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Abstract

The potential of stem cell-based therapy was accompanied by high expectations and led, consequently,
toanincrease in clinical translational investments. Mesenchymal stem/stromal cells (MSCs) became the
cell-based product most experimentally studied worldwide. However, uncertainties about the mechanisms
and the invivoidentity of MSCs impose concerns about their large-scale use in regenerative medicine. This
review comprises a historical summary on MSC, a critical discussion about their identity and function,
and the ongoing challenges for their use in therapy and tissue bioengineering.
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Resumo

O potencial das células-tronco adultas para terapias celulares é cercado de grande expectativa e,
consequentemente, levou a um aumento nos investimentos na clinica translacional. As células-tronco
mesenquimais, também denominadas células mesenquimais do estroma (MSCs, Mesenchymal Stem/Stromal
Cells) se tornaram o produto celular mais estudado experimentalmente em todo o mundo. Entretanto,
incertezas a respeito das propriedades e da identidade in vivo das MSCs levantam questoes sobre seu
uso extenso em medicina regenerativa. Estarevisao compreende um breve histérico sobre as MSCs, uma
analise critica a respeito de sua identidade e funcao e os permanentes desafios para seu uso terapéutico
em bioengenheria.

Palavras-chave: células-tronco, células tronco mesenquimais, células tronco mesenquimais/estromais,
terapia celular.
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Mesenchymal stromal/stem cells: historical perspective and ongoing challenges

Introduction

Adult stem cells were defined in the XX century as a cell population able to self-renew
and to give rise to specific tissue differentiated cells, replenishing lost cells. Currently, it is
well agreed that almost all adult tissues contain a stem cell population that reside in specific
microenvironments (the stem cell niche) and giverise to downstream committed progenitors that
generate terminally differentiated cells (Clevers, 2015; Ferraro et al., 2010; Morrison & Spradling,
2008; Post & Clevers, 2019; Quesenberry & Goldberg, 2017; Slack, 2018). The concept of a stem
cell-based unidirectional hierarchical organization of tissues has its roots in studies about the
reconstitution of the hematopoietic tissue. The attempt to rescue patients from the lethal effects
of ionizing radiation after the second world war and from chemotherapy led to the first bone
marrow transplantation (Thomas et al., 1957). The success impelled the research on bone marrow
cell biology that experienced a great impact by the technological advances in the ‘80s, with the
invention of Fluorescence Activated Cell Sorter (FACS) (Herzenberg et al,, 2002), since this new
technology allowed the phenotypic characterization and isolation of hematopoietic stem cells
(HSCs) from murine and human bone marrow (Spangrude et al,, 1988; Sutherland et al., 1989).
In parallel, a population of clonogenic multipotent stromal cell, named later as mesenchymal
stem cell (MSC) (Caplan, 1991), was identified in the bone marrow (Andrzejewska et al., 2019;
Bianco, 2014, 2015; Friedenstein et al., 1966). The following decades witnessed a tremendous
increase in our knowledge on stem cell biology driven by the potential to improve healthcare
by cellular therapy for regenerative medicine.

Recent data on the biological properties of stem cells derived from a variety of adult tissues
are challenging the idea that all adult stem cells comprise a rare and quiescent population. Stem
cell division seems to be driven by tissue-specific demands under physiological or pathological
conditions, which means that in some tissues, as in the gut, stem cells are neither rare nor
quiescent. Moreover, some plasticity of the unidirectional differentiation of progenitors was
observed (Clevers, 2015; Klein & Simons, 2011; Post & Clevers, 2019; Quesenberry & Goldberg,
2017; Slack, 2018). So, what makes a cell a stem cell? A broad definition of stem cells as cells
capable to replenish lost tissues, whose properties are controlled by their microenvironment
has been proposed, based on data from murine models (Guiu et al.,, 2019; Post & Clevers, 2019;
Quesenbertry & Goldberg, 2017). Further investigations are needed in order to confirm whether
this statement can be widely applied. However, the pivotal role of the microenvironment in
stem cell fate decisionsis of great interest, since it may impact the outcomes of cell therapy, even
leading to undesired consequences, as already observed in MSC-based cell therapy (Hoogduijn
& Lombardo, 2019; Packer, 2018). This review encompasses a brief historical perspective on the
so-called MSC, a critical discussion about their identity and function, and the challenges for their
use in therapy and tissue bioengineering.

