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Cultured mesenchymal stromal cells are among the most used cells in clinical
trials. Currently, their potential benefits include provision of mature cell types
through differentiation, and secretion of various types of paracrine signaling
molecules. Even though research on these cells has spanned some decades
now, surprisingly, their therapeutic potential has not been fully translated into
clinical practice yet, which calls for further understanding of their intrinsic nature
and modes of action. In this review, after discussing pieces of evidence that
suggest that some perivascular cells may exhibit mesenchymal stem cell
characteristics in vivo, we examine the possibility that subpopulations of
perivascular and/or adventitial cells activated after tissue injury behave as MSCs
and contribute to the resolution of tissue injury by providing cues for the
development of regenerative macrophages at injured sites. Under this
perspective, an important contribution of cultured MSCs (or their acellular
products, such as extracellular vesicles) used in cell therapies would be to
instigate the development of M2-like macrophages that support the tissue
repair process.
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1 Introduction

In the 1970s, Dr. Alexander Friedenstein and colleagues described bone marrow cells
that could give rise to fibroblastic cells when cultured (Friedenstein et al., 1970). The cell that,
once removed from the bone marrow, could form a fibroblastic colony when placed in
culture was called a colony-forming unit-fibroblast (CFU-F) (Friedenstein et al., 1974b),
analogous to the colony-forming unit-spleen (CFU-S) described in the field of hematopoietic
stem cell research (Till and McCulloch, 1961). The cultured fibroblastic cells initially
described by Friedenstein and colleagues were later shown to be adipogenic (Lanotte
et al., 1981), and osteochondrogenic at the single-colony level (Friedenstein et al., 1987).

In the late 1970s, researchers trying to make hematopoiesis work in vitro demonstrated
that doing so was possible as long as these fibroblastic cells were added to the culture
system to provide hematopoietic stem cells with physiological support, as the stroma in
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bone marrow would (Dexter et al., 1977); consequently, these cells
became known as stromal cells. In the late 1980s, Dr. Maureen
Owen and colleagues found data that indicated that CFU-Fs from
bone marrow are a heterogeneous population containing cells with
various degrees of primitiveness, and proposed that CFU-Fs
comprised marrow stromal stem cells and progenitor cells that
could differentiate along fibroblastic, reticular, adipocytic, and
osteogenic pathways. (Owen et al., 1987; Owen, 1988). In 1991,
Dr. Arnold Caplan discussed evidence for the existence of
mesenchymal stem cells in the embryo, and extended that
concept, on an operational basis, to culture-expanded adherent
bone marrow cells able to form bone and cartilage in vivo assays
(Caplan, 1991). In the years that followed, culture-expanded
adherent cells obtained from the bone marrow were designated
in various ways, such as marrow stromal cells, mesenchymal stem
cells, mesenchymal stromal cells, skeletal stem cells, or stromal
stem cells.

Up to the mid-late 1990s, the main criteria to define
mesenchymal stromal/stem cells were their ability to adhere to
tissue culture-treated plastic, proliferate in culture, and
differentiate into osteoblasts, chondrocytes, and adipocytes;
surface immunophenotyping also became a useful tool to
characterize these cells (Pittenger et al., 1999). Later on, cells
with these characteristics were described in various other organs/
tissues, and, consequently, these cells were suggested to exist in all
vascularized organs/tissues (da Silva Meirelles et al., 2006). In 2005,
the International Society for Cell Therapy (ISCT) proposed that the
term mesenchymal stem cell should be reserved for cells proven to
fulfill strict criteria, while cells defined in vitro on the basis of
expression of a defined set of marker molecules should be called
“multipotent mesenchymal stromal cells” (Horwitz et al., 2005).
This position is maintained in the most recent ISCT’s guidelines for
mesenchymal stromal cell nomenclature (Viswanathan et al., 2019).
To avoid confusion, in this review, we will refer to these
mesenchymal cells as “mesenchymal stromal cells” (MSCs), and
mesenchymal stem cells in the strict sense of this concept will be
spelled out.

