentiative capacity, a more pronounced immu-
nomodulatory capacity, and better performance in cell
therapy. One of the most remarkable features of MAPCs
is their ability to surpass the differentiation potential of
traditional MSCs, which are also frequently used in the
field of regenerative medicine. Therefore, not only do
they possess the ability to differentiate into a variety of
cell types, like MSCs, but they also exhibit exceptional
plasticity and adaptability, allowing them to cross lineage
barriers more completely and efficiently. MAPCs dem-
onstrate immunomodulatory properties that go beyond
those of MSCs. They can modulate immune responses,
playing a role in regulating inflammation and promoting
a favorable environment for tissue healing. This immu-
nomodulatory behavior of MAPCs makes them particu-
larly interesting for application as universal donors, as
they can be transplanted into patients without the risk
of immunological rejection. The option to use MAPCs
as universal donors is highly appealing in regenerative
medicine, as it reduces the need to find a matching donor
and the risk of tissue compatibility complications. The
clinical applications of multipotent adult progenitor cells
(MAPCs) are extremely broad and promising, with vari-
ous pieces of evidence confirming their efficacy in crucial
therapeutic contexts. One of the most interesting aspects
is the use of MAPC secretome, known as MAPC-condi-
tioned medium (MAPC-CM), as a therapeutic agent for
wound healing. This secretome contains a rich mixture of
growth factors, cytokines, and other bioactive molecules
that influence a series of key processes in tissue repair.
Studies conducted on animal models with excisional
wounds have shown that the application of MAPC-CM
can promote cell migration, stimulate cell proliferation,
promote collagen deposition, and enhance the forma-
tion of new blood vessels, known as angiogenesis. These
combined effects contribute to the rapid and effective
healing of damaged tissues. Furthermore, clinical stud-
ies have demonstrated that MAPCs can have a significant
impact on reducing myocardial scars in patients who
have suffered from a myocardial infarction [55]. This is
particularly relevant considering that myocardial scars
can compromise long-term cardiac function and increase
the risk of cardiovascular complications. MAPCs, due to
their ability to differentiate into cardiac cells and their
modulating effect on the surrounding microenvironment,
can contribute to the regeneration of damaged cardiac
tissue and the reduction of scars, thereby improving car-
diac function and reducing the risk of complications. In
the context of stroke recovery, the MASTERS study has
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highlighted that MAPCs, particularly the Multistem type,
can offer significant benefits if administered early within
the first 36 h after the stroke [55]. This underscores the
crucial importance of optimized timing in stem cell ther-
apies. MAPCs can act by reducing inflammation, pro-
moting the regeneration of damaged brain tissues, and
improving neurological function, thereby contributing
to the recovery process after a stroke. Transcriptomic
analyses have also been performed, providing important
insights into the differences in differentiation potential
between MAPCs and traditional MSCs [56]. These analy-
ses have revealed that MAPCs show a greater inclination
towards endothelial differentiation, namely the forma-
tion of cells that comprise blood and lymphatic vessels.
This characteristic has been supported by in vitro experi-
ments, such as Matrigel plug tests, which simulate the
formation of blood vessels in a three-dimensional envi-
ronment. MAPCs thus appear to express genes that are
involved in angiogenesis, the process through which new
blood vessels are formed from pre-existing ones, promot-
ing tissue growth and repair [57, 58]. On the other hand,
MSCs seem to show a greater propensity towards differ-
entiation into cartilage (chondrogenic) and bone (osteo-
genic) tissue cells. In summary, transcriptomic analyses
have highlighted that MAPCs and MSCs present signifi-
cant differences in their differentiation potential, with
the former showing a greater inclination towards blood
vessel formation and the latter towards the formation of
cartilage and bone tissues. These differences can have
crucial implications in the context of regenerative medi-
cine, allowing for the targeted use of each cell type based
on the specific needs of the patient and the pathological
condition to be treated. In conclusion, MAPCs exhibit
exceptional characteristics that make them valuable in
regenerative medicine. Their ability to differentiate into
a wide range of cell lineages, together with their immu-
nomodulatory properties and distinct transcriptomic
profiles, makes them versatile players in the treatment of
a variety of pathologies. Research efforts continue to fully
explore and exploit the therapeutic potential of MAPCs,
with the aim of improving the health and quality of life
of patients suffering from chronic diseases and severe
injuries.