Origin of the terms “stem cell” and "mesenchymal stem/stromal cells"

The term stammzelle (stem cell) was introduced in the XIX century by the German scientist
Ernst Haeckel to designate the ancestor unicellular organism that he believed was the origin
of all multicellular organisms. Few years later, Haeckel proposed that the fertilized egg should
also be called stammezelle. The term stem cell, as we presently understand, i.e, designating a
cell population capable of self-renewal and to give rise to specific tissue differentiated cells,
first appeared in studies regarding the regeneration of the hematopoietic tissue. Pappenheim,
a German scientist, was the first to mention the term stammzelle in his manuscripts about the
hematopoietic tissue. However, it was Alexander Maximow, a Rusian-American scientist, who was
accredited for coining the term ster cell for the cell population that, as he postulated, givesrise to
all hematopoietic lineages due to the local influence of the bone marrow stroma (Konstantinov,
2000; Ramalho-Santos & Willenbring, 2007; Slack, 2018). It is interesting to note that with this
statement, Maximow also anticipated the idea of the stem cell niche, that is, the specialized
microenvironment that determine the stem cell activity and fate, which was proposed many
years later by Schofield (1978).

It was by the 1960 decade, after the first bone marrow transplant in human patients, that the
field of stem cell biology in the hematopoietic system truly flourished, with experimental data
provided by Drs. James E. Till and Ernest McCulloch definitely demonstrating that all blood cells
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were derived from a multipotent progenitor. Also, the authors developed an i vivo clonogenic
assay, the spleen colony-forming unit (CFU-S), that allowed them to estimate the number of
multipotent hematopoietic progenitors in the bone marrow (Till & McCulloch, 1961). In the ‘80s,
asmentioned above, HSCs from murine and human bone marrow were extensively characterized
(Spangrude et al,, 1988; Sutherland et al., 1989).

The discovery that the bone marrow had a second class of stem cell came because of the
interest of scientists in the relationship between bone and blood production. The first evidence
that bone marrow contained cells able to form bone tissue and a hematopoietic supportive
stroma were provided by experiments showing that ectopic ossicles with reticular stroma was
formed after subcutaneous transplantation of bone marrow fragments devoid of bone. In a
series of studies, it was shown that the cells able to form the heterotopic ossicles resided within a
clonogenic population of the bone marrow stroma, the colony-forming units - fibroblast (CFU-F)
(Andrzejewska et al., 2019; Bianco, 2014, 2015; Friedenstein et al., 1966; Castro-Malaspina et al.,
1980; Luria et al., 1971; Bianco & Robey, 2015; Tavassoli & Crosby, 1968). CFU-Fs are identified by
plating bone marrow cell suspensions at low density (100 cells/cm?). After few days, adherent cells
proliferate, forming colonies of cells with fibroblast-like morphology (Figure 1). Analysis of the
differential potential of individual colonies revealed that some, but not all, of these CFU-Fs were
multipotent, i.e, able to generate both bone and the marrow stroma. Others were only able to form
bone or had no differentiation potential (Owen, 1988; Owen & Friedenstein, 1988). Altogether,
these data suggested that the clonogenic bone marrow stromal cell fraction is a mixture of cell
types organized hierarchically, with a multipotent stem cell at the top, from which a spectrum
of committed progenitors branch in the path to the mature cell types that compose the bone
and bone marrow tissues.

Figure 1. Fibroblast colony-forming unit (CFU-F). Bone marrow cells were plated at low density (100 cells/cm?)
and maintained for 3 days in culture. Non-adherent cells were removed and the cultures were maintained for
up to10days. The colonies were fixed and stained with a solution of 1% crystal violet. (A) Macroscopic aspect of
the colonies. The circle indicates one individualized colony; (B) Microscopic aspect of the cells in the colonies.
Bar =50 pm.