In the article that put forth the concept of the existence of
mesenchymal stem cells in postnatal bone marrow, Dr. Arnold
Caplan foresaw the use of MSCs to generate specific tissues such as
cartilage or bone (Caplan, 1991). Consequently, the use of MSCs for
the formation of bone (Goshima et al., 1991), cartilage (Grande et al.,
1995), muscle cells (Saito et al., 1995; Fukuda, 2001), and tendon
(Awad et al., 1999) was described. It seemed, then, that the most
important characteristic of MSCs was the ability to provide new cells
by means of differentiation. However, this view declined in the mid
2000s, when some studies showed that the main therapeutic effects
of MSCs are produced by the secretion of soluble molecules that
affect surrounding cells (Kinnaird et al., 2004a; 2004b; Gnecchi et al.,
2005; Tang et al., 2005). At nearly the same time, the effects of MSCs
on immune (mainly adaptive) cells were described (Bartholomew
et al., 2002; Di Nicola et al., 2002; Krampera et al., 2003; Meisel et al.,
2004) and a work suggesting their ability to suppress graft-versus-
host disease came out (Le Blanc et al., 2004), which drew the
attention of scientists and the public in general. In 2009, MSCs
were found to produce extracellular vesicles that transfer therapeutic
molecules, particularly RNA, to neighboring during tissue injury
(Bruno et al., 2009). In sum, from the early 1990s to the late 2000s,

the consensus on the mechanisms underlying the clinical potential
significantly changed: currently, MSCs are not viewed merely as
building blocks for tissue engineering, but mainly as cells able to
secrete a range of signaling molecules that can contribute to wound
healing.

A search at www.clinicaltrials.gov on 3 Feb 2023 using the string
["MSC” OR “mesenchymal stromal cells” OR “mesenchymal stem
cells"] returned 13,004 clinical studies involving these cells, of which
4,095 were active (i.e., recruiting, enrolling by invitation or active,
not recruiting). These numbers attest the therapeutic potential of
mesenchymal stem/stromal cells. Paradoxically, as pointed out
recently, MSCs are not widely used in the clinic yet, possibly
owing to the types of disease for which MSCs have been used,
and to poor knowledge on the pathology of these diseases (Mastrolia
et al., 2019). A third factor that could account to this slow transition
of the use of MSCs as routine therapeutic agents might be a yet not
comprehensive understanding of MSC biology in the context of the
organism, including the behavior of cells that give rise to MSCs, and
the interaction of these cells with others for the resolution of tissue
injury. These points will be approached in the next sections.

2 Where do the cells that give rise to
MSCs come from?

In 1999, Drs. Paolo Bianco and Giulio Cossu drew attention to
the fact that the predominant stromal cell type in bone marrow, the
adventitial reticular cell, can give rise to adipocytes and bone in situ
(Bianco and Cossu, 1999). Bianco and Cossu further pointed out
that the adventitial reticular cell is a special type of pericyte, and that
pericytes from bovine retinas and large blood vessels had been
shown to be osteogenic and chondrogenic (Bianco and Cossu, 1999).
The pericyte is a type of perivascular cell that, unlike other
perivascular cells such as smooth muscle cells, is in direct contact
with endothelial cells in blood vessels by means of peg-and-socket
contacts that contain tight and gap junctions (Gerhardt and
Betsholtz, 2003).

As early as 1982, pericytes had already been suggested to give rise
to mature cell types in situ, particularly during wound healing.
Richardson et al. (Richardson et al., 1982) observed sections of
thermally injured adipose tissue over time, and suggested that
pericytes and fibroblasts give rise to new adipocytes after the injury.
Diáz-Flores and coworkers labeled vascular and perivascular cells with
monastral blue and found mature osteocytes and chondroblasts
bearing inclusions of this dye after experimentally inducing injury
in bone and cartilage (Diaz-Flores et al., 1991; 1992). Brighton and
Hunt (Brighton and Hunt, 1997) used an experimental model of bone
injury to observe the behavior of pericytes, and provided
morphological evidence that pericytes contribute to bone formation
during bone wound healing. Dore-Duffy et al. (2000) obtained data
that suggested that brain pericytes detach from blood vessel walls and
migrate into the parenchyma after traumatic brain injury. Davidoff
et al. (2004) found evidence that nestin-positive mural cells (vascular
smooth muscle cells and pericytes) can give rise to Leydig cells in the
rat testis. In parallel with these findings, others found that pericytes
isolated through classical methods (isolation and culture of capillary
blood vessels) behaved as MSCs in culture as judged from their ability
to proliferate and differentiate along the osteogenic, chondrogenic and
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adipogenic lineages (Brighton et al., 1992; Doherty et al., 1998;
Farrington-Rock et al., 2004). In view of these findings, various
research groups adopted the working hypothesis that pericytes, or
at least pericyte subpopulations, could represent mesenchymal stem or
progenitor cells in vivo, and give rise to MSC cultures (Bianco et al.,
2001; Caplan, 2008; da Silva Meirelles et al., 2008; Dore-Duffy, 2008).