Small blood stem cells (SBSCs)

Identified in human peripheral blood, Small Blood Stem
Cells (SBSCs), as reported by Filidou et al. [44], exhibit
specific characteristics and differentiation potential,
solidifying their significance in the landscape of stem cell
biology. SBSCs showed bulk in vitro trilineage differen-
tiation as demonstrated by RT-qPCR and ICC, while spe-
cific details about clonal in vitro trilineage differentiation
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and bulk in vivo differentiation are not provided (Table 1,
Fig. 1).

The population of SBSCs is distinguished by its unique
expression profile, encompassing pluripotent embry-
onic markers, hematopoietic markers, and mesenchy-
mal markers. This heterogeneity suggests a multifaceted
nature of SBSCs, contributing to their potential in vari-
ous biological processes.

Notable markers and factors associated with SBSCs
encompass pluripotent and embryonic markers, exempli-
fied by the expression of NANOG, SSEA-3, SSEA-4 and
CXCR4 highlighting their potential for multilineage dif-
ferentiation. SBSCs exhibit a distinctive co-expression
of hematopoietic markers (CD45) and mesenchymal
markers (CD90, CD29, CD105, PTHI1R), suggesting their
association with both blood cell development and mes-
enchymal lineage differentiation (Table 1). Quantitative
proteomic profiling of SBSCs has identified diverse stem
cell markers, including CD9, ITGA6, MAPK1, MTHEDI,
STAT3, HSPB1, and HSPA4, enriching the understanding
of their molecular composition (Fig. 1). Moreover, SBSCs
harbor transcriptional regulatory complex factors like
STATS5B, PDLIM1, ANXA2, ATF6, and CAMK]1, contrib-
uting to their regulatory capabilities. This comprehensive
expression profile underscores the heterogeneity and
versatility of SBSCs, positioning them as a unique sub-
set of stem cells with the potential to play a pivotal role
in diverse biological processes. The isolation of SBSCs
involves a protocol with serial centrifugation, facilitat-
ing their separation and collection from peripheral blood
[45]. Specific details about the immunomodulatory
capacity of SBSCs are not provided, highlighting avenues
for further exploration to comprehensively understand
their therapeutic potential in regenerative medicine. This
characterization emphasizes the importance of various
attributes for the evaluation and potential application of
these stem cell populations.

Anyway, recent findings investigate the safety and tol-
erability of SBSC in dental implantation for patients
with severe bone defects. Nine patients received differ-
ent doses of SB cells, and evaluations were conducted
through computed tomography (CT) scans and compre-
hensive chemistry panel testing. The trial, spanning six
months, revealed no severe adverse effects, with observed
improvements in bone mineral density (BMD) and stress
levels. Elevations in specific cytokines and chemokines
indicated SBSC-triggered responses for local tissue repair
[46]. The findings support the well-tolerated use of SB
cells in dental implantation, suggesting their potential for
accelerating osseointegration in high-risk patients.

Coordinating embryonic, hematopoietic, and mesen-
chymal markers, along with the presence of various stem
cell-related factors, accentuates the intriguing nature of
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SBSCs, warranting further investigation in the realm of
stem cell research.

Markers and methodologies used for isolation
Analyzing the surface markers of the five considered stem
cell populations and isolation methods, SSEA-3 emerges
as a key marker extensively used in the isolation process.
SSEA-3 plays a pivotal role in identifying and purifying
these stem cell populations [16].

The chemokine receptor CXCR4 has been identified
as a relevant marker associated with VSELs. CXCR4,
also known as C-X-C chemokine receptor type 4, plays a
role in the migration and homing of stem cells. CXCR4
is expressed on the surface of VSELSs, and its interaction
with its ligand, SDF-1 (stromal cell-derived factor 1), is
considered crucial for the mobilization and homing of
VSELs in various tissues [32]. This interaction is impli-
cated in the trafficking of VSELs to areas of tissue dam-
age or injury, where they may contribute to regenerative
processes. The presence of CXCR4 on VSELs is a notable
characteristic and contributes to the understanding of
the homing and migration mechanisms that these stem
cells employ.