The term "mesenchymal stem cell” (MSC) was coined by Dr. Arnold Caplan, in 1991, who
hypothesized that the clonogenic multipotent bone marrow stem cell was the adult counterpart
of an embryonic mesenchymal stem cell that originates cartilage, bone, tendon, ligament, marrow
stroma, fat, dermis, muscle, and connective tissue during development. Under the light of this
concept, adult MSCs could then be viewed as a promising therapeutic agent for the repair of
several tissues, besides bone (Caplan, 1991). Although this paper was the first to propose the
therapeutic use of MSC, this idea only gained popularity after a study by Pittenger and colleagues
was published, showing that under specific culture conditions human bone marrow-derived MSCs
can be induced to differentiate toward the osteogenic, adipogenic and chondrogenic lineages
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(Pittenger et al., 1999). Despite no stem cell properties were shown, a great interest was raised
by the clinical potential of the so-called MSCs, as predicted by Dr. Caplan. Therefore, a company
proposing to improve healthcare through cellular therapy for regenerative medicine was founded
on the “discovery” of MSCs, as stated in its portfolio. Actually, the shift in science and research
development (R&D) policy toward the paradigm of “translational” science was started in the
'80s. The emergent role of the contract research organization (CRO) in the commercialization of
scientific research focused in innovation of clinical treatment, among other areas, impelled the
rise of private companies with the aim to develop new therapeutic approaches (Mirowski & Van
Horn, 2005). This scientific policy boosted the field of stem cell for clinical application in cellular
therapy and throwed the scientific community into a jungle of amazing expanding literature.

Confusions and misconceptions under the MSC umbrella

In accordance with the shift towards translational science, the dawn of the XXI century
witnessed a tremendous excitement over the possible use of the so-called MSCs in regenerative
medicine. This enthusiasm led to a dramatic increase in the number of published articles (Figure 2)
that echoed the number of research groups interested in the field. Following the rationale that
MSCs were a reminiscent of an embryonic mesenchymal stem cell, scientists started a search
for similar cell populations within several organs. Indeed, cells with the characteristics of bone
marrow-derived MSCs, that is, plastic adherent fibroblast-like cells that are able to differentiate
in vitro towards osteogenic, adipogenic, and chondrogenic lineages were isolated from a variety
of human and rodent tissues: skeletal muscle (Williams et al., 1999); cord blood (Erices et al.,
2000); dental pulp (Gronthos et al., 2000); adipose tissue (Zuk et al., 2001); synovial membranes
(Bari et al,, 2001); peripheral blood (Kuznetsov et al., 2001); fetal tissues (Campagnoli et al., 2001);
and amniotic fluid (In't Anker et al., 2003). Subsequently, it was shown by the group of Dr. Nardi
that virtually all post-natal organs and tissues harbor cells with the characteristics of MSCs (Silva
Meirelles et al., 2006), generating a positive feedback loop of enthusiasm and widening the
proposals of clinical applications.

3500+
30004
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1000+

N° of published manuscripts/year
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L

Figure 2. Number of scientific manuscripts on mesenchymal stem/stromal cells published over time. Timeline
of published scientific articles about MSCs. The research was done in PubMed database using the terms
“mesenchymal stem cell” OR “mesenchymal stromal cell".

This scenario was further strengthened by numerous coincidently published manuscripts
suggesting that a variety of adult stem cells were able to differentiate across embryonic germ
layers (Krause et al., 2001; Lagasse et al., 2001; Wagers & Weissman, 2004), a classically recognized
restricted attribute of pluripotent stem cells. Although some “plasticity” (Chart 1) of tissue-specific
adult stem cells does exist, definitive evidence of MSC pluripotency have never been provided
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Chart 1. Glossary.

Term Definition Examples
The phenomenon by which a Chondrocytes can revert into
- differentiated cell changes its phenotype | fibroblast-like cells. A subpopulation of

Plasticity . : L .
and functional properties due to gastric chief cells can revert to a gastric
microenviromental influence stem cell phenotype
The capacity to differentiate into Embryonic stem cells (ES) derived from

Pluripotency all intraembryonic tissues, that is, the inner mass of the blastocyst, and
endoderm, ectoderm or mesoderm- genetically reprogrammed iPS cells are
derived lineage cells. the only truly pluripotent cells.