3 Are pericytes mesenchymal stem
cells?

With the suggestion that pericytes could represent mesenchymal
stem cells, in the mid-late 2000s, results of further research on this
subject became available. For example, in 2007, Dellavalle et al.
(2007) found that, in skeletal muscle, alkaline phosphatase (ALP)-
positive pericytes were myogenic progenitors distinct from satellite
cells, which were positive for CD56; when cultured, ALP+ cells
expressed pericyte markers such as the nerve/glial antigen 2 (NG2)
and CD140b. In 2007, Dr. Paolo Bianco’s group demonstrated that
bone marrow cells isolated from mice based on expression of
CD146 and lack of expression of CD45 contained all assayable
CFU-Fs, and traced the expression of CD146 to adventitial reticular
cells (Sacchetti et al., 2007). Sacchetti et al. (2007) further
demonstrated that these cells are able to transfer the
hematopoietic niche in vivo, adding to the previous works of
Tavassoli and Crosby (1968) and Friedenstein et al. (1974a).
However, even though this work demonstrated the importance of
adventitial reticular cells, it did not prove that they are stem cells in
vivo because the numbers of the implanted cells were not accessed
throughout the life of the animals that received the cell infusions. In
2008, Dr. Bruno Peault’s group isolated perivascular cells from
various tissues based on the expression of CD146 and lack of
expression of CD34 (an endothelial cell marker), CD45 (a
hematopoietic cell marker), and CD56 (a muscle progenitor cell
marker), and demonstrated that these cells could behave as MSCs
when cultured, as shown by their ability to give rise to osteoblasts,
chondrocytes and adipocytes under appropriate inductive
conditions (Crisan et al., 2008). While these two latter works
represented an advancement over the isolation of pericytes
through classical methods, again, they still did not solve the
problem of defining whether pericytes are stem cells in vivo, even
though it was evident that pericytes can give rise to MSCs when
removed from the body and expanded in culture.

4 Are pericytes mesenchymal stem
cells in the body?

The development of genetic lineage tracing systems fueled the
emergence of studies designed to check if pericytes could behave as
mesenchymal stem cells in the body. In 2008, Tang et al. tracked the
fate of peroxisome proliferator activator receptor-gamma (PPAR-
γ)+ and CD140b+ mural cells; the resulting data suggested that
perivascular cells give rise to adipocytes in white adipose tissue
(Tang et al., 2008). Later, another lineage tracing study tracked the
progeny of FoxD1+ pericytes in the kidney; the results indicated that
FoxD1+ pericytes give rise to myofibroblasts and contribute to
fibrosis after renal injury (Humphreys et al., 2010). In 2010,

genetic labeling allowed the detection of the contribution of Osx+

pericytes to bone during development and after bone injury in mice
(Maes et al., 2010). Also in 2010, tracking of nestin+ perivascular cell
in the bone marrow allowed the observation of the contribution of
these cells to the formation of bone and cartilage in situ after
8 months, but not after a short one-month chase time (Méndez-
Ferrer et al., 2010). In 2011, Feng et al. studied the fate of the progeny
of NG2+ cells in the incisive teeth of mice; they found that a
subpopulation of the NG2+ genetically labeled cells can give rise
to odontoblasts during dental wound healing (Feng et al., 2011). On
that same year, Dellavalle et al. published the results of experiments
that showed that ALP+ pericytes can give rise to skeletal muscle
fibers during a short time frame after birth (Dellavalle et al., 2011).
Three years later, genetically labeled perivascular cells positive for
the leptin receptor (LEPR) were shown to produce adipocytes and
bone cells in situ during development in bone marrow; these LEPR+

cells were also able to give rise to bone cells during wound healing
after bone fracture (Zhou et al., 2014). One year later, Kramann et al.
demonstrated that the genetically labeled progeny of Gli-1+

perivascular cells become fibrotic cells in injured organs such as
the kidneys, liver, heart, and lungs (Kramann et al., 2015). Clearly,
lineage tracing studies cannot be carried out in humans, but it is
possible to investigate whether specific transcripts detected in
perivascular cells with stem or progenitor cell characteristics
described in lineage tracing studies are present in human
pericytes. In this context, our group has studied the global gene
expression of highly purified, non-cultured human adipose tissue-
derived pericytes (da Silva Meirelles et al., 2016). The pericytes
analyzed in that study had been isolated by pre-selecting cells
capable to adhere to plastic for an hour in culture, and then
subjecting the pre-selected cells to fluorescence-activated cell
sorting to isolate those positive for the antigen defined by the
3G5 antibody while negative for the endothelial cell marker
CD31 (da Silva Meirelles et al., 2015). The results indicated that
these non-cultured human pericytes share the expression of genes
that encode markers associated with perivascular cells shown to
behave as stem or progenitor cells in lineage tracing experiments,
such as LEPR, GLI-1, nestin, ZNF423, BHLHE22, CYP7B1, PTH1R,
IL7, and CXCL12 (da Silva Meirelles et al., 2016).

