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Abstract

ACKGROUND: Current findings set a new

understanding that every adult tissue has its own

intrinsic progenitor or stem cell, give a potency
for their innate turnover dynamics. This broke the old
assumption that adult tissues cannot regenerate themselves.
Localized tissue regeneration was regulatory oversight by a
separate class of local cells originating as perivascular cells,
suggested a profound influence on using specific cells for
cell therapies as a health care delivery tool set.

CONTENT: The mesenchymal stem cells (MSCs) could
be mobilized from the marrow or other depots or can be
culture-expanded MSCs which are delivered to the damage
site either by direct or systemic injection. MSCs act
paracrine and autocrine by inducing a variety of cytokines
and growth factors which suppress local immune system,
inhibit fibrosis (scar formation) and apoptosis, enhance

angiogenesis, and stimulate mitosis and differentiation of
tissue, intrinsic reparative or stem cells. These referred a
trophic effects, different from the direct differentiation of
MSCs into repair tissue. Thus, MSC suggested as a multi-
drug delivery vehicles in response of injury. In this regard,
the trophic effects of MSCs may have profound clinical use.

SUMMARY: Managing the body’s natural repair and
regeneration capacities is the new frontier for modern
medicine and the basis for the science of cell therapies.
Study of MSCs become one avenue that being pursued to
explore the endogenous tissue regeneration management, so
that people have a great expectation to solve many severe
diseases.

KEYWORDS: mesenchymal stromal/stem cell, paracrine
or autocrine activities, trophic mediator, inflammation,

wound healing
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Introduction

Mesenchymal stem cells (MSCs), which also referred to
as mesenchymal or multipotent stromal cells was first
discovered in the bone marrow in early 1970s.(1) After more
than 30 years of research and an ever increasing number
of published reports, MSCs have been subsequently found
in many tissues, such as umbilical cord blood, adipose,
brain, liver, lungs (2-8) and are seen as promising cells
for the treatment of a large variety of disorders, including
and autoimmune

cardiovascular, neurodegenerative

diseases (9,10). Several pre-clinical studies have been

described the therapeutic potential of MSCs using various
animal models of disease, with the latest investigations
mostly focused intensely on mechanisms of effect. Three
major functions of MSCs have been associated with
their therapeutic effects, those are tissue replacement
via multipotent differentiation (11,12), immunomodulatory
and anti-inflammatory effects (13,14) and the secretion
of molecules that instigate or assist in tissue repair (i.e.,
paracrine activity) (15-17).

Whether called mesenchymal stem cells, mesenchymal
stromal cells, multipotent stromal cells, skeletal stem cells,
or other names, this class of stem/progenitor cells has been
continuously studied for more than two decades. More than
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30,000 publications about more than 300 clinical trials on
over 10,000 subjects received either MSCs or MSC-like
cells, started from two decades ago, and studies about the
science of MSCs and their therapeutic potential were still
going. MSCs safety records remains strong.(18)

MSCs are defined by their capacity to differentiate
to osteoblasts, chondroblasts and adipocytes, by plastic
adherence and by a peculiar expression pattern of certain
surface  proteins.(1,19) Firmly attracted to wounds,
MSCs are mobilized by injuries which they enter to
modulate inflammatory responses and stimulate tissue
regeneration.(20) MSCs are a heterogeneous population
and also able to emerge from pericytes or endothelial
cells (21), which may help to accelerate local MSC
recruitment. MSCs were originally known to have role
in tissue repair by trans-differentiating into cells, such as
epithelial cells or neurons, which are required to restore
the injured tissue.(22-25) However, later it became evident
that their paracrine activities are more important for wound
healing than their differentiation potential.(21,26-28)

It is important to understand that all adult stem cell
systems exist to guarantee that when cells within tissues
expire naturally, these cells can be expeditiously replaced
to provide physiological balance in the organism. Every cell
in the body has a lifespan ranging from 20 minutes to many
years depending on the cell. Some circulating blood cells
expire in 20 minutes after forming, while neurons exist for
many years. The expiration allows the tissue to rejuvenate
itself and provides it with a mechanism to slowly change its
properties as a function of age and/or use. Hence, not only
the stem cells are source of replacement parts for expired
units, but they also serve as reserve cells for damaged or
compromised adult tissues requiring more extensive repair,
regeneration or expansion.(7,14,28) Caplan has suggested
that the acronym MSCs be retained for this class of cells,
but that it should stand for medicinal signaling cells.(29)
Clearly, the major function of MSCs in vivo is not as
multipotent progenitor stem cells, but as cells that help to
manage repair and/or regeneration at sites of injury.(30-33)

The management of these composite trophic activities
is an inherent capacity of MSCs independent of the tissue
of origin. Each tissue houses MSCs/pericytes have different
chemistries because of the local environments in which they
are housed. The small amount of data now available suggests
they all have the same sensory and response elements
(immunomodulatory and trophic) even when expanded in
culture under very different culture conditions.(34-37) If we
analog these to the computer’s working components, MSCs
are used as the central connection in the broad theme, not as

72

Print ISSN: 2085-3297, Online ISSN: 2355-9179

multipotent progenitors but rather as an important control
element in the natural local regeneration process, and
cells are meant to draw several important scientific
principles.(38)

MSC as Medicinal Signaling Cell

The publication by Crisan, et al., is a landmark paper
which presents a wide body of work that defines, refines,
confirms, establishes and validates both the in situ and in
vitro links between adult human MSCs and perivascular
cells, summarily referred to here as pericytes.(39) Two
important recent pieces of information strongly argue
that Caplan should rename the MSCs. First, MSCs can be
isolated from almost every tissue in human body, since all
these tissues are vascularized and every vessel has MSC
in abluminal locations. These perivascular cells can be
summarily called pericytes.(40,41) This led us to suggest
that ““all MSCs are pericytes”.(39) But the opposite, that
all pericytes are MSCs, is not correct. Since some pericytes
exhibit highly specialized characteristics and do not exhibit
MSCs multipotency properties.(29) The second issue is that
MSCs are being used therapeutically because they home
to sites of inflammation or tissue injury (42) and they
secrete massive levels of bioactive agents that are both
immunomodulatory (13) and trophic (43).