Hematopoietic stem cells (HSCs) that
generate all blood cells.
Mesenchymal stem cells (MSCs)
differentiate into cells from the tissue
they are derived. Bone marrow MSCs
form bone, cartilage, reticular stromal
cells, and adipocytes.

The capacity to differentiate and generate

Multipotentiality all cellular lineages of a specific tissue.

(Bianco et al,, 2013). What was found was that MSCs, when transplanted 77 vivo, with no chemical
inducers, exclusively formed mature cells of their tissue of origin. Specifically,in the case of bone
marrow MSCs, the only tissues formed were bone, cartilage, marrow adipocytes and mielosupportive
stroma, as already shown by the seminal studies of the field. As the tissues formed in vivo, from
all tissue-specific MSCs, were always of the same embryonic germ layer, it became clear that these
cells are, at most, multipotent. Currently, there is no doubt that blastocyst-derived embryonic
stem cells (ES cells) and reprogrammed iPS cells (induced pluripotent stem cells) are the only
truly pluripotent stem cells (Bonfanti et al,, 2012; Camargo et al., 2004; Theise, 2010).

While some were still mourning the unquestionable restricted MSC differentiation potential,
soon anew wave of enthusiasm hit the field, with evidence pointing to an otherwise MSC capacity
to stimulate tissue repair by the promotion of angiogenesis and the modulation of inflammation
(Castelo-Branco et al,, 2012; Chen et al., 2015; Fitzsimmons et al., 2018; Silva Meirelles et al,,
2009; Le Blanc et al,, 2004; Mastrolia et al,, 2019; Menezes et al., 2014; Prockop & Youn Oh, 2012;
Spees et al., 2016; Weiss & Dahlke, 2019). Fueled, the field kept growing and several distinct
cell types, isolated from different sources, were all gathered under the same inappropriate
nomenclature: mesenchymal stem cells. Amidst all different MSC tissue sources, methods of
isolation, expansion, and characterization that started showing up, the International Society for
Cellular Therapy (ISCT) then tried to organize the mess, publishing two position statements.
The first proposed a consensual nomenclature. Regardless the tissue of origin, multipotent
fibroblast-like cells should then be termed mesenchymal stromal cells, unless stem cell properties,
such as self-renewal, were indeed confirmed (Horwitz et al., 2005). However, this consensual
nomenclature still perpetuates the confusion, since it mixes different cell types under a same
name. Furthermore, the acronym MSCs could still be used for mesenchymal stem cells as well
as for multipotent mesenchymal stromal cells. Lastly, because by this time, the nomenclature
"mesenchymal stem cell” was already so loaded with expectations and attention, both inside
the academia - including the funding sources - and by the general public, it became difficult to
convince scientists to rename all the tissue-specific cells with more appropriate, but less catching,
terms; and unfortunately it remains until today.

The second statement established minimal criteria to define a given cell population as MSCs:
(i) the cells should be plastic-adherent in standard culture conditions; (ii) should have the potential
to differentiate into osteoblasts, chondrocytes, and adipocytes iz vitro; and (iii) should express the
surface antigens CD105, CD73, and CD90 in the absence of CD45, CD34, CD14 or CD11b, HLA-DR,
CD79a or CD19 (Dominici et al., 2006). Other surface antigens were also suggested in order to
phenotypically characterize human MSCs, such as CD13, CD10, CD29, CD44, CD146, CD271, Stro-1,
SSEA-4 (stage-specific embryonic antigen-4), and MSCA-1 (mesenchymal stem cell antigen-1)
(Fitzsimmons et al., 2018; Lin et al., 2013; Lv et al., 2014; Quirici et al.,, 2002; Sacchetti et al,, 2007;
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Simmons & Torok-Storb, 1991). In this case, the point is that none of the surface antigens proposed
are specific. On the contrary, they are broadly expressed by several mature cell types, such as
connective tissue fibroblasts. Moreovetr, the expression of the proposed CDs is variable in MSCs
from different sources and may be modulated by in vitro expansion (Bianco et al,, 2013; Lv et al.,
2014; Robey, 2017; Tormin et al,, 2011). Therefore, this immunophenotype is solely useful to
characterize plastic adherent fibroblast-like cells. Regarding in vitro differentiation assays, it is
known that these protocols are prone to artifacts and even a positive in vitro differentiation for
the threelineages - osteogenic, adipogenic, and chondrogenic - does not guarantee the formation
of those tissues when the same cell population is transplanted in vivo. So, again, this kind of
information is not predictive of the cell biological properties in vivo.