It is important to highlight that there is also one study indicating
that perivascular cells do not behave as stem or progenitor cells nor
contribute to fibrosis. In 2017, after tracing the fate of the progeny of
Tbx18+ perivascular cells, Guimarães-Camboa et al. concluded that
pericytes are not mesenchymal stem cells in situ, neither do they
contribute to fibrosis (Guimarães-Camboa et al., 2017), even though
the prospectively isolated pericytes behaved as MSCs in culture, in
agreement with other works (Crisan et al., 2008; da Silva Meirelles
et al., 2015; Kramann et al., 2015; Supakul et al., 2019). Guimarães-
Camboa et al. also found that the expression of the green fluorescent
protein (GFP) label used to detect and isolate pericytes was not
observable when Tbx18+ perivascular cells were isolated and allowed
to proliferate in vitro, so that anti-GFP antibodies were required to
demonstrate its presence in the cultured cells (Guimarães-Camboa
et al., 2017). If the same happened to the genetically labeled
proliferative Tbx18+ cells observed in situ, it is possible that the
reporter signal was not detectable in proliferative cells derived from
pericytes in vivo as well. Unfortunately, in that study, the authors did
not use antibodies to try to detect the progeny of Tbx18+ cells in situ,
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so the possibility of transgene silencing in the progeny of the
genetically labeled cells cannot be discarded. Additionally, in that
study, the fate of pericytes that do not express Tbx18 was not
evaluated, leaving room for the possibility that multipotent pericytes
may exist in the Tbx18− perivascular cell population. Perhaps not
surprisingly, two years later, another lineage tracing study brought
further evidence that the progeny of NG2+ pericytes do give rise to
mature bone cells after bone healing (Supakul et al., 2019). And,
more recently, to make matters even more complicated, Julien et al.
found data indicating that paired related homeobox 1 (Prx-1)-
positive cells from skeletal muscle adjacent to bone, which co-
express the pericyte markers NG2 and PDGFRβ, contribute to
the formation of a fibrous callus tissue that precedes bone
formation in a model of bone injury (Julien et al., 2021). These
data raise the question as to whether pericytes from muscle
surrounding bone, rather than perivascular cells already present
around bone capillaries, provide mature bone cells when an osseous
lesion occurs. Clearly, further studies are warranted to provide a
clear answer to this question.

An obvious limitation of the lineage tracing experiments
mentioned above is that they rely on the expression of specific
markers to detect the progeny of possible stem cell populations.
As explained earlier in this review, the history of research in the
MSC field has pointed toward perivascular cells/pericytes as
possible MSCs in vivo. Consequently, researchers concentrated
their efforts in performing lineage tracing experiments using
markers known to be expressed by perivascular cells, and most
genetic labeling studies seeking for mesenchymal stem cells have
focused on identifying the progeny of pericytes in vivo. Clearly,
this does not mean that no other cell types could behave as stem
cells in mesenchymal tissues; for example, other cell populations,
in addition to pericytes, have been found to produce
differentiated progeny in mouse incisors in lineage tracing
experiments (Feng et al., 2011; Kaukua et al., 2014).
Additionally, the fact that specific pericyte populations have
been shown to give rise to differentiated progeny in vivo does
not mean that pericytes in different tissues are identical, as
evidence indicates that their differentiation programs are
tissue-specific (Pierantozzi et al., 2015; Sacchetti et al., 2016;
Yianni and Sharpe, 2018).

5 Pericytes give rise to MSCs, but
evidence that pericytes are
mesenchymal stem cells is lacking

So, in view of the current evidence, is it sensible to consider
pericytes as mesenchymal stem cells in the body? Before moving
on to answer that question, it is important to note that pericytes
are not a homogeneous cell population. Pericytes from different
tissues are expected to be different to at least some extent because
of their different environments. Sacchetti et al. (2016) isolated
populations of perivascular cells from various tissues and found
that they have different gene expression profiles and
differentiation abilities according to their tissue of origin.
Additionally, even in the same tissue, differences between
pericytes exist. For example, in the skeletal muscle of mice,
NG2+ and nestin+ pericytes behave differently: Even though

both pericyte types express CD140b and CD146, only the
former gives rise to adipocytes, while the latter may contribute
to muscle regeneration (Birbrair et al., 2013). Grant et al. (2019)
described differences between murine brain pericytes according
to their position in the vascular tree, morphology, and alpha-
smooth muscle actin (α-SMA) expression. These authors
categorized pericytes into ensheathing pericytes (in pre-
capillary arterioles), which are α-SMA+, and capillary
pericytes, which are α-SMA─. Grant et al. (2019) further
divided capillary pericytes into mesh pericytes and thin-strand
pericytes according to their morphology. Among mural cells in
human bone marrow, CD146 identifies α-SMA+ pericytes and
vascular smooth muscle cells, whereas sinusoids contain
perivascular CD271+, ALP+ cells (Flores-Figueroa et al., 2012).
Another example of pericyte diversity within a single tissue
comes from human adipose tissue, where both CD146+

