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ABSTRACT

Over 30 years ago, it was reported by Caplan that cells could be found in various adult tis-
sues and fluids of a variety of species that could be induced in vitro to progress towards li-
neages such as chondrogenesis, osteogenesis and adipogenesis with different “cocktails” of
reagents. These cells were called Mesenchymal Stem Cells (MSC) to reflect this pluripoten-
cy. After 30 years of intense research effort to directly use such cells for the repair or rege-
neration of damaged or injured tissues, the effort has met with limited in vivo success, but
their use for in vitro tissue engineering has met with some success. This failure to live up to

expectations for in vivo differentiation success has led Caplan to recently rename these cells
Medicinal Signaling Cells (MSC) to reflect other abilities of these cells to secrete mediators
and release exosomes containing biologically active molecules that can influence their neigh-
boring cells in a paracrine manner. However, neither of these names completely captures the
combined apparent in vivo functioning of MSC and their in vitro abilities to exhibit pluri-
potent behavior. Thus, it is suggested, based on the attributes of these cells and their tissue
and clonal heterogeneity, that an alternative name be applied to these cells and they be de-
scribed as Pluripotent Mesenchymal Regulatory Cells (PMRC). This name reflects their
regulatory function as pericytes in tissues, as well as their well-known immunoregulatory
activity when injected into the intra-articular space and their influence on activities such as
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wound healing. It also reflects their ability to differentiate along several different lineages to
facilitate tissue engineering approaches for tissue repair.

1. INTRODUCTION

For the past >30 years since mesenchymal stem cells (MSC) were reported by Caplan’s group [1-3], a
large number of studies have attempted to characterize these cells from a variety of adult tissues in order to
assess their potential to repair and regenerate injured and damaged tissues. Cells fitting the description of
MSC have been isolated from virtually all tissues [4]. The original 7n vitro characteristics of MSC as de-
fined by Caplan’s group [1-3] were adherence to plastic, expression of a subset of cell surface antigens and
not others, and they could be induced to differentiate towards different cell lineages including chondro-
cytes, bone cells and adipocytes. The main sources of cells that have been used in studies to assess repair
and regeneration potential of these cells are bone marrow and adipose tissues, but others have used cells
from synovium, synovial fluid, Wharton’s jelly, cord blood, placenta, and muscle, to name a few examples.
In vivo studies have been mainly focused on using autologous cells, but others using MSC from tissues
such as Wharton’s jelly and placenta have been focused on allogeneic applications. Some MSC can be
found circulating in the blood, and their concentration in blood declines with age.

It has been noted that MSC from most tissues or fluids are very heterogeneous [5-8], and some cells
appear to have unique epigenetic signatures [9-11], as well as carbohydrate signatures as characterized by
lectins [7, 12]. Interestingly, MSC from bone marrow appear to preferentially respond to osteogenic sti-
muli, while MSC from synovium respond well to chondrogenic stimuli [5] in a pig model and thus, dif-
ferent locations may reflect the needs of such different biological and biomechanical environments.

While some successes using MSC in vivo for tissue engineering based repair of cartilage defects in
humans [13, 14] and pig models [15, 16] have been noted, there have also been a number of endeavors for
other applications such as for genitourinary tissues [17, 18] and solid organs [19] that have been more
challenging, but progress is being made. Thus, the myriad of studies and significant effort to develop the
perceived stem cell potential of adult MSC has been very challenging, but some successes have been noted
with in vitro tissue engineered constructs in contrast to more limited successes following injection of free
cells either systemically or into a localized site.