Isolation and expansion of MSC-like cells from other mammals, mostly from companion
animals (dogs and cats) but also from horses, pigs, and goats, rapidly followed the reports on
humans and rodents. Their phenotype was based on human markers since no species-specific
antibodies were available (Devireddy et al., 2017, Fortier & Travis, 2011; Rozemtiller et al,, 2010).
Application of MSC-based products for cell therapy in veterinary medicine experienced an
exponential expansion following the same trend observed in the area of regenerative medicine
for human patients.

MSCs identity in vivo: what are we talking about?

The invivoidentity and tissue localization of the cell population named MSCs s still debatable
since they were defined by their in vitro properties. Isolation of cells that behave as MSCs
(MSC-like cells) from so many different organs led to the hypothesis that they should reside
in association with blood vessel walls (Silva Meirelles et al., 2006, 2008), as proposed earlier
for bone marrow clonogenic stromal cells and for myogenic progenitors (Bianco & Cossu,
1999). The first experimental evidence that bone marrow clonogenic multipotent stromal cells
comprise a perivascular population was provided by Dr. Bianco and colleagues. The authors
observed that the human multipotent bone marrow CFU-Fs are found within a perisinusoidal
reticular cell population expressing CD146. Moreover, as in seminal studies of the field, these
cells were able to form bone and marrow stroma after subcutaneously transplantation in mice.
In the heterotypic grafts, the cells were observed at the abluminal face of sinusoids and could
be isolated and secondarily expanded, suggesting that they possessed self-renewal capacity.
The authors named these cells as skeletal stem cells (SSCs), since they were able to form bone,
cartilage, and marrow stroma, but no other mesodermal-derived tissues (Sacchetti et al,, 2007;
Bianco & Robey, 2015). However, as pointed out above, at this point the term MSC was already
widely used and the nomenclature “skeletal stem cells” for bone marrow stromal stem cells was
not extensively adopted.

In the footsteps of these findings, several studies aiming to correlate MSCs-like cells with
perivascular cell populationsin a variety of tissues were published. Multipotent CD146* stromal
cells were identified in human adipose tissue as perivascular cells juxtaposed to endothelial
cells as pericytes (Crisan et al., 2008). MSC-like cells expressing CD34 were also isolated from
the adventitia of human blood vessels, the outermost tunica of arteries and veins (Billaud et al,,
2017, Corselli et al., 2012; Hoshino et al., 2008). Isolated blood vessel mural cells were shown to
contribute to tissue repair after transplant (Chen et al., 2015; Dellavalle et al,, 2007) and lineage
tracing assays designed to investigate the relationship between MSC and mural blood vessel cells
showed that MSCs-like cells arise from perivascular cell populations (Feng et al., 2011; Goritz et al,,
2011; Tang et al., 2008). All together, these studies straightened the idea that all MSC would be
perivascular cells, residing in association with the microcirculation, as pericytes, or within the walls
of arteries and veins, and would display comparable biological properties, regardless the tissue of
origin (Caplan, 2008; Chen et al., 2013; Murray & Péault, 2015). This impelled the use of this cells
as a source for cell therapy since no tissue-specific MSC isolation would be necessary, bypassing
theinherent difficulties of large-scale expansion of cells from tissues where their frequency is low,
as muscle and bone marrow. Again, this enthusiasm was constructed over a misconception that
relied on the assumption that all perivascular stromal cells that behave as MSCs originated from
acommon embryonic mesenchymal stem cell as a result of a “mesengenic process”, as proposed
by Caplan (Caplan, 1991). Nevertheless, the mesengenic concept clashes with classical concepts
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of embryonic development and concrete evidence of this event have never been provided. On
the contrary, what became evident is that, in fact, MSCs from different tissues were not equal,
but rather, tissue-specific progenitors, with distinct differentiation potentials. Analysis of the
potential of human CD146* perivascular cells isolated from bone marrow, periosteum, skeletal
muscle, cord blood, and adipose tissue revealed wide differences in their biological features and
transcriptomic signatures (Sacchetti et al., 2016). In agreement, distinguishable single cell RNA
sequences and transcriptomic signatures of in vitro expanded MSCs derived from different
murine (Ho et al., 2018) and human (Cho et al,, 2017; Roson-Burgo et al., 2016) tissues were shown.