The documentation that MSCs are derived from
perivascular cells, pericytes (39,41), now explains how
MSCs can be isolated from almost every tissue in the
body (44,45). Moreover, the fact that MSCs have the
ability to secrete immunomodulatory and trophic mediators
strongly argues that their natural and normal in vivo
function is as “medicinal signaling cells” for sites of injury
or inflammation in all of the tissues in which they are
housed.(29,31) Today on the website clinicaltrials.gov a
search using “mesenchymal stem cells” in the website’s
search engine shows that over than 500 clinical trials are
listed covering a surprisingly big array of clinical conditions,
with most of these studies using either immunomodulatory
or regenerative (trophic) aspects, or both, as the central
components of MSCs’ therapeutic intention.

The realization that MSCs are acquired from pericytes
changes the context of considering how MSCs arise
and function in vivo during the body’s response to both
localized injury and the demand for regeneration/repair.
Pericyte released in its simplest origin from its association
with the basal lamina of the blood vessel where the injury
or inflammation occurred, and sensing its surrounding
milieu then responding by growing into MSC. It will
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soon be activated and dynamically changes while keyed
to the detailed chemistry of its niche. MSCs that have
been activated put out a concentrated localized curtain of
bioactive molecules that serves to inhibit the interrogating
cells of the body’s overaggressive immune system.(46,47)
This acts as the first-line defense against the autoimmune
reactions which established due to injured tissue in the
immediate region. Together with this curtain, MSC
coordinately secretes molecules set up for regenerative (not
repair) microenvironment.

Thus, MSC thought to play a critical role by secreting
some bioactive factors for mediating immune/inflammatory
suppression and paracrine activity. Some proteomic studies
have recently carried on for a deeper understanding about
MSC potencies in clinical setting. Majority of these studies
have utilized either shotgun broad range scanning or targeted
proteomic approaches (i.e., candidate-based) to uncover
soluble or extracellular vesicle (EV) bound factors present
in MSC conditioned media (CM). A subset of investigations
have conducted cell-free-based animal studies with MSC-
CM or CM-derived EVs (e.g., exosomes and microvesicles)
to further show the therapeutic relevance of their
findings.(15)

Some studies in rodents clearly shown a good results of
MSC in promoting regeneration of damaged tissues without
any significance engraftment (48,49), and these support the
idea of MSC'’s paracrine activity in mediating tissue repair
by secretes bioactive molecules such as interleukins (IL)
and tumor growth factors (TGF) that promote regenerative
microenvirontment in the injury vicinity.(15,16,50,51) To
date, therapeutic response of CM has been tested in disease
models for lung injury (15), chronic kidney disease (50) and
liver injury (16,51), among others, and demonstrate that
MSC-CM alone is sufficient to mediate lasting therapeutic
effects.

It is evident from the current body of research
that immune/inflammatory modulation and paracrine
factors contained within the MSC secretome function in a
cooperative manner to generate a tissue microenvironment
that is more permissive of repair/regeneration. In the
last decade, investigators have made progress towards
characterizing CM and EVs derived from MSC. These studies
have identified plenty candidate modulators of paracrine
effects and cell-mediated/inflammatory suppression.(17)
Taken together, the current body of research seems to argue
that multipotent differentiation have minimal contribution
in beneficial effects attributed to MSC while immune/
inflammatory suppression and paracrine activity have a
more predominant role.
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MSC as Thropic Mediator

MSCs can differentiate into bone, cartilage, muscle, marrow
stroma, tendon-ligament, fat and other connective tissues.
So, what do MSCs do naturally and where is the MSC niche?
New insight and clinical experience proposes that MSCs are
naturally found as perivascular cells, summarily referred to
as pericytes, which are released at the sites of injury, where
they secrete large quantities of bioactive factors that are both
immunomodulatory and trophic such as growth factors, and
cytokines that can suppress T cells activity.(52)

Virtually, MSC presents in all tissue and interact
with tissue cells and immune cells under the condition
of inflammation. Due to their multipotent differentiation
capacity, they can differentiate into osteoblasts, adipocytes,
chondrocytes, efc., while with their immunomodulatory
capacity they sense and control inflammation and modify
the cytokines proliferation and expression in lymphocytes
and myeloid-derived immune cells.(53)

While it was originally predictable that MSCs could
be used for replacement of dysfunctional cells through their
capacity to differentiate into tissue cells (54), the current
paradigm is that MSCs support resident progenitor cells via
paracrine mechanisms (55,56). This idea may be even need
refinement, as recent studies suggest that MSCs may not have
a long lifespan after administration.(57,58) The reason why
this may be the case is not clear. After administered, MSCs
disappear rapidly, so this raise questions of how its work?
Some suggestions think than a small fraction could escape
from death then migrate into the injury or inflammation
site for doing their work, or, they were indeed could pass
on their beneficial effects in mediating tissue repair or
immunomodulation very rapidly. Even the clean-up process
of MSCs itself may be a trigger for the therapeutic effects of
MSCs.(59)

In all cases, it appears that MSCs do not differentiate
into cardiac myocytes, meniscal cells or neurons. Instead,
the MSCs exert their influence by the secretion of huge
amounts of growth factors (stem cell factor (SCF),
granulocyte-colony stimulating factor (G-CSF) and stromal
cell-derived factor 1 (SDF-1)) and cytokines (IL-2, IL-
10) to affect a therapeutic outcome. We call these effects
‘trophic’ activity (14), named after this term that was
related to neural effects (59). All of these models to have
a common trophic mode of action of the MSCs: the MSCs
secrete bioactive molecules that: (a) inhibit apoptosis and
limit the field of damage or injury; (b) inhibit fibrosis or
scarring at sites of injury; (c) stimulate angiogenesis and
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bring in a new blood supply; and (d) stimulate the mitosis
of tissue-specific and tissue-intrinsic progenitors, such as
cardiac or neural stem cells.(14) The immunomodulation
inhibits lymphocyte surveillance of the injured tissue, thus
preventing autoimmunity, and allows allogeneic MSCs
to be used in a variety of clinical situations. Thus, a new,
enlightened era of experimentation and clinical trials has
been initiated with xenogenic and allogeneic MSCs.