This lack of success in achieving the expectations that accompanied the initial reports of Mesenchym-
al Stem Cells, led Caplan [20, 21] to suggest that perhaps MSC should not be referred to as stem cells but
to the designation of them as Medicinal Signaling Cells reflecting their primary role in tissues to foster the
integrity of cells in an organ via release of chemical mediators and exosomes containing mediators and
other important regulatory molecules such as miRNA [22, 23]. However, these mediator-based abilities do
not preclude the potential of the tissue-associated MSC to use their in vitro pluripotent capabilities to also
differentiate into lineage-specific cells for tissue engineering purposes as well. While this concept of MSC
being a Medicinal Signaling Cell is intriguing and the development of the name is a somewhat logical re-
sponse to the need to perhaps revisit the original expectations of using injections of undifferentiated Me-
senchymal Stem Cells 7n vivo, this modified name does not completely capture the characteristics of the
cells in vitro and in vivo. Furthermore, one cannot dismiss the option that there are multiple subsets of
MSC that serve different functions in different locations at different times in the growth, maturation and
senescence of a host such as a human.

Thus, it is likely that neither the term Medicinal Signaling Cell or Mesenchymal Stem Cell capture the
essence of the functions and abilities of these cells. While retaining the acronym of MSC was an interesting
idea from a literature perspective, perhaps it is time to consider a different name to capture the nature of
the roles and abilities of the cells more accurately. This would not be the first time that the research com-
munity has had to revisit names to reflect advances in knowledge and to make more sense of what was a
confusing literature. Back in the 1970s, the literature was full of mediators that were defined by the assays
used to detect them. To avoid further confusion and to reconcile different assays defining the same mole-
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cule, the family of Interleukins was decided upon via cooperation within the research community. While
the current circumstances with “MSC” may not be on the same scale as the interleukins, there is definitely
room for better naming of what we call MSC, particularly going forward to help organize and categorize
future developments in the field.

2. IN VIVO FUNCTIONS VS IN VITRO ABILITIES OF “MSC”

Based on the original reports of Caplan [1-3], when MSC were exposed to a stochastically defined
“cocktail” of mediators and media conditions they could differentiate into a number of cell lineages. Each
lineage required its own “cocktail” and conditions that result in differentiation towards specific lineages
such as the chondrogenic, osteogenic or adipose lineages. In contrast, when free “MSC” were expanded in
vitro and then injected into a localized environment such as the intraarticular environment of the knee or
systemically via blood, the treatments did not lead to either the prolonged localization of the cells to an
area of injured tissue or accelerated repair of the tissue. Thus, there was a conundrum that in vitro the
“MSC” could be induced to exhibit lineage-specific pluripotency, but in vivo this potential was not overtly
evident even when millions of cells were injected.

While some of this lack of localization is likely due to a lack of understanding of what recognition
systems “MSC” use and how they are regulated [7], even when the recognition systems are augmented ar-
tificially there is improvement but it still does not lead to consistent large scale localization and differentia-
tion [7]. Further studies have focused on the localization of “MSC” in tissues as pericytes that can release
molecules and apparently, actively release exosomes containing mediators and regulatory molecules that
can act in a paracrine manner [22, 23]. In such a capacity, the “MSC” are functioning as regulatory cells
for those cells in close proximity (paracrine influence). Whether the pluripotency of such pericyte-localized
“MSC” is manifested in vivo for self-renewal purposes alone, or somehow otherwise engaged after local
damage remains to be elucidated for the most part.

Finally, this dichotomy of in vitro vs in vivo functioning leads to the question of whether what are
now called “MSC” would ever encounter the in vivo conditions that are required to induce differentiation
in vitro towards specific lineages. Thus, for a “MSC” from BM, adipose tissue, or some other common
source to encounter the complexity of mediators and signals required to induce the cells towards a chon-
drogenic or osteogenic lineage as defined by in vitro culture conditions would likely be a very rare event
indeed. This conclusion was also discussed previously by Caplan [20, 21] and supported by others who
also provided evidence that implanted MSC were no longer detectable in patients receiving cell trans-
plants, and after 6 months all of the cells were of host origin [24]. Therefore, if there was a need for the
MSC in the repaired/regenerated tissue, it was transient. Based on their results, this group also supported
the name change suggested by Caplan [20] to Medicinal Signaling Cells [25].