To add more complexity to the field, perivascular cells form a heterogeneous population in
terms of phenotype, ontogeny and biological properties. The tunica adventitia is a layer of loose
connective tissue containing fibroblasts, adipocytes, small blood vessels (vasa vasorum) and
nerve fibers. Recently, another stromal cell population, called telocytes, was shown to encircle
externally blood vessels and form an interstitial mesh by interconnecting their long cytoplasmic
projections (telepods). Although the function of telocytes in vivo still needs to be unraveled, they
seem to share some biological properties with MSCs, as the regulation of immune response (Diaz-
Flores et al., 2014; Cretoiu et al.,, 2017; Kondo & Kaestner, 2019; Vannucchi & Faussone-Pellegrini,
2016; Wang et al., 2016) and, so, the relationship between telocytes and MSCsis under screening.
However, data available on gene expression profile of in1 vitro expanded pulmonary telocytes,
fibroblast and MSCs cell lines (Cretoiu et al., 2017; Wang et al,, 2016; Zheng et al., 2013) suggest
that these cells comprise distinct populations.

Regarding pericytes, these cells form a heterogenous population of mural cells embedded
within the basal membrane of small blood vessels, which coverage is fundamental for vascular
stability (Armulik et al,, 2011; Diaz-Flores et al., 2009). In a tissue- dependent manner, pericytes are
derived from embryonic mesenchymal and neural crest cells (Birbrair, 2018; Birbrair et al., 2015;
Prazeres et al., 2017; Yamazaki & Mukouyama, 2018). Cells from the neural crest migrate extensively
during development and contribute to a plethora of cranial and trunk neural and non-neural cells
(Dupin et al,, 2018; Hay, 2005). Interesting, it was shown that neural crest cells supply a transient
wave of MSCs that migrate to the bone marrow during development (Takashima et al., 2007),
suggesting a dual origin for MSCs - mesoderm and neural crest - a hypothesis that has been
strengthened by iPS-derived MSCs assays (Chijimatsu et al., 2017; Eto et al., 2018; Fitzsimmons et al.,
2018). However, although, MSC-like cells were obtained by inducing differentiation of iPS into
mesoderm-like cells and neuroepithelium-like cells, differences in the biological properties related
tothe cell origin were observed (Eto et al., 2018), in accordance with previous study that showed
that neural crest- derived bone marrow MSCs constitute a functionally distinct population that
differ from mesoderm-derived MSCs with osteochondral potential in adults (Isern et al., 2014).

Finally, the relationship between MSCs and blood vessel mural cells was recently challenged by
different strategies of lineage tracing. Guimaraes-Camboa and colleagues showed that pericytes
and smooth muscle vascular cells, although multipotent i72 vitro, do not behave as MSCs in vivo
(Guimaraes-Camboa et al., 2017). These findings contrast with previous studies also using
lineage tracing assays and rise important questions. First, lineage tracing assays (Figure 3) rely
on the specificity of the genetic marker selected (Kretzschmar & Watt, 2012; Li et al,, 2018; Nagy,
2000). Secondly, the differentiation potential of isolated cells may be influenced by the ex vivo
manipulation and mechanical stimuli (Alimandi et al,, 2019; Engler et al., 2006; Freeman et al,,
2015; Liu et al., 2017, 2019; McBeath et al., 2004), which should be carefully considered whenever
in vitro expansion of cells are needed for cell therapy. Nevertheless, not all mural blood vessel
cells seem to be able to behave as MSCs and this property may depend on the developmental
stage and the organ of origin, that is, the embryonic origin of the cells and their post-natal
microenvironment may impose their biological properties.