(Crisan et al., 2008) and CD146− (da Silva Meirelles et al.,
2015) pericytes have been described, with the latter expressing
message for CD146 in spite of being surface-negative for this
marker (da Silva Meirelles et al., 2015). Finally, pericytes have
been shown to have heterogeneous embryonic origins even in the
same tissue (Dias Moura Prazeres et al., 2017).

Therefore, given the diversity of pericytes, it is unlikely that just
any pericyte is a mesenchymal stem or progenitor cell in the body. On
the other hand, it might be possible that some specific pericyte
populations remain in the body for a lifetime while occasionally
giving rise to cells at a more advanced differentiation state, a
phenomenon that could occur at a higher frequency during wound
healing. As seen above, in the scientific literature, there are data that
suggest some pericyte populations are stem or progenitor cells in vivo
as well as data that indicate that pericytes are not stem cells at all. The
number of published works that favor the hypothesis that particular
pericyte populations give rise to differentiated progeny in vivo is far
greater than the number of works that suggest the opposite, and it is
possibly too early to completely discard the hypothesis that some
pericyte types may behave as stem or progenitor cells in some tissues.
Most of studies that traced the fate of cells exhibiting pericyte markers
mentioned above could find differentiated cells expressing the marker
used, i.e., cells that descend from a given population of pericytes.
However, those studies were not designed to precisely determine the
numbers of those pericytes throughout the experimental period. If
those specific pericyte populations are stem cells, their numbers are
supposed to remain similar over time–but what if their numbers
decrease?

Ganguly et al. have demonstrated that a reduction in the number
of CFU-Fs from human bone marrow along aging is associated with
a decrease in the number of CD45─/lowCD271+ cells (Ganguly et al.,
2019), which correspond to bone marrow pericytes, aka adventitial
reticular cells (Cattoretti et al., 1993). In spite of the reduction found
in the number of CFU-Fs, Ganguly et al. found no evidence for
decreased quality of the CD45─/lowCD271+ cells in elder individuals
(Ganguly et al., 2019). Inoue et al., in turn, found that culturedMSCs
isolated from the adipose tissue of patients with type 2 diabetes with
cardiovascular diseases had impaired proliferative capacity and
inferior ability to promote angiogenesis in vivo compared to their
counterparts from control subjects (Inoue et al., 2019). When cells
from the non-cultured stromal/vascular fraction of these diabetic
patients were analyzed, they were found to contain a significantly
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lower number of CD271+CD34+CD31─ cells as compared to controls
(Inoue et al., 2019). In samples from human skeletal muscles, Hejbøl
et al. found a population of cells co-expressing CD271, CD34, CD10,
and platelet-derived growth factor receptor α (PDGFRα) “closely
related to the periphery of small vessels”, which becomes amplified
after muscle injury but are negative for the pericyte marker CD146
(Hejbøl et al., 2019). This phenotype is consistent with that of 3G5+

human adipose tissue pericytes, which were found to be positive for
CD271, CD34, and PDGFRα, among other markers, but do not
express CD146 on their surface (da Silva Meirelles et al., 2015; 2016).
In their account on CD271+CD34+CD10+PDGFRα+ cells in human
skeletal muscle, Hejbøl et al. additionally indicated that, while some
of these cells were in close contact with blood vessels, others were
distributed along the interstitial space (Hejbøl et al., 2019). This
distribution is similar to that described for CD271+ bone marrow
adventitial reticular cells (Cattoretti et al., 1993). In view of these
findings, it is possible that some populations of CD271+ cells behave
as mesenchymal progenitor cells in tissues such as bone marrow,
adipose, and muscle, where they may exist not only as blood vessel-

associated cells, but also in a paravascular/interstitial location
according to particularities of these tissues (Figure 1). Currently,
it is apparent that a common phenotype for this cell population in
humans includes expression of CD10, CD34 (possibly absent in
bone marrow CD271+ cells), PDGFRα, PDGFRβ, CXCL12, ALP
(possibly absent in muscle CD271+ cells), nestin, and CD295 (leptin
receptor), in addition to CD271 (Méndez-Ferrer et al., 2010;
Churchman et al., 2012; da Silva Meirelles et al., 2015, 2016
Ganguly et al., 2019; Hejbøl et al., 2019; Julien et al., 2021).
Evidently, further research on this subject, with the inclusion of
additional tissues in the analyses, are warranted to define whether
cells that bearing this phenotype could fit a mesenchymal stem cell
definition, especially from the self-renewal standpoint. That said, the
evidence currently available does not provide a reliable basis for the
assumption that there are mesenchymal stem cells in the adult body,
or that pericytes are stem cells. On the other hand, the current
evidence strongly suggests that pericytes may become activated after
tissue injury and give rise toMSCs that contribute to the tissue repair
process, as will be further discussed below.