The bioactive molecules secreted from MSCs work
either directly by promote intracellular signaling, indirectly
by induce vicinity cells to secrete the functionally active
agents, or even both. The indirect effect of MSCs refers as
trophic effect, consistent as neurobiology term to indicate
the bioactive molecules released from nerve terminals that
are not neurotransmitters.(60,61) As seen in Figure 1,
MSCs can have two distinct functions. MSCs is able to
provide replacement units for expired cells in mesenchymal
tissues, and MSCs can have trophic effects on cells in their
vicinity without creating newly differentiated mesenchymal
phenotypes and, thus, also influence the regeneration of
cells or tissues by purely a bioactive factor effect
(Figure 2).(12)

Studies documented the effects of transplanted MSCs
expressing the pro-survival gene Aktl, and the scientists
recognized that the molecules released by trans-planted
MSCs are important.(62) The trophic effects of MSCs
have been documented by Tang, et al., who showed that
MSCs implanted into ischemic myocardium simulated an
increased production of vascular endothelial growth factor
(VEGF), increased vascular density and blood flow, and
decreased apoptosis, all of which were likely influenced by
the secretion of bioactive molecules.(63)

However, the use of MSCs as site-regulated multidrug
dispensers, especially allogeneic MSCs, opens avenues of
therapy unimagined around 5-10 years ago. For example,
uses of MSCs in asthma (64), radiation exposure (65),
neurological disorders (65), etc., are now being explored.
How to deliver a precise dose of MSC to be effective in
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Figure 1. The dual roles of MSCs. MSCs play a central role
in aspects of tissue regeneration and repair, maintenance and
turnover and the control of hematopoiesis in the bone marrow.(14)
(Adapted with permission from Wiley-Liss).
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their site of action and where is actually their main site, still
become a challenge, since not all blood vessels or pericytes
are the same. Similarly that MSCs from different source
must be different in their responses and activities.(67,68)
Are the MSCs from marrow better than the MSCs from fat,
muscle or liver for a specific site relative to trophic activity or
immunomodulation? Only time and a big amount of careful,
quantitative data will help us answer these questions.

MSC as Injury Drug-Store

MSCs are the focal point of intensive efforts worldwide
directed not only at elucidating their nature and unique
properties, but also at developing cell-based therapies
for a diverse range of diseases. More than three decade
have passed since the original formulation of the concept,
revolutionary at the time, that multiple connective tissues
could emanate from a common progenitor or stem cell
confined in the postnatal bone marrow. Despite the plentiful
important advances made since that time, substantial
ambiguities until plague the field regarding the nature,
identity, function, mode of isolation and experimental
handling of MSCs.(69)

The idea that MSCs can exert functions other than
those characteristics of a stem or progenitor cell, which is
tissue regeneration, is conceptually intriguing and assuredly
supported by direct evidence. One defining feature of
bone marrow-derived MSCs is to establish, organize and
transfer the hematopoietic microenvironment or niche in
vivo.(1,40,70) In in vivo systems which can recapitulate the
ontogeny of bone and marrow, this function is intertwined
with the organization of nascent blood vessels into
functional networks, which seems to be directed by MSCs
through direct interaction with endothelial cells.(40) In
other experimental systems that were not designed or suited
to allow for the skeletogenic potential of MSCs to unfold,
their ability to organize vascular networks can be portrayed
even in isolation, meaning in the absence of bone or bone
marrow.(71-73) Thus, at least with respect to hematopoietic
cells (including hematopoietic stem cells) and endothelial
cells, MSCs exert a function that is not immediately
traceable to a general stem-cell property.

It is now clear that isolated pericytes exhibit a panel
of cell surface markers that are identical to those expressed
by isolated MSCs.(74) Furthermore, a novel cell surface-
specific marker of adipose-derived stem cells, white adipose
tissue (WAT)7, which corresponds to a cleavage product of
decorin, is also expressed in vivo by perivascular cells that
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exhibit typical pericyte markers such as B-type platelet-
derived growth factor receptor (PDGFR-B) and a-smooth
muscle actin (aSMA).(75) These and other observations
make it possible to speculate in a commentary in this journal
that all MSCs are pericytes.(39) By knowing that all MSCs
are indeed pericytes, the role of MSCs physiologically and
therapeutically possibly can be visualized. In particular, if
pericytes are the source of MSCs, what will be their local
functions in the tissue microenvironment beyond their
mesenchymal differentiation capabilities?

Based on the examples described above, the model
that MSCs are clinically active at different tissue sites,
that MSCs are pericytes and can be isolated from any
vascularized tissue, and that MSCs secrete huge quantities of
a different type of bioactive molecules as part of their local
trophic and immunomodulatory activities. Caplan propose
that this specific MSC tissue “regulatory’ phenotype arises
as a consequence of broken or inflamed blood vessels at
sites of tissue damage.(30) This model does not exclude the
possibility that pericytes naturally have an on/off cycle in
the non-injured situation.

In keeping with this understanding, in cases of vessel
damage, the injury will activate the pericytes release and
then grow into MSCs, thereafter secreting a spectrum of
bioactive molecules (i.e., drugs) which inhibit any immune
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Figure 2. Trophic mechanism of tissue repair. MSCs have the
capacity to trophically mediate hematopoiesis as a natural part of
homeostasis.(14) HSC: Hematopoetic stem cell, (Adapted with
permission from Wiley-Liss).
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cells to the tissue damage and also prevent autoimmune
activities from developing. These bioactive molecules also
establish a regenerative microenvironment to support the
regeneration and refabrication of the injured tissue. In this
context, the MSCs have role as site-regulated, multidrug
dispensaries, or “drug-stores,” to promote and support the
natural regeneration of focal injuries. If these injuries are
large or occur in older individuals, the natural supply of
MSCs must be supplemented by local or systemic
delivery.(30)

MSCs are released from their perivascular location,
then become activated, and establish a regenerative
microenvironment by secreting bioactive molecules and
regulating the local immune response. These trophic and
immunomodulatory activities offer that MSCs may serve as
site-regulated “‘drug-stores™ in vivo.(30)

MSCs Manage Inflammation

We and other vertebrates are equipped to live in a sea of
microorganisms. The reason we survive is because we
have formidable inflammatory and immune response
systems which protect us against external confrontations
with microorganisms and internal confrontations with the
bacteria in our intestinal flora that outnumber the cells in
our bodies.(76,77) Fortunately, we have multiple systems in
resolving and modulating inflammation. The systems include
small molecules such as prostaglandins, lipoxins, protectins
and resolvins.(78) They also include cellular phenotypes
such as alternatively activated M2 macrophages (79)
and regulatory T cells (80,81). Recent reports indicate
that additional important guardian cells for modulating
inflammation are MSCs. The interest in the guardian role
of MSCs is in part related to their presence as adventitial
reticular cells that participate in normal wound repair and
in regulation of hematopoietic cells in bone marrow.(82,83)
MSCs become very interesting because they were readily
obtained from the patients, have lots of potential benefits,
easily expanded by culture, and generally not tumorigenic.