In conclusion, MSCs were characterized in vitro and their in vivo identity still needs further
investigations. New scientific tools, as single cell RNA sequencing, new generation of flow cytometer
and confocal microscopes, would improve our current knowledge about the heterogeneity of
the stromal cell populations.
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Figure 3. Lineage tracing assay. (A) The Cre/loxP recombinase system. The Cre-recombinase gene of the
P1 bacteriophage is placed under the control of a promoter of a gene specifically expressed by the cell
population of interest. Cre recombinase efficiently catalyzes recombination of DNA segments between two of
its recognition sites, called /oxP. The loxP sites flank a stop codon introduced between the promoter and the
reporter gene. Activation of the cell population specific gene promoter leads to the expression of Cre recombinase.
The Cre-recombinase mediates the deletion of the loxP site-flanked stop codon between the promoter and
the reporter gene (GFP, green fluorescent protein in the example). Since the promoter is constitutively active,
it induces the permanent expression of the reporter gene. Consequently, the progeny of the positive labeled
cell will also express the reporter gene; (B) An undifferentiated stem cell activates its differentiation program.
Expression of the specific target gene induces Cre-recombinase expression and subsequently the expression
of the product of the reporter gene (GFP). The cell and its progeny are permanently GFP+ (in green).

The hope of MSC-based products for regenerative medicine: are we sure
about the safety and efficacy?

The potential of stem cell-based therapy has led to high expectations and consequently to
an increase in clinical translational investments. The main concerns are the marketing and sale
of stem cell products and their application in unproven therapies with pitiful outcomes that
can harm patients (Berger et al,, 2014; Fung et al,, 2017). Recognizing these concerns, the ISCT
published a position document intended to inform professionals and patients on unproven
cell-based therapies (Dominici et al., 2015) and the International Society for Stem Cell Research
(ISSCR) updated itin 2016 (International Society for Stem Cell Research, 2016) the Guidelines for
the Conduct of Human Embryonic Stem Cell Research (International Society for Stem Cell Research,
2006) and the Guidelines on the Clinical Translation of Stem Cells (International Society for Stem
Cell Research, 2008). The 2016 Guidelines for Stem Cell Research and Clinical Translation aim to
“[...] promote an efficient, appropriate and sustainable research enterprise for stem cell research
and medical interventions"” and establish standards for clinical research conducts (International
Society for Stem Cell Research, 2016, p. 20; Recommendation 3.3.2). Among other recommendations,
the guideline points out that: (i) the launch of clinical trials should be supported by scientific
evidence; (i) risks should be identified and minimized; and (iii) stem cell-based therapies should
be safe and effective and must aim to be superior to an existing therapy:.

Since the first report on a phase I trial to determine the feasibility and safety of intravenous
infusion of in vitro expanded bone marrow stromal cells (Lazarus et al,, 1995), adult MSCs became
the cell-based product most experimentally studied worldwide. Bone marrow and adipose tissue
are the major sources of MSCs for cell-based therapies, although few studies have compared their
effect side by side (Abbas et al., 2006; Castelo-Branco et al., 2012; Kern et al., 2006; Menezes et al.,
2014). Their allegedly capacity to improve tissue repair, along with the possibility to obtain
these cells from different sources, led to a great expectation on the efficacy of MSCs products
for regenerative medicine. Initially, MSCs-based therapies were focused on their multilineage
differentiation capacity. More specifically, autologous or allogeneic bone marrow-derived MSCs
were viewed as a promising cell product to improve the repair of bone tissues, due to their
osteogenic potential (Ankrum & Karp, 2010; Ferreira et al., 2012). The focus later changed toward
the potential of MSCs to improve tissue repair by paracrine signaling, since it was shown that MSCs
derived from different sources secrete an array of soluble factors (cytokines, chemokines and
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growth factors) and extracellular matrix molecules that promote angiogenesis, inhibit apoptosis,
stimulate cell proliferation, and modulate the inflammatory and immune reactions (Ankrum &
Karp, 2010; Castelo-Branco et al., 2012; Silva Meirelles et al., 2009; Hoogduijn & Lombardo, 2019;
Menezes et al.,, 2014; Mastrolia et al., 2019). Influenced by the enthusiasm about the therapeutic
potential of MSCs due to paracrine effects, Dr. Caplan proposed the provocative term “Medicinal
Stimulating Cells" that would skip the controversy about the term “Mesenchymal Stem Cells" but
allow to keep the acronym MSC (Caplan, 2010). The term "Medicinal Stimulating Cell” foretells
that these cells would have beneficial effects regardless of their origin and the pathological
condition, which is not the case, as discussed below. More recently, a new mechanism called
attention: the therapeutic potential of MSCs-derived extracellular vesicles (EVs), heterogeneous
nano-sized membrane enveloped cell-derived vesicles that are thought to be involved in cell
signaling via transfer of their cargo (French et al,, 2017; Gimona et al,, 2017; Katsuda & Ochiya,
2015; Latifkar et al,, 2019; Mastrolia et al., 2019; Phinney & Pittenger, 2017; Willis et al., 2017).