FIGURE 1
Pericytes and mesenchymal stromal cells in vivo and in vitro. The upper left portion of the figure shows a schematic representation of a portion of a
tissue, where a small blood vessel formed by endothelial cells is surrounded by vascular smoothmuscle cells at the arteriole level, and by different types of
pericytes, including a transitional form that represents an intermediate between vascular smooth muscle cells and capillary pericytes. A paravascular
interstitial cell is also represented, as well as a monocyte, and tissue-specific cells. The lower left portion of this figure represents the fact that not
only pericytes, but various cell types including some mature tissue-specific cells, endothelial cells, and even monocytes have been found to be able to
give rise to cells bearing mesenchymal stromal cell characteristics in culture. The right half of the figure schematically depicts the conversion of
monocytes into M1 macrophages after a tissue injury event, in the inflammatory stage of wound healing (for sake of simplification, tissue-resident
macrophages are not depicted). These M1 macrophages secrete pro-inflammatory factors, which lead to pericyte activation and, possibly, paravascular
interstitial cell proliferation. In the proliferative stage of wound healing, the progeny of perivascular cells secrete molecules that contribute to change the
balance between pro-inflammatory and pro-regenerative macrophages toward an increase of the latter type, referred to as “macrophages of the
M2 spectrum”. As these reparative macrophages become more prevalent, they produce increased numbers of anti-inflammatory and pro-regenerative
molecules. In the reparative stage of the wound healing process, reparative macrophages contribute to angiogenesis, which restores blood supply to the
tissue; additionally, some of the previously activated pericytes may re-acquire a resting pericyte phenotype to provide physical and functional support to
the newly formed blood vessels. Soluble molecules produced by cultured mesenchymal stromal cells (whether in extracellular vesicles or not), or
cultured mesenchymal stromal cells themselves, can be used to favor the acquisition of a reparative phenotype by monocytes and M1 macrophages, as
represented by the arrow that connects the lower left and right portions of the figure.
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6 The crosstalk between pericytes,
MSCs and macrophages during tissue
injury and repair

As mentioned earlier in this review, in the mid-2000s, it became
apparent that the main therapeutic effects of MSCs are produced by the
secretion of soluble molecules that affect surrounding cells, rather than
by provision of differentiated cells. Such a view was incorporated in a
model proposed in 2008, in which pericytes become activated after
tissue injury and, in this activated state, secrete a number of molecules
that exert trophic and immunomodulatory effects that contribute to
tissue repair (da Silva Meirelles et al., 2008). The paradigm change on
themode of action ofMSCs even led to the proposition of an additional
designation for these cells under theMSC acronym: medicinal signaling
cells (Caplan, 2010). However, a piece of information that is sometimes
overlooked when considering the therapeutic properties of MSCs is the
fact that inflammatory cells also play a fundamental role in determining
the course of the wound healing process (Eming et al., 2017).

One of the main cell types involved in the inflammation that
follows tissue damage is the macrophage, which is represented by
tissue-resident macrophages, and macrophages derived from
monocytes. When activated, macrophages may take up phenotypes
initially divided into two categories, namely, M1 (classically activated,
pro-inflammatory) and M2 (alternatively activated, pro-regenerative)
(Mantovani et al., 2002). Defining alternatively activatedmacrophages
collectively as “M2” is clearly an oversimplification, as the
M2 spectrum as defined in vitro comprises M2a, M2b, M2c and
M2d macrophages (Table 1), which have different characteristics and
acquire these phenotypes by exposure to different stimuli (Martinez
et al., 2008; Ferrante and Leibovich, 2012); in view of that, one can
expect the diversity of M2 macrophages in vivo to be even greater,
given the complexity of the stimuli present.

Inflammation duringwound healing usually occurs in three different
steps: an initial proinflammatory stage, followed by a reparative stage, and
a final stage when inflammatory cells undergo apoptosis or leave the
injured site (Eming et al., 2017). In this context, macrophages of the
M2 spectrum that arise during the tissue repair process are fundamental
to suppress inflammation, stimulate matrix production, and promote
angiogenesis bymeans of production ofmolecules such as interleukin 10,
transforming growth factor β (TGF-β), and vascular endothelial growth
factor, respectively (Hesketh et al., 2017).