The first line of defense presents by the innate immune
system against invading pathogens is in form of mechanical
barriers, particularly the skin and mucous membranes. In
addition to their protecting and cleansing functions, these
barriers regulate local and systemic immune responses
by inducing inflammation or tolerance.(84) MSCs reside
in local epithelial niches in close proximity to capillary
walls.(85,86) They might provide a life-long regenerative
reservoir of new cells such as myofibroblasts (87), as well as
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trophic factors such as epidermal growth factor (EGF) and
keratinocyte growth factor (KGF; also known as fibroblast
growth factor (FGF)7) (88). During epithelial injury in
a colitis model, the tissue-resident MSCs which sensed
microbial molecules were repositioned near to epithelial
progenitor cells and promoted epithelial proliferation by
secreting prostaglandin E2 (PGE2) (89), which potentiates
wingless/integrated (Wnt) signaling (90).

A broad panel of molecular pathways is involved in
MSC-mediated immune regulation, including interferon
(IFN)-y (91,92), IL-1B (93), tumor necrosis factor
(TNF)-B1 (94-96), indoleamine-2,3-dioxygenase (IDO)
(91,92,97), 1L-6 (98,99), IL-10 (100,101), PGE2 (13),
hepatocyte growth factor (HGF) (94), TNF-a (102-104),
nitric oxide (NO) (105), heme oxygenase (HO)-1
(106), human leukocyte antigen (HLA)-G5 (107,108) and
many other factors, some of which are still unidentified.
Apparently, there is not a unique and hierarchically prevalent
mechanism responsible for MSC immune regulation.
Nonetheless, redundant panel of multiple pathways, some of
them reciprocally activating, eventually leads to the anergy
of immune effector cells regardless their antigen-mediated
activation (13,91-122) and suggests that this property must
be preserved for normal tissue homeostasis and interaction
with immune effector cells infiltrating the tissues when
inflammation happens.

The role of MSCs as guardians of inflammation
became more apparent as the events initiating inflammation
have been defined in greater detail.(123-126) The events
include both passive and active release from injured cells
or macrophages of intracellular cytokines such as IL-1a that
stimulate parenchymal cells to produce chemokines which
recruit neutrophils; and classical activation of resident
macrophages by damage-associated molecular patterns
(DAMPs) or pathogen-associated molecular patterns
(PAMPs) that interact with pattern recognition receptors to
produce high levels of proinflammatory cytokines as well as
reactive nitrogen and reactive oxygen species (ROS) which
induce the acute phase response of inflammation.(127)

The first reports describing the immunomodulatory
activity of MSC were focused on their capacity to inhibit
proliferation and function of T cells.(94) Subsequently, it
became evident that suppression of T-cell activities was
settled not only by a direct effect, but also through the
inhibition of the differentiation and function of cells
immune

involved in the regulation of adaptive

responses.(128) Hence, MSC were shown to block
the generation of functional antigen-presenting cells,

including myeloid dendritic cells (DC) (101,129,130) and
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macrophages (102,131). This results in cells generation but
unable to efficiently stimulate type I immune responses.
In some evidences, such MSC-conditioned cells showed
phenotypic and functional features of regulatory cells,
capable of further supress even ongoing inflammatory/
immune responses. In the case of macrophages, MSCs
can induce polarization towards M2 cells.(132) M2 cells
represent the so called ‘alternatively activated’ macrophages,
which not only have regulatory activity but also participate
in wound healing.(133)

Substantial advancement has been made recently
in the understanding of the interactions between MSCs
and immune cells. As a result of such studies, now MSCs
are considered to intuitively respond to their immediate
environment and to adapt their response accordingly through
the release of soluble factors such as PGE2, kyneurenine,
IL-10, TNF-stimulated gene 6 protein (TSG-6), NO, and
transforming growth factor (TGF-b)-1 (134-139) and/
or through cell contact signaling such as Notch, and
CD95/Fas (140-142). This multifaceted responsiveness is in
keeping with an arising understanding of the role of primary
MSCs in regulating, together with macrophages and other
cell types, the bone marrow stem hematopoietic cell
niche.(143,144)

MSCs are not constitutively immunosuppressive,
they require a ‘licensing’ step provided by molecules of
acute phase inflammation, like IFN-y and TNF-a, or toll-
like receptor (TLR) ligands, where TLR and their ligands
can reduce MSCs motility and promote their proliferation
and differentiation.(145,146) Latest findings have showed
that MSCs are immunosuppressive only when it is
exposed to sufficiently high levels of pro-inflammatory
cytokines (Figure 3).(147) In the presence of low levels of
TNF-0 and IFN-y, MSCs may adopt a pro-inflammatory
phenotype (MSC1) and enhance T cell responses, by
secreting chemokines that recruit lymphocytes to the sites
of inflammation (e.g., macrophage inflammatory protein
1 alpha (MIP-1a), macrophage inflammatory protein-1f3
(MIP-1p), regulated on activation, normal T cell expressed
and secreted (RANTES), C-X-C motif chemokine
(CXCL)9, and CXCL10).(148) Under these conditions,
inducible nitric oxide synthase (NOS) activity (for murine
cells) and IDO activity (for human cells) are insufficient to
suppress T lymphocyte proliferation (Figure 4).(147,149)
The switch toward MSC1 phenotype or anti-inflammatory
(MSC2) phenotype may also depend on MSC stimulation
through TLRs expressed on their surface.(148) Polarization
to MSC1 phenotype, important for early injury responses,
can be influenced by lipopolysaccharide (LPS)-dependent
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activation of TLR4 (Figure 4), while double stranded RNA
(dsRNA)-dependent activation of TLR3 may induce the
polarization into MSC2 (Figure 3).(70) The balance between
these opposing pathways may play role in promoting host
defense on one hand and at the same time create a loop that
prevents excessive tissue damage and promotes repair.(150)