Similarly, for the induction of a pluripotent stem cell (iPSC) via reversion of a somatic cell treated
with a complex set of signals as defined by Yamanaka et al [26] to become an iPSC in vivo by encounter
with the necessary sequence of a defined set of circumstances to further evolve into specific lineage cells
would also be very rare. Thus, the conditions developed for the in vitro differentiation of MSC and iPSC to
further evolve into other lineages likely do not reflect the potential in vivo signals leading to these different
lineages, or the in vitro conditions define the pluripotent potential of the cells that are never realized in
vivol The in vitro potential can still be used for tissue engineering purposes, but the expectation that the
same series of events happen in vivo after inoculation may be an unreasonable expectation. Thus, unrealis-
tic expectations from the in vitro studies may have led to a “the cart before the horse” scenario for many
researchers, with a subsequent proliferation of legitimate and “shady” start-up companies, spending of
billions of dollars in research funds, and disappointment for large numbers of patients with a variety of
disorders. This scenario has led the FDA in the USA and Health Canada in Canada to crack down on
companies making non-substantiated claims for “MSC” to cure or reverse diseases and diseased tissue via
regeneration. Thus, this may be a time to rename the cells in question, question the priorities in the re-
search agenda, and convene gatherings of diverse stakeholders to sort out the most effective directions
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forward using the knowledge gained to this point.

On balance, the above discussion regarding the exceedingly rare possibility that a MSC with pluripo-
tency potential would encounter the conditions currently known to lead to different lineages in vivo does
not eliminate the possibility that there are other mechanisms and processes available in vivo that could
also lead to lineage-specific differentiation. Furthermore, the current in vitro conditions used to elaborate
lineage-specific differentiation are usually performed in the absence of biomechanical stimulation, and
consist of only biological factors and often with the cells on plastic. In contrast, 7n vivo there are not only
biological signals/mediators, but also unique mechanical cues derived from the biomechanical environ-
ment as well as extracellular matrix-specific cues that could also influence differentiation processes. In vi-
tro studies have indicated that mechanical loading can influence MSC [27, 28] and decellularized matrix
can also influence these cells [29]. Therefore, these variables need to be considered when assessing the plu-
ripotency of MSC. It is also clear that the functioning of MSC in vivo may also depend on the quality of
the in vivo environment. After an injury or in the face of a chronic disease, the local in vivo environment
may be “hostile” via inflammation and compromise the ability of the MSC to achieve success [30-32].
Therefore, there are a number of variables 7in vivo that could influence the ability of MSC to exert their
pluripotency and unless controlled, interfere with success.

Aside from whether what were called Mesenchymal Stem Cells would ever encounter conditions
leading to lineage-specific conditions in vivo, perhaps one should shift the focus from the use of “stem
cells” to rather a focus on what the pluripotency really means and not be too hasty in removing that con-
cept from our thinking. In other words, why would cells retain these abilities for pluripotency when per-
haps a somatic cell could serve the same purpose as a Medicinal Signaling Cell? There is obvious risk in-
volved with cells that have pluripotency abilities regarding unwanted outcomes such as potential trans-
formation to a cancer/tumor cell. This is a possibility based on model systems [33, 34]. Thus, to retain risk
associated with the pluripotent abilities may indicate that these abilities serve important functions in vivo
other than differentiation to unique lineages such as chondrogenesis, osteogenesis or adipogenesis. Fur-
thermore, relevant to this issue is the finding that MSC derived from different environments exhibit pre-
ferential differentiation towards different lineages (ie. BM towards osteogenesis and Synovium/Synovial
Fluid derived towards chondrogenesis) [5]. Why this should be the case if the cells in question just serve a
signaling function remains to be elucidated. Some examples of the knowledge regarding regulatory func-
tions versus the pluripotent abilities for these cells are summarized in Table 1.

Perhaps some of the limitations of 7n vitro propagation of MSC to properly function when placed in
vivo is related to the way the cells are cultured in vitro. That is, the in vitro conditions do not reflect very
accurately the 7in vivo conditions that will be encountered, and thus, this compromises the ability of the
pluripotency attributes to be elaborated subsequently in vivo. Improvements in 7n vitro culturing, such as
those related to hypoxia [35, 36] have led to enhanced abilities after implantation 7n vivo [37].