Whereas cultured pericytes, which in essence represent MSCs, have
been shown to exert effects that are generally immunosuppressive on
adaptive immune cells (Navarro et al., 2016), resting pericytes in their
native microanatomical locations have been shown to interact with
innate immune cells in various ways, such as facilitating the movement

of neutrophils through and around the endothelium of blood vessels
(Proebstl et al., 2012), and even attracting and stimulating these cells
after exposure to lipopolysaccharide (LPS) (Stark et al., 2013). In the
lungs of mice, pericytes have been shown to increase production of pro-
inflammatory molecules six hours after LPS-induced inflammation
(Hung et al., 2017). Therefore, pericytes stimulate inflammation at
the beginning of injury. However, this pro-inflammatory state soon
changes to an anti-inflammatory state. Minutti et al. (Minutti et al.,
2019) demonstrated, in mice, that the inflammation that takes place
after tissue injury is associated with secretion of amphiregulin by tissue-
resident macrophages, which makes pericytes produce the active form
of transforming growth factor-β (TGF-β). The biologically active form
of TGF-β not only suppresses type 1 inflammation (Eming et al., 2017),
but also leads to pericyte activation (with consequent proliferation) and
differentiation into myofibroblasts, which secrete extracellular matrix
proteins that contribute to wound healing (Minutti et al., 2019). In this
context, activated pericytes have a behavior similar to that of cultured
MSCs, which have been shown to be immunosuppressive owing to
secretion of TGF-β back in 2002 (Di Nicola et al., 2002). Additionally,
MSCs were found to promote a switch from an M1 to an
M2 polarization in macrophages when administered to experimental
models of injury (Li Y. et al., 2017a; Li et al., 2017b; Yin et al., 2018).
Macrophage polarization toward anM2 phenotype can also be achieved
by using culture medium conditioned by MSCs (Guillén et al., 2018) or
MSC-derived extracellular vesicles (Lo Sicco et al., 2017). In considering
the thesis that cultured MSCs are similar to activated pericytes, it is
possible to theorize that an important part of the contribution of
pericytes to the establishment of a regenerative niche after tissue
injury occurs through the modulation of the phenotype of
macrophages as a result of a dynamic crosstalk between these two
cell types, as depicted in Figure 1. Under this perspective, one of the
main roles of activated pericytes during wound healing would be
contributing to the development of macrophages of the
M2 spectrum, which are pro-regenerative. Whereas CD271+

activated pericytes may undergo apoptosis between several days to a
couple of weeks after activation (Kendall et al., 2009; Siao et al., 2012),
M2 macrophages present at later stages of wound healing secrete pro-
regenerative factors such as TGF-β, PDGF, VEGF, and EGF (Hesketh
et al., 2017), and may thus maintain the wound healing process even
after the disappearance of these MSC-like, activated pericytes.

As discussed above, production of the active form of TGF-β
appears to be an important way by which MSCs and activated
pericytes contribute to the M2 polarization by macrophages, but it is
likely that additional molecular events are involved in the crosstalk
between these cells in vivo. In view of the similarity between
activated pericytes and MSCs, mechanisms by which the latter

TABLE 1 Macrophage phenotypes described in cultured cells.

Pro-inflammatory macrophages Pro-regenerative macrophages

Phenotype M1 M2a M2b M2c M2d

Inducers IFN-γ, LPS IL-4, IL-13 ICs, IL-1β, LPS IL-10, TGF-β, GCs adenosine

Molecules secreted IL-1β, IL-6, IL-12, TNF IL-10, IGF-1, EGF, TGF-β IL-10, TNF, IL-1β, IL-6 IL-10, TGF-β, EGF IL-10, VEGF

This table was compiled with information from Martinez et al. (2008), Ferrante and Leibovich (2012), and Hesketh et al. (2017). IFN-γ, interferon gamma; LPS, lipopolysaccharide; IL,

interleukin; ICs, immune complexes; TGF-β, transforming growth factor beta; GCs, glucocorticoids; TNF, tumor necrosis factor; IGF-1, insulin-like growth factor 1; EGF, epidermal growth