Critically ill patients often suffer from multiple organ
failures such as lung, kidney, liver, or brain. Genomic,
proteomic, and metabolomic approaches highlight common
injury mechanisms leading to acute organ failure. This
underlines the urgency to focus on therapeutic strategies
that affect multiple injury pathways. The use of adult
stem cells such as MSCs may represent a promising new
therapeutic approach as increasing evidence proves that
MSC can exert protective effects following injury through
the release of promitotic, antiapoptotic, antiinflammatory,
and immunomodulatory soluble factors. Furthermore,
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they can mitigate metabolomic and oxidative stress
imbalance.(151)

Both infection or non-infection causes can trigger
organ damage through multiple signaling pathways such
as inflammation, metabolomic disorders, oxidative stress,
and apoptosis, performed during MSC therapeutic effects
and lead to acute injury. MSC can exert pleiotropic
therapeutic effects through the secretion of a wide array of
soluble factors, which lead to: (1) antimicrobial activity,
secretion of cathelicidin-related antimicrobial peptides and
lipocalin, and monocytes and macrophages that increased
phagocytosis; (2) anti-inflammatory activities, where M1
macrophages will be switches into M2 phenotype, inhibition
of T-lymphocyte and DC activation and increase in T
regulatory cells; (3) reducing oxidative stress by increase in
ATP cellular levels and decrease in ROS accumulation; (4)
switch from a proapoptotic to a pro-mitotic phenotype.(151)
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Figure 3. MSC-mediated immunosuppression. In the presence of high levels of IFN-y and TNF-a or by activation of TLR3 by dsRNA,
MSCs adopt an MSC2 phenotype. MSCs regulate proliferation, activation and effector function of a variety of immune cells, through cell-
to-cell contact or through producing of soluble factors including IDO, PGE2, NO, TGF-B, HGF, HO-1, IL-6, IL-10,TSG-6 and sHLA-G.

(145) INFGR: interferon-gamma receptor; TNFR: TNF receptor. (Adapted with permission from Springer).
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The beneficial effects of cell-based therapy with
MSCs are apparent in multiple preclinical injury models
involving all the organs in Multiple Organ Dysfunction
Syndrome (MODS). Attracted by signals from the injured
and inflamed tissues, MSCs appear to migrate to the site
of damage and secrete an array of soluble factors and/
or exosomes/microvesicles that suppress the injury. The
preclinical evidence which provided the underlying rationale
for several phase I/Il clinical trials in Acute Respiratory
Distress Syndrome (ARDS), Acute Kidney Injury (AKI),
and stroke. Based on dependable preliminary results, further
phase II and III trials are underway, the results of which
are pending. However, no clinical studies are underway for
Acute Liver Failure (ALF), Traumatic Brain Injury (TBI),
sepsis, and MODS.(151)

MSCs Manage Macrophage Polarization

Macrophages are essential component in the orchestration
and expression of innate immunity and adaptive
immune responses. These cells play an important role in

inflammation and host defense. Additionally, cells of the
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monocyte macrophage lineage fulfill homeostatic functions
beyond defense.(152) These functions include tissue repair,
wound healing, and regulation of metabolic activity.(153)
Macrophages function was custom-fit to their residential
tissue, as results of tissue-derived factors driven and the
physiological environment.(152) Macrophages can acquire
distinct functional phenotypes depend on the niche. The
concept of macrophage polarization was described for
the first time in 1992 with the discovery that IL-4 potently
enhances murine macrophage mannose receptor (CD206)
activity.(154) Since then, two opposite and competing
phenotypes, often referred to as classically activated
macrophages (M1 macrophages) and alternatively activated
macrophages (M2 macrophages), have been defined and
identified in several physiological settings.(155) Even
though the classification of macrophages as M 1/M2 just came
after the classification of lymphocytes into Th1 and Th2, the
Thl and Th2-like responses are results of polarization of
macrophages to M1 and M2 states, respectively. Moreover,
M1/M2 polarization is not dependent on T cells, as has
been demonstrated in Rag-1 knockout and other immune
deficient mice.(156)

LPS

MSC

1 ACTIVATION
+IFN -y
— + TNF-a
TCELLS

Figure 4. Pro-inflammatory activity of MSCs. During the early phase of inflammation, in the presence of low levels of IFN-y and TNF-a
or by activation of TLR4 by low levels of LPS, MSCs may adopt a MSC1 phenotype.(145) MIF: migration inhibitory factor. (Adapted with

permission from Springer).
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M1 macrophages are induced by TLR ligands (such
as LPS) and IFN-y. They express higher levels of CD86
(PD-L1).(157) Ml
macrophages are characterized by the increased microbicidal

and programmed death-ligand 1

activity and produce several proinflammatory mediators,
such as inducible NOS, TNF-B, IL-1p, IL-6, IL-12, and
proteolytic enzymes.(158) They constitute the first line of
defense against pathogens and promote Thl polarization
of CD4" lymphocytes. Meanwhile, M2 macrophages are
induced by Th2-type cytokines, such as IL-4 and IL-13.
Tregs have also been implicated in induction process of M2
polarization, possibly through IL-10.(159) M2-like cells
have been potrayed in different pathological conditions
such as infections by intracellular bacteria or virus, allergy,
diabetes, and cancer.(155,160) They are characterized by
the expression of CD163, CD206, arginase 1, Fizzl (which
is found in inflammatory zone 1), and CD36. In addition,
they secrete anti-inflammatory cytokines, such as TGF-f3,
IL-1 receptor antagonist, and IL-10. M2 macrophages
have an essential role in the suppression of Thl immune
responses and the enhancement of tissue remodeling and
Th2 response.(161) Macrophages with intermediate or
overlapping phenotypes have also been reported. For
instance, adipose tissue macrophages from obese mice have
a mixed profile, with upregulation of several M1 and M2
gene transcripts.(162)