CD133, also known as prominin-1, is a surface marker
associated with VSELs. CD133 is a glycoprotein and is
often utilized as one of the distinctive markers for isolat-
ing and characterizing VSELs.

In addition to SSEA-3 and CXCR, several other mark-
ers have been mentioned for isolating specific popula-
tions of stem cells. For instance, CD45 and CD90 have
been identified as co-expressed markers in some SBSCs,
emphasizing their association with blood cell develop-
ment. CD29, CD105, and PTHIR have been recognized
as mesenchymal markers expressed by SBSCs, indicating
their ability to differentiate into mesenchymal lineages.

For MIAMI cells, CD122, CD29, CD63, CD81, CD164,
CD90, and SSEA-4 have been cited as surface markers.
These markers provide a distinctive profile for the iden-
tification and characterization of MIAMI cells. In the
context of MAPCs, markers such as CD44, CD13, CD73,
CD90, CD105, CD31, CD49d have been indicated as dis-
tinguishing elements.

Notably, methods such as Fluorescence-Activated
Cell Sorting (FACS) and Magnetic-Activated Cell Sort-
ing (MACS) have been employed for their precision in
isolating cells expressing specific markers, like SSEA-3
[17]. These techniques enable the attainment of a more
homogenous cell population, concentrating solely on
those cells expressing the targeted marker. In contrast,
the isolation method involving bone marrow under low
oxygen tension (3% O2) emphasizes a distinct approach,
suggesting the importance of the microenvironment in
which stem cells reside.
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FACS and MACS are particularly advantageous in
achieving a higher degree of purity in isolated popula-
tions, ensuring that the isolated cells predominantly
express the desired surface markers. This precision is cru-
cial for subsequent analyses and applications, enhancing
the reliability of research outcomes. On the other hand,
methods like isolation from bone marrow under low oxy-
gen tension might yield more heterogeneous populations,
potentially capturing a broader range of stem cells with
diverse characteristics.

The choice of isolation method significantly influ-
ences the purity and homogeneity of the obtained stem
cell populations. While FACS and MACS offer a more
defined and targeted approach, other methods might
capture a broader spectrum of stem cell phenotypes.

Role of cell cycle phases in the isolation

of pluripotent stem cells

The dynamic nature of stem cells, as they undergo
cycling, implies a constantly changing phenotype. This
characteristic serves as a protective mechanism, prevent-
ing catastrophic toxicity by allowing stem cells to exhibit
different phenotypes at relatively short intervals dur-
ing the cell cycle. The concept of a "stem cell calculus” is
proposed, wherein changes in phenotype throughout the
cell cycle represent individual components, and the over-
all outcome is an integration of these changes. Various
studies on different stem cell types align with this model.
Notably, research on highly purified LRH stem cells, even
when isolated at different cell cycle points, has revealed
significant heterogeneity. This observed heterogeneity,
while present at the cellular level, still demonstrates over-
all patterns of differentiation. An analogy is drawn to the
decay of radioactive substances, where individual atomic
behavior appears random, but when observed as a whole,
it follows a predictable pattern. This suggests that the
regulation of the stem cell population as a whole, rather
than individual cells, involves control mechanisms influ-
encing birth and death probabilities [8, 59-61].

This perspective raises questions about the previously-
dismissed significance of the stem cell assay CFU-s (Col-
ony-forming Unit Spleen), as it did not correlate with
studies on purified stem cells. Given the observed hetero-
geneity in purified stem cells, the importance of CFU-s
as a stem cell assay may need reconsideration. Recent
emphasis on single-cell RNA analysis has revealed het-
erogeneity in different cell populations, including murine
hematopoietic stem cells. Even in highly purified cells,
small cell cycle progressions likely contribute to observed
heterogeneity [62].

The proposed model suggests the existence of a uni-
versal stem cell encompassing hematopoietic LT-HSC
(long-term hematopoietic stem cells) and various
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non-hematopoietic stem and progenitor cells, forming a
continuum related to the cell cycle [8]. The differentia-
tion of this stem cell relies on cell cycle-related changes
in differentiation potential, illustrated by marker expres-
sions like B220 and Gr-1, along with data on megakar-
yocyte development. The stem cell’s tissue residence,
modulated by extracellular vesicles, plays a crucial role,
allowing transformation into non-hematopoietic tissue-
specific stem cells. This model accounts for constant het-
erogeneity in different stem and progenitor cell classes,
attributing it to continual phenotypic changes as the stem
cell progresses through the cell cycle. The model is con-
ceptualized as a stem cell calculus, where cycle-related
phenotype changes represent derivatives, and the overall
population outcome is the integral. While previous stud-
ies have provided valuable insights into purified LT-HSCs
at specific cell cycle phases, future progress in the field
involves characterizing the entire stem cell population.