factor; VEGF, vascular endothelial growth factor.
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contribute to the acquisition of an M2 phenotype by macrophages
in vitro may provide useful insights. For example, two chemokines
produced by MSCs (and non-cultured pericytes as well), CCL2 and
CXCL12, have been shown to form a dimer that contribute to the
acquisition of an interleukin 10 (IL-10) producing M2 phenotype by
macrophages in experimentally induced colitis in mice, with
consequent secretion of IL-10 by bystander T and B cells (Giri
et al., 2020). Efferocytosis, the process by which macrophages
remove apoptotic cells by phagocytosis, has also been
demonstrated to play a role on M2 polarization by MSCs both
in vitro (Ghahremani Piraghaj et al., 2018) and in vivo (Pang et al.,
2021). Pang et al. found not only that MSCs trapped in the lungs
after systemic infusion undergo apoptosis, but also that apoptotic
MSCs infused in mice after ovalbumin-induced asthma induce the
acquisition of an immunosuppressive phenotype by alveolar
macrophages (Pang et al., 2021). Given that a number of
activated pericytes are expected to become apoptotic during the
course of wound healing (da Silva Meirelles et al., 2020), it is possible
that clearance of these apoptotic cells bymacrophages plays a role on
M2 polarization of macrophages as well. Finally, MSCs (Kerkelä
et al., 2016) and at least one pericyte cell line (Andrade et al., 2008)
have been shown to convert extracellular AMP into adenosine,
which can lead to the conversion of an M1 to an M2 (M2d)
phenotype in macrophages (Ferrante et al., 2013), a mechanism
that may be deployed as pericytes become activated during wound
healing, particularly if activated T cells are present to convert
extracellular ATP released by dead cells into AMP (Kerkelä et al.,
2016).

The ability ofMSCs to promoteM2 polarization inmacrophages by
priming with interferon-γ (IFN-γ) and tumor necrosis factor (TNF),
two cytokines involved in cellular immune responses, has been
demonstrated a decade ago (François et al., 2012). It is noteworthy
that the ability to contribute to the generation of pro-regenerative
macrophages may be further increased in MSCs by exposing them to
molecules like LPS prior to extracellular vesicle harvesting and
administration (Ti et al., 2015). More recently, the use of apoptotic
MSCs to mitigate sepsis by promotion of M2 polarization in
macrophages has been demonstrated (Pan et al., 2022), which
suggests that even allogeneic MSCs induced to become apoptotic
could be used to treat conditions that could be improved by
increasing the number of M2 macrophages. Acute conditions that
affect the brain, in which neuroinflammation greatly contributes to a
negative outcome (da Silva Meirelles et al., 2017; Regner et al., 2017),
represent a scenario in which these strategies may be particularly useful.
After acute brain injury, local and systemic inflammatory responses
initiate early, and play key roles in the secondary injury progression that
evolves to neuronal loss and neurological deficits (Kumar et al., 2017).
The local inflammatory response following neurotrauma is initiated by
microglial cells, which produce EVs loaded with pro-inflammatory
molecules that reach and activate additional microglial cells that
contribute to a progressively greater neuroinflammatory response
(Kumar et al., 2017). Administration of MSCs to rats early after
experimental traumatic brain injury has been shown to suppress
neuroinflammation and reduce cell death (Zhang et al., 2013). The
predominant mode of MSC contribution to brain tissue repair and
functional recovery is likely the secretion of EVs such as exosomes
containing paracrine molecules (Pan et al., 2017; Yang et al., 2017). In
this context, the use of MSC-derived EVs and their miRNA cargo for

the treatment of acute brain injuries is also discussed (Xiong et al.,
2017). The outlook is that, by using MSCs or MSC-derived EVs to
diminish damaging inflammation, a pro-regenerative environmentmay
be established so that endogenous stem and progenitor cells can
contribute to repair the affected neural tissue or minimize the
damage caused by the injury (Li Y. et al., 2017a; Börger et al., 2017).
Evidently, is likely that similar approaches can be used to treat other
conditions in which inflammation plays a pivotal role.

7 Conclusion

Mesenchymal stromal cells have come a long way since the first
accounts of their existence in bone marrow and potential use in
regenerative medicine. Through this time, concepts regarding their
nature and mechanisms of action in health and disease evolved, as
reflected by different names used to call them, and changes in the
approaches to harness their therapeutic potential–from building
blocks for tissue engineering to factories of biologically active
molecules. Today, a relationship between these cells and pericytes
is evident, as pericytes have reportedly been shown to give rise to
MSCs. While discussing the possible existence of mesenchymal stem
cells in the body as discrete populations of pericytes is still valid,
doing so does not seem to be more important than advancing the
knowledge on the behavior of MSCs derived from pericytes activated
during wound healing and on the ability of these cells to secrete
trophic and immunomodulatory molecules during acute conditions.
The interactions between MSCs and inflammatory cells represent, at
this time, an important research front to gain information on the
therapeutic properties of these cells. The use of MSC-derived
extracellular vesicles will likely become a prevalent approach to
treat various conditions, as their delivery in vivo is safe and less
prone to the complications associated with delivery of cultured
MSCs, such as entrapment in capillaries.
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