Kim and Hematti were the first to report that
MSCs could polarize macrophages from the classic
proinflammatory M1 phenotype, toward the anti-
inflammatory M2 phenotype.(132) They found that
macrophages co-cultured with MSCs consistently showed a
high level expression of markers for M2 macrophages. The
resulting macrophages produced high levels of IL-10 and
low levels of IL-12 and TNF-B. Functionally, macrophages
which co-cultured with MSCs showed a higher level of
phagocytic activity (Figure 5).(163) Other studies showed
that MSC-mediated polarization of M2 macrophages
depends on the secretion of soluble factors, including PGE2,
TSG-6, IL-6, IDO, and TGF-$1.(139,164,165)

Through the prostaglandin receptors, MSCs can
reprogram macrophages by cyclooxygenase-2 (COX2)
activity increasing and PGE2 releasing. This macrophage
IL-10. Thus,
inflammatory signals activating MSCs to secrete anti-
inflammatory protein, TSG-6.(134) TSG-6
through the CD44 receptor on resident macrophages to

activated produces antiinflammatory

interacted

decrease zymosan/TLR2 signaling, inducing a negative
feedback loop, results beneficially in several infllmation,

based disease models.(166,167)
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Figure 5. MSCs and phagocytes closely interact during
inflammatory responses.(163) KYN: kynurenine; MHC: major
histocompatibility complex. (Adapted with permission from
Nature Publishing Group).
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Either monocyte differentiation or IL-10-secreting M2
macrophages involved elevated IDO activity, and suppress
T-cell proliferation in an IL-10-independent manner, thus
amplifying the immunosuppressive effect generated by
MSCs. By depleting monocytes from peripheral blood,
another in vitro study found that monocytes were essential
for MSC-induced Treg formation.(163) They suggest that
MSCs promoted the survival of monocytes and induced
differentiation toward M2 macrophages via unknown
soluble factors. Then, M2 macrophages secreted high levels
of IL-10 and chemokine C-C motif ligand (CCL)-18, which
mediated the observed Treg induction.(167)

MSCs support macrophages with stimulating signals
that encouraged its polarization inti M2 phenotype,
explained many of the beneficial effects observed with
administration of MSCs in animal models for many diseases.
Further studies on the molecular mechanisms involved in
the interaction between MSCs and macrophages will devote
to a better understanding of MSCs biology and the optimal
use of MSCs in the clinical practice.(167)

MSCs Manage Wound Healing

Chronic wound happens when there is a failure of
injured skin to proceed through an orderly and timely process
to produce anatomic and functional integrity. Causative
factors include malnutrition and immunosuppression,
and chronic wound is commonly seen as a consequence

of diabetes mellitus and vascular compromise.(168)
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Chronic wound is a common and severe complication of
diabetes and are associated with significant morbidity
and mortality.(169) The impaired healing of diabetic
wounds has been characterized by decreased production of
chemokines (170), decreased angiogenesis (171), and an
abnormal inflammatory response (172). Increasing evidence
proposes that the persistent upregulation of inflammatory
gene expression may plays role in the pathogenesis of the
chronic diabetic wound through activation of inflammatory
pathways.(173-175)

MSCs have been shown to have a role in wound-
healing applications, including corrects diabetic wound
healing in mice by accelerating epithelialization and
increasing granulation tissue and angiogenesis.(176,177)
However, the exact molecular mechanisms of this correction
have not been fully characterized. Current understanding
formulating two main mechanisms of MSCs in enhancing
wound healing, which are by releasing bioactive mediators
necessary for healing, together with cytokines and growth
factors, and differentiating themselves into the cell types
required for the healing process of the wound.(168)

In addition to their differentiation ability, increasing
evidence points to the ability of MSCs to secrete paracrine
factors which modulate the local environment and stimulate
wound healing.(178) Specifically, MSCs have been shown
to significantly decrease the production of proinflammatory
cytokines in the acute period when high levels can be
deleterious to tissue and to upregulate them in the later
regeneration phase.(179) Protein arrays have demonstrated
that CM from MSC cultures contain various cytokines
and chemokines such as IL-8, IL-6, TGF-B, and VEGF,
all of which are essential to normal wound healing.(180)
MSCs enhance the wound healing process by modulating
angiogenesis and releasing proangiogenic  factors
such as VEGF and angiopoietin-1, reepithelialization,
and granulation tissue formation. Other studies have
demonstrated that intravenous (IV) injection in mice induced
MSC trans-differentiation into keratinocytes, endothelial
cells, and pericytes in cutaneous wounds. Application of
human bone marrow MSCs to full thickness skin defects in
mice in conjunction with [V MSC administration, can heal
all wounds without a scar or retraction.(181)

Several miRNAs have been found in skin tissue and
are thought to have a crucial role in a broad range of biologic
processes, including the regulation of innate and adaptive
immune responses.(182-184) MiR-146a has been defined
as one of the key regulatory molecules in the inflammatory
response. It can be induced by different proinflammatory
stimuli, such as IL-1p and TNF-a.(185,186) MiRNA-146a
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has also been known to negatively regulate the innate
immune response by targeting and repressing IL-1 receptor-
associated kinase 1 (IRAK1) and TNFR-associated factor 6
(TRAFO6).(186) As two key adapter molecules of the nuclear
factor (NF)-«B pathway, IRAK1 and TRAF6 increase NF-
kB activity, resulting in increased expression of the genes
expressing IL-6 and IL-8 (187), which are key mediators
of inflammation. Abnormal inflammation occurs in diabetic
wounds and subsequent impairment in wound healing, in
part was the responsibility of miR-146a, then MSC treatment
for this diabetic wound-healing impairment is mediated by
correction of abnormal miRNA-146a expression.(188)