This may lead to stem cell misclassification and identifi-
cation, see the discussion.

Discussion

The analysis of the five stem cell populations highlights
several common features that are of particular interest in
the context of regenerative medicine. Firstly, Multiline-
age-differentiating Stress Enduring (MUSE) cells, Very
Small Embryonic-Like (VSEL) Cells, Small Blood Stem
Cells (SBSC), Marrow Isolated Adult Multilineage Induc-
ible (MIAMI) Cells, and Multipotent Adult Progenitor
Cells (MAPC) share the presence of pluripotent embry-
onic markers and the ability to differentiate into a wide
range of cell types, spanning the three germ layers. The
notable similarity in differentiative potential suggests a
possible common origin, even if contrasting data are pre-
sent in literature on this subject.

MUSE cells are the most extensively studied cell types
among the five above reported stem cells and hold prom-
ise for regenerative medicine. These well-characterized
cells exhibit extraordinary potential for repairing dam-
aged tissues. Similarly, VSELs have also been the focus
of intense research and possess equally intriguing char-
acteristics. Both cell types share several key features:
MUSE cells and VSELs express the SSEA-3 antigen [63,
64], which plays a role in cellular functions and differen-
tiation; both cell types can migrate to damaged tissues,
contributing to tissue repair; these cells demonstrate
remarkable resilience to environmental stressors and
adverse conditions. However, there are some notable dif-
ferences between them. MUSE cells are mainly derived
from mesenchymal tissues, while VSELs are believed to
be derived from primordial germ cells or other embry-
onic precursors [65]. VSELs are exceptionally small, with
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diameters ranging from 3 to 5 pm, whereas MUSE cells
are reported to be larger.

The extremely small size reported for VSEL, rang-
ing from 3 to 5 pum, raises questions and triggers skepti-
cism within the scientific community [37]. Cells of such
diminutive dimensions are seldom encountered, and the
presence of cells this small within the context of VSELs
has been a subject of debate. The rarity of cells with such
minuscule sizes in the cellular landscape introduces a
level of skepticism regarding their actual existence and
biological potential. Concerns have been voiced within
the scientific community regarding the possibility that
measurements of VSEL sizes may be influenced by vari-
ous analytical techniques, emphasizing the need for
further characterization of phenotype and isolation
methodologies to more conclusively establish the true
nature and size of these particular cells.

Despite these differences, both MUSE and VSEL cells
offer exciting avenues for regenerative therapies, and
ongoing research aims to harness their potential for
treating various diseases and injuries.

In a recent paper by Oguma et al. [66], a comprehen-
sive analysis of the transcriptome of MUSE cells at the
single-cell level was conducted, drawing a comparative
assessment with the transcriptome of MSCs. The study
focused also on evaluating the expression profiles of vari-
ous markers associated with VSELs within both MUSE
cells and MSCs. VSELs, as defined by Shin et al. (2012),
are characterized by their positivity for CXCR4, along
with the expression of epiblast-related markers (GBX2,
FGF5, NODAL) and primordial germ cell-related mark-
ers (DPPA3 [Stella], PRDM1 [Blimp1l], PRDM14), while
being negative for PTPRC (CD45). Intriguingly, neither
MUSE nor MSCs expressed these specific marker genes,
with the exception of FGF5, which exhibited higher
expression levels in MSCs compared to MUSE [66].