To achieve the needs for clinical application of MSCs, a variety of tools designed to improve
isolation, differentiation, and iz vitro expansion was developed (Mastrolia et al., 2019; Dias et al.
2019). We are now able to expand MSCs from different sources in order to get sufficient number
of cells to use in different clinical protocols, although the mechanisms of action for the distinct
clinical conditions are still largely unknown (Ankrum & Karp, 2010, Mastrolia et al,, 2019).
Consequently, disappointing outcomes or even adverse effects, as induction of cardiac fibrosis
in diabetic patients (Hoogduijn & Lombardo, 2019; Packer, 2018), should not be completely
unexpected. Discrepancy between the positive results of MSCs application in a diversity of
experimental models and the disappointing outcomes in human clinical trials raised concerns
about the use of MSCs for cellular therapy. Cell variability and absence of standardized protocols to
confirm product quality, lack of knowledge about the mechanisms of action and the fate of MSCs
in vivo, and insufficient data from clinical trials challenge the capacity to demonstrate efficacy of
MSCs-based therapies. Cell variability within and between samples due to isolation and culture
methods, along with the influence of the age, the genetic background, and the general health
state of the donors are great challenges to standardize protocols and, consequently, contribute
to the differences in the clinical outcomes between patients (Ankrum & Karp, 2010; De Luca
et al., 2019; Galipeau & Sensébé, 2018; Hoogduijn & Lombardo, 2019; Lukomska et al., 2019;
Sipp et al,, 2018). Even though, the number of registered clinical trials for MSCs are amazingly
high. A search on public databases in September 2019 using the terms "MSC" or "mesenchymal
stem cell” or "mesenchymal stromal cell” revealed 110 studies registered in the European Union
Clinical Trials (2020) until 2018; 970 studies, including 19 conducted in Brazil, registered in the
U.S. National Library of Medicine (2020); and 1040 registered since 2004 in the International
Clinical Trials Registry Platform (ICTRP) of the World Health Organization (2020). Most of these
clinical trials were still in phase I or II, as observed previously (Mastrolia et al., 2019), and less
than 10% of MSCs-based clinical trials were concluded with published results (Figure 4), which
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Figure 4. Number of scientific manuscripts on MSC-based clinical trials published over time. Timeline of published
scientific articles about registered clinical trials using MSCs. The research was done in PubMed database using
the terms "mesenchymal stem cell” OR “mesenchymal stromal cell” and selecting “clinical trials” as article type.

Rossi et al. 2020. Brazilian Journal of Veterinary Medicine, 42, €112020. DOI: 10.29374/2527-2179.bjvm112020 9/16




Mesenchymal stromal/stem cells: historical perspective and ongoing challenges

is worrisome. Therefore, concerns for the clinical application of MSCs-based products should be
also considered for veterinary regenerative medicine (Devireddy et al., 2017; Pinheiro et al., 2019;
Uder et al,, 2018), an expanding area of clinical research.

Conclusion

Mesenchymal stem/stromal cells (MSCs) - based products for regenerative medicine are
widely used worldwide. However, outcomes from clinical trials have frustrated expectations
and, consequently, led to the publication of guidelines for appropriate clinical conduct. MSCs
were characterized in vitro and their in vivo identity is still debatable. Furthermore, the in vivo
function of MSCs derived from distinct tissues are largely unknown, as well as the impact of cell
variability related to differences between individuals, clinical conditions, and in7 vitro expansion
on the result of cell therapy procedures. Therefore, caution should be taken when designing
MSC-based therapeutic strategies.
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