MSCs Manage Vascular Homeostasis

Recently, there is increasing evidence indicating the
relationship  between  tissue-specific  stem/progenitor
cells and vascular/perivascular niches (189,190) as well
as the presence of multipotent stem cells of vascular
origin (190-193). Sacchetti, et al., showed that CD146"
subendothelial stromal cells residing on the bone marrow
sinusoidal wall not only self-renew and display vascular
mural cell features but also form bone and establish the
hematopoietic microenvironment.(40) Consequently, a
hypothesis that blood vessels throughout the human body
serve as a reservoir of multipotent precursor cells has been
formulated.(194,195)

Using immunohistochemical assays and fluorescence-
activated cell sorting (FACS), three subpopulations of
human blood-vessel-derived stem cells (hBVSC) has been
successfully identified and purified from human blood
vessels within human skeletal muscle, those are myogenic
endothelial cells (MEC), pericytes, and adventitial cells
(AC). These subpopulations each expressing a unique
profile of cell surface antigens. Pericytes and ACs have
also been isolated from several other human tissues such
as fat and lung.(41,196-198) MECs, pericytes, and ACs
all have common mesodermal multipotency and display
typical MSC markers, suggesting their contributions to the
heterogeneous MSCs entity.(197)

Pericytes are commonly regarded as a structural
component of small blood vessels that regulate vascular
contractility, stability, and integrity.(199-202) Pericytes also
modulate endothelial cell proliferation/vascular remodeling
and are involved in specialized vascular functions including
blood-brain barrier and renal tubulovesicular coordination
as well as several pathological conditions.(203-208)
However, this particular cell population has not been well
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defined in most of human organs because of the lack of
representative cell marker. Alkaline phosphatase (ALP) is
another marker used to typify pericytes in human skeletal
muscle.(209,210) aSMA, on the other hand, can be detected
in pericytes encircling arterioles and venules but not in
those surrounding most capillaries.(41) Pericytes in situ
also express classic MSC markers: CD44, CD73, CD90 and
CD105.(41)

Pericytes are involved in many different functions
including maintenance of vascular contractility and
permeability, control of vascular pressure, angiogenesis,
immune defense, production of extracellular matrix
(ECM) components, and keeping stability of vessels. In
homeostasis, pericytes provide stabilization and nurturing
signals to adjacent endothelial cells.(86,211,212) During
angiogenic branching, pericytes are responsible for
orchestrating new vessels to form a functionally efficient
network.(213) Pericytes are thought to have regenerative
properties of mesenchymal progenitor cells due to the
ability to differentiate other cell types such as macrophages,
myofibroblasts, osteoblasts, and adipocytes.(208,214) This
capacity suggests the involvement of pericytes in vascular
remodelling and vascular injury healing.(208,214)

The capability to isolate subpopulations of hBVSCs
marked a big progress to understand the heterogeneous
MSC entity as well as their vascular/perivascular niches
(Figure 6). Purified MECs, pericytes, and ACs exhibited
robust reparative/regenerative capacities in many injured/
defective tissues,
MSCs.(199)

MSCs exist in most adult tissues and are located

often outperforming unfractionated

near or within blood vessels. Although “perivascular’ has
been commonly used to describe such locations, increasing
evidence points at the vessel wall as the exact location.
Thus, “vascular stem cells (VSC)” is recommended as a
more accurate term for MSCs. Two cell populations, called
pericytes and adventitial progenitor cells (APC), likely
were VSCs. The pericyte affirmation relies on the so-called
pericyte-specific markers, though none of these markers is
specific for pericyte. Moreover, pericytes appear to have a
large differentiation capacity and too functionally diverse
and sophisticated. On the other hand, APCs are more naive
functionally and, therefore, more akin to being VSCs.(215)

MSCs Manage Tissue Regeneration

Regenerative medicine becoming an enormous hopes
for patients with severe diseases without any effective

treatment. This great expectation of tissue renewal
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Figure 6. Potential translational applications of hBVSC
subpopulations. The current translational applications of
typical MSCs are summarized on the right. The current status of
translational research for each hBVSC subset is outlined, whether
the specific application has been tested or is presently under
investigation.(199) PC: pericyte. (Adapted with permission from
Hindawi).

conception was first formulated in the study of hematosis
over a century ago, facilitated by a self-sustaining pool of
stem cells.(216) in the beginning this renewal concept was
thought to be limited only for blood cells but now it has
been proven that the maintenance and replenishment of
the cellular composition in almost all tissues in our body,
including skin and intestinal epithelium, liver, skeletal
muscles, and myocardium, occur through the proliferation
and differentiation of the corresponding tissue-specific stem
cells.(217)

Transplantation of MSCs stimulates the regeneration
of tissues, including bone, skeletal muscles, myocardium,
skin, liver, and peripheral nerves. This occurs owing to both
the integration of transplanted MSCs into the recipient’s
tissues and the secretory activity of these cells.(218) It was
showed that transplanted MSCs integrate the endothelial
lining of growing capillaries and the periendothelial space
of newly formed blood vessels,
them.(217)

Many studies identified secretion of proangiogenic
factors, including Adrenomedullin (219), Cyr61 (220), and
IL-1 (221), and left ventricullar remodelling attenuation

thereby stabilizing

was observed through secretion of factors promoting
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either vasculogenesis (222,223) or endothelial tube
formation (224). Other MSCs secreted factors promoted
mobilization of cardiac stem/progenitor cells (219,225)
(226,227);
specifically, secreted frizzled related protein (SFRP)2
promoted MSC self-renewal and survival (228,229).
Cardiomyocytes survival improvement was mediated by at
least four different secreted factors.(219,230,231) Finally,
anti-inflammatory factors like soluble TNFR1 (232) and
TSG-6 (233) were identified.

MSCs are an important source of growth factors

or bone marrow-derived progenitor cells

and cytokines, that participate in the regulation of tissue
regeneration. Thus, MSCs produce factors in bone marrow
that are necessary for the self-sustenance of hematopoietic
stem cells and keep them in a niche. We can refer
to such factors as the SDF-1a, SCF, angiopoietin-1 and
IL-7.(83) It was established that MSCs produce angiogenic
and neurotrophic growth factors, including VEGF, HGF,
basic fibroblast growth factor (bFGF), angiopoietin, nerve
growth factor (NGF), brain-derived neurotrophic factor
(BDNF), and glial cell line-derived neurotrophic factor
(GDNF).(234,235) The angiogenic growth factors produced
by MSCs in the transplantation region stimulate the division
of endothelial cells, their migration, and the formation of
blood vessels. In addition, the factors produced by MSCs
promote the mobilization of endothelial progenitors from
the bone marrow, which participate in the formation of new
blood vessels.(221,235) Simultaneously, the neurotrophic
factors produced by MSCs stimulate both the growth and
renewal of nerve endings.(234) Hence, MSCs can arbitrate
the coordinated regulation of the growth of blood vessels
and nerves during regeneration and remodeling of tissues
(Figure 7).