VSELs also express additional markers, such as SSEA-4,
and share similarities with germ cells, expressing mark-
ers like DDX4/VASA and PRDM14. In vitro, these VSELs
remain quiescent, except in ascites, and become highly
activated after exposure to valproic acid and follicle-
stimulating hormone (FSH). VSELs spontaneously form
aggregates resembling tumor-like structures or grow into
larger cells resembling oocytes. Several studies propose a
germinal origin for VSELs, while MUSE cells are found
in both stromal tissues like bone marrow and tissues
from the umbilical cord. While certain conditions may
lead to uncontrolled proliferation of VSELs, resulting in
tumor formation, numerous studies have demonstrated
the non-tumorigenic nature of MUSE cells [26, 33]. This
stark contrast in tumorigenicity further underscores the
distinctive characteristics between VSELs and MUSE
cells, emphasizing the importance of comprehending
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their unique molecular profiles and biological behaviors
for their potential applications in regenerative medicine.

This differential expression pattern provides valuable
insights into the distinctive molecular profiles of MUSE
cells and VSEL, emphasizing the need for a nuanced
understanding of their biological characteristics and
potential applications in regenerative medicine.

SBSC exhibit considerable overlap in characteristics
with VSELs, except for the expression of CD45. This
commonality suggests a shared profile related to pluri-
potency and regenerative potential. Furthermore, a
comparative analysis with MUSE cells reveals intriguing
parallels, as both SBSC and MUSE cells express SSEA-3.
Interestingly, SBSC isolated from peripheral blood also
exhibit CD45 expression, aligning them with MUSE cells
in this aspect. However, a notable distinction remains in
terms of cell size. These findings contribute to a nuanced
understanding of the unique features and potential appli-
cations of SB cells, positioning them within the broader
landscape of stem cell populations and highlighting both
shared and distinct attributes.

MAPCs have attracted attention in biomedical research
due to their remarkable capacity to differentiate into vari-
ous cell types derived from the three embryonic germ
layers: endoderm, mesoderm, and ectoderm. MUSE,
VSEL, and MAPC stem cells can be isolated from stromal
tissues, but MAPC cells uniquely possess the ability to be
isolated from several organs. Recent studies indicate the
potential presence of MAPCs in other adult tissues, such
as the liver and brain, expanding their possible sources
of isolation. Molecular distinctions between MAPC and
other stem cells, including the differential expression of
pluripotent and surface markers, may reflect the diverse
origins and differentiation potentials of these cell popu-
lations. Both MUSE and MAPCs have demonstrated
the ability to differentiate into a wide range of cell types;
however, their effectiveness or differentiation potential
may vary in specific experimental contexts or in relation
to the preferred cell types. For instance, MAPCs might
exhibit a greater predisposition to differentiate into spe-
cific cell types compared to MUSE cells, or vice versa,
depending on experimental conditions or the cellular
environment [58]. Concerning tumorigenicity, MUSE
cells have been consistently described as non-tumor-
igenic in various studies, making them promising for
clinical applications without the risk of tumor formation.
In contrast, MAPCs may show tumorigenic potential in
certain contexts or if not adequately controlled during
culture, raising concerns about their therapeutic use.

MAPCs have emerged as a subject of controversy
within the scientific community, primarily due to chal-
lenges associated with their reproducibility. The reli-
ability and consistency of research findings related to
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MAPCs have been called into question, leading to the
retraction of several studies that initially reported on
these cells. The inherent difficulty in replicating experi-
mental outcomes with MAPCs has raised concerns about
the robustness and validity of the scientific evidence sur-
rounding their properties and potential applications.
These uncertainties underscore the importance of rigor-
ous experimental design, standardization of methodolo-
gies, and comprehensive validation processes to address
the reproducibility issues associated with MAPCs and
establish a more reliable foundation for their charac-
terization and therapeutic exploration. In summary,
although MAPCs share some characteristics with the
other population of stem cells, such as the ability to dif-
ferentiate into different cell types, there are significant
differences in their tissue origins, surface markers, tum-
origenic potential, and other biological characteristics,
which make them distinctive and potentially useful for
different applications in regenerative medicine.

MIAMI cells are adult cells with interesting therapeu-
tic potential but distinctive characteristics. Indeed, the
isolation of MIAMI cells, to date, occurs solely from
the bone marrow aspirates, while MUSE cells and VSEL
can be isolated from a variety of stromal tissues. None-
theless, these cells have sparked significant interest in
the field of regenerative medicine due to their versatility
and potential in treating bone lesions and musculoskel-
etal disorders. Unlike MUSE stem cells, known for their
remarkable resistance to stress, MIAMI are not generally
considered stress-resistant. This may impact their utility
in clinical contexts where stress conditions are a signifi-
cant factor. However, MIAMI cells have demonstrated to
promote blood vessel formation and reduce inflamma-
tion and necrosis in ischemic tissues. This is attributable
to the secreted factors they release into the surrounding
environment, as identified by secretome analysis. Regard-
ing surface markers, both for MIAMI and MAPC cells,
the expression of SSEA-3 still needs to be evaluated.