Thus, there may be subtle nuances to the pluripotency of MSC that need to be explored, and retention
of the pluripotency of these cells needs to be kept in the renaming of the cells. This conclusion then raises
the question of how such pluripotency could be used in vivo in the context of their functioning as peri-
cytes. Certainly, the answer to that question should be the focus of future investigation.

3. PLURIPOTENT MESENCHYMAL REGULATORY CELLS (PMRC)

The name Pluripotent Mesenchymal Regulatory Cells (PMRC) is suggested to replace the term MSC
for a number of reasons. First, it captures the in vitro defined abilities of the cells previously defined as
MSC. Irrespective of whether this ability is manifested in vivo, such properties can be successfully sub-
verted for tissue engineering purposes while the issue of how these properties are used in vivo gets sorted
out. Second, as discussed above, in vivo evidence is mounting that such cells function mainly via release of
mediators and exosomes that impact other cells in a paracrine manner. Thus, they may be considered reg-
ulatory cells. While it remains to be determined how such release of mediators and exosomes is regulated
by endocrine or other systemically delivered signals, or locally generated signals (biological or mechanical), it
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Table 1. Potential regulatory functions and activities associated with the pluripotency of MSC>.

A). Regulatory Functions

1) As pericytes in tissues: Release of tissue-specific exosomes and secretion of regulatory molecules

2) Injected as free cells into the intra-articular space to control pain in osteoarthritis:
Immunomodulatory effects with release of anti-inflammatory molecules and other regulatory mediators
3) Injected as free cells into the blood steam: Localization and functional impact at

sites of renal injury

4) Homing to sites of injury: Localization to tissues such as the heart (myocardial infarction) or brain
(stroke): Release mediators to assist endogenous cells to initiate repair and influence inflammation

Current Limitations

1) Understanding of why homing rate to injury/diseased sites so low
2) Knowledge of recognition systems used by MSC to perform regulatory functions
3) Why proliferation and secretory activities decline with age

B). Activities Based on Pluripotency and Proliferation

1) Self-renewal in tissues where localized as pericytes: Needed to maintain tissue integrity
2) In vitro development of tissue-engineered candidates for specific organ repair or replacement

Current Limitations

1) Inability to replicate in vitro differentiation protocols after implantation in vivo

2) Counteract the loss of MSC in vivo after implantation of in vitro generated tissue constructs

3) Failure to recapitulate in vivo conditions during development of engineered tissues in vitro

4) Propagation of cells under less than ideal conditions to reflect in vivo-improvements being made
via hypoxia, serum-free, nutrients

*Listed items are examples and not intended to be an exhaustive list.

is clear that they serve a unique regulatory niche in tissues. Third, the name is broad enough to cover fu-
ture developments regarding identification of functionally unique subsets of cells that may reside in dif-
ferent tissues and organs. Thus, the term PMRC for the cells formerly called MSC is both logical and en-
compassing.

4. CONCLUSIONS

After >30 years of research attempting to fulfill the expectations regarding the discovery of pluripo-
tent cells in a variety of tissues and from a variety of species, the use of such cells for in vivo tissue repair
and regeneration has been very variable. Newer information points toward these cells having a more sig-
naling role via release of mediators and exosomes containing specific subsets of mediators. However, a role
for the pluripotency of these cells has not been adequately explained and they still can be used in aspects of
that role in in vitro tissue engineering for development of repair and replacement tissues. Thus, a name for
these cells that capture both attributes should be retained to reflect both their regulatory functions and
pluripotency abilities. The name Pluripotent Mesenchymal Regulatory Cells (PMRC) captures both areas;
their regulatory function as pericytes in tissues, their immunoregulatory effects as when injected into the
intra-articular space, and their influence on processes such as wound healing; as well as their abilities to
differentiate along specific lineages to facilitate tissue engineering approaches for tissue repair and re-
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placement (see Table 1 for a summary of some examples of the two attributes of these cells and issues as-
sociated with each domain).
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