Tissue-specific
stem cell

neuromediators

\ | />
Hormones,
cytokines,
growth factors

Neutrophils

Lymphocytes

Blood vessel

Figure 7. Hypothetic scheme showing the interaction of MSCs
with axons, endothelial cells, leukocytes, and tissue-specific
stem cells.(217) (Adapted with permission from Park-media).
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Interestingly, the potential of MSCs to contribute
to tissue repair has been found largely dependent on their
secretory capacity rather than their differentiation capacity.
Researches have mostly focused on the secretion of
cytokines and growth factors by MSCs. However, recent
data offers that the therapeutic effect of MSCs secretome
can be partly due to secreted micro vesicles (MV), which
can mirror the phenotype of their parent cells.(236)

Cell-to-cell communication is required to insure proper
coordination among different cell types within tissues.
Cells may communicate by soluble factors (237), adhesion
molecule-mediated cell-to-cell interactions including
cytonemes that connect neighboring cells enabling ligand-
receptor-mediated transfer of surface-associated molecules,
or by tunneling nanotubules that establish conduits between
cells, allowing the transfer of not only surface molecules
but also cytoplasmic components (238,239). Recent studies
have suggested that cells may also communicate by circular
membrane fragments, namely MV.(240) This concept is
based on the founding that MVs are released from a given
cell type may interact via specific receptor ligands with
other cells, leading to target cell stimulation directly or by
transferring surface receptors.(241,242) This implicates
that MVs interact only with target cells that specifically
recognize rather than just with any cell present in the
microenvironment.(243)

The finding of paracrine features of MSCs really open
a new dimension to the therapeutic applications of MSCs
in regenerative medicine, and many limitation and safety
concerns in MSCs transplantation could be mitigated.(244)
recent studies suggested a bidirectional exchange of genetic
information between stem and injured cells, and this gene
products transfer from injured cells to stem cells explain
how the stem cell changes functional and phenotypic
without the need of transdifferentiation into tissue cells. On
the contrary, transfer of gene products from stem cells may
reprogram injured cells to repair damaged tissues.(245)

MSCs and stem/pericytes cells could be seen as
sensory, highly receptive to local biologic information;
synthetic, capable of producing biomolecules in response
to the received information; and secretory, capable of
fabricating and delivering those biomolecules;  units
characterized by their innate therapeutic potential.(148)
These units or cells have acquired these unique capabilities
through evolution and provide the organism with unique,
highly adaptive, survival characteristics. In the analogy to a
computer proposed by Hariri, these stem and progenitor cells
have a design in which the nucleus houses the operational
software, resident in the DNA of the chromosomes, at the
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core of a complex processor and complex information
transferring apparatus within the cell cytoplasm.(246)

Thus, the therapeutic output of cell-based therapies
relies both on the docking or sensing and on the cellular
output in the form of secreted factors (247), which exert
their effects in our genomically controlled endocrine or
paracrine regeneration/repair ability. By the time humans
reach the age of 40-50 years, this regenerative and repair
potential is greatly diminished and accounts for “late-onset”
diseases or tissue dysfunction. The medical challenge is
to find how to optimize the remaining innate regenerative
potential and to understand how to supplement these unique
functionalities.(38)

On the assumption that MSC is undoubtedly roles
as the managers of site-specific tissue regeneration, their
presence, number, proper activation, coordinated and
dynamic function surely have a profound impact on injury
and disease progression. Thus, the medicinal activity of
MSC is dependent on the tissue management and site of
injury aspects, with respect to the therapeutic capacity of
either endogenous or exogenously supplied MSCs. This
infers that MSCs are intrinsically curative and that their

3

therapeutic effectiveness solely depends on the “when,
where, and how” of their delivery or presentation at sites of

injury, disease, or regeneration.(248)

Conclusion

The multipotent MSC, now renamed the medicinal signaling
cell, predominantly raises from pericytes released from
broken and inflamed blood vessels and seems to function
as both an immunomodulatory and a regeneration mediator.
MSCs are being tested for their management capabilities
to produce therapeutic outcomes in more than 480 clinical
trials for a wide range of clinical conditions. Local MSCs
function by managing the body’s primary repair and
regeneration activities. MSCs can be obtained from many
tissues in human body, either allogeneic or autologous origin,
and have a highly plasticity features that allows MSCs to
transform into many type of cells such as their capacity to
differentiate into adipocytes, osteocytes, chondrocytes, and
neuronal/glial cells. Together with its paracrine features,
MSC-based therapy has the potential to change how health
care is delivered. These medicinal cells have a capability of
sensing their surroundings, and with their complex signaling
circuitry, they organize site-specific regenerative responses
smartly as if these therapeutic cells were well-programmed
modern computers. Given these facts, it appears that we
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are entering a new age of cellular medicine. The innate
regenerative capacity of almost every host tissue has never
been properly managed and MSCs appear to be assisting the
host tissue to maximize its intrinsic regenerative capacity.
The Medicine of Tomorrow may be the management of
MSCs to optimize the body’s very powerful and ever-
changing intrinsic regenerative potential. The reason for
reviewing the above is to emphasize the emerging theme
that MSCs appear to be assisting the host tissue to maximize
its intrinsic regenerative capacity. The local management of
the immune cells and the tissue specific progenitors appears
to be accomplished by very few, locally situated, and short-
lived MSCs. This innate regenerative capacity of almost
every host tissue has never been properly managed except,
perhaps, in orthopedics where the vigorous regenerative
and repair capacity of bone (maybe through local MSCs) is
managed by orthopedic physician interface. The Medicine
of Tomorrow may be the management of MSCs to optimize
the body’s very powerful and ever changing intrinsic
regenerative potential.
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