In-depth studies on the proteome and transcriptome
of these cell subpopulations could be pivotal to better
understand the molecular basis of their unique charac-
teristics and potential common origins. Identifying key
expressed genes and proteins could shed light on the reg-
ulation of molecular pathways involved in pluripotency
and cell differentiation.

The cell cycle plays a predominant role in influenc-
ing the differentiation capabilities of stem cells and the
expression of various stem cell surface markers. In the
context of the proposed universal stem cell hypothesis,
a comprehensive investigation into the cell cycle phases
of pluripotent stem cells isolated from stromal tissues
becomes crucial. It is conceivable that the expression
of specific markers in pluripotent stem cells might vary
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across different cell cycle phases. For instance, certain
markers may be expressed during the G1 phase but not
in other phases like S phase. Analyzing marker expres-
sion at distinct cell cycle stages could provide valuable
insights into the regulatory mechanisms governing pluri-
potent stem cells. Correlating these cell cycle phases with
the differentiation capacities across the three embry-
onic germ layers further enhances our understanding.
This detailed analysis is instrumental in uncovering both
similarities and differences within these stem cell popu-
lations. Ultimately, exploring the expression dynamics of
stem cell markers throughout the cell cycle holds great
promise for unraveling the intricacies of pluripotent stem
cell behavior and refining our comprehension of their
unique characteristics.

However, it is worth noting that the high variability in
results across different laboratories could be attributed
to technical differences in the isolation and culture pro-
cedures of these stem cells. Standardizing work meth-
odologies could help reduce this variability and provide
more consistent results, thereby facilitating a more
accurate understanding of each population’s intrinsic
characteristics.

Taking into consideration the above-reported findings,
the differences in biological properties among the vari-
ous stromal stem cell populations so far described may
be due to the fact that they are truly distinct cell popula-
tions (Fig. 2). Alternatively, it must be remembered that
stem cells are inherently heterogeneous. This implies that
the stem cell niche hosts different subpopulations of stem
cells, each presenting subtle differences in stemness and
lineage potential [67]. The isolation and cultivation pro-
cedures of the aforementioned stromal stem cells may
have selected a specific stem cell subpopulation from the
larger population of stromal stem cells.

This scenario is further complicated by the fact that
every single cell population may exhibit differences
according to the cell cycle stage of its components.
Finally, confounding issues may also arise from differ-
ences in the evaluation of biological properties, either
in vitro or in vivo.

Conclusions and future perspectives

In conclusion, multipotent/pluripotent adult stem cell
(PSC) populations represent an extraordinary resource
for regenerative medicine, offering therapeutic possibili-
ties for a broad spectrum of pathologies. However, the
confusion arising from the diversity of PSC types and
their unique characteristics emphasizes the need to iso-
late and characterize these populations in common labo-
ratories. Only through detailed analyses of the proteome,
secretome, and transcriptome can we clarify the overlaps
and differences between these stem cells, contributing to
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Fig. 2 Correlation Hypothesis Among Different Stromal/Stem Cell Lines: within stromal tissues and peripheral blood, various populations

of multipotent and pluripotent stem cells (including MUSE cells, VSEL, MAPC, MIAMI, SBSC) exist. These populations share numerous common
characteristics, suggesting potential interrelations or overlaps. Factors such as different isolation protocols, distinct cell cycle stages, or diverse
niches could contribute to the isolation of these subpopulations. Each selected subpopulation (MUSE, VSEL, MAPC, MIAMI, SBSC) possesses
specific progenitors and differentiation potential. Given the overlapping nature of stem cell populations, it is plausible that these features
exhibit commonalities. However, further investigation is needed to determine whether stromal tissues harbor distinct subsets of stem cells
with overlapping features or contains a single stem population, with subtypes, which can be isolated based on the aforementioned factors
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