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Abstract: Mesenchymal stem cells (MSCs) represent an important tool in veterinary regenerative medicine due to their

ability to home to injury sites and secrete molecules that regulate niches into regenerative microenvironments. Successful

cell therapy depends on many factors, including choice of administration route and application of understanding of cell

potency and their therapeutic mechanisms. In this point of view, the authors leverage the tumultuous history of the field

to demonstrate the need for clinicians to continually update themselves as new discoveries are made in order to avoid

misalignments in the future, especially regarding administration routes and dose frequency, as well as to explore

recent insights into MSC plasticity, therapeutic mechanisms, and cell delivery systems.

Introduction

Approximately 30 years ago, mesenchymal stem cells (MSCs)
were first defined as cells that could be isolated from adult
tissue, grow in vitro, and differentiate into mesodermal
lineages (Caplan, 1991). Since then, mesenchymal stem cells
have been widely studied due to their therapeutic potential,
and it is difficult to identify an aspect of our understanding
of stem cells that has not changed dramatically since their
discovery. From where -and indeed if- they may be found in
adult organisms, to how they cause their therapeutic effects,
to what their full range of differentiation potential is, to how
they function in healthy versus diseased microenvironments,
and of course how best to apply them in a clinical context,
the history of our knowledge of the field is nothing if not
fraught with reversals of opinion upon revelation of further
evidence. As the level of interest and quantity of studies
performed in the area continue to increase, it is critical to
synthesize new and more efficient clinical techniques
from the results of this research. Our objective here is to
discuss and give our point of view regarding some of the
changes that have impacted the understanding of MSCs’
therapeutic mechanisms and the effect that delivery
routes have on them.

Point of View

The first report of stem cell isolation after birth was published
in 1966. The cells in this report, derived from bone marrow,
were plastic-adherent, had fibroblast-like morphology, and
could form colonies when seeded in tissue culture
(Friedenstein et al., 1966). These cells were able to undergo
osteogenic, chondrogenic and adipogenic differentiation
(Friedenstein et al., 1966). Not until 30 years later were
fibroblast-like cells isolated from umbilical cord tissue
(McElreavey et al., 1991). The beliefs that MSCs could only
be found in select adult tissues and only differentiate into
mesodermal lineages persisted for approximately another
decade until the isolation of a novel adult stem cell
population, from adipose tissue, was reported (Zuk et al.,
2002). It is now widely accepted that adult stem cells exist
in all tissues due to their physiological function, which is to
contribute to tissue growth, regeneration, and healing
throughout life (Dong et al., 2015). The cells isolated from
adipose tissue were able to differentiate not only into
osteogenic, chondrogenic and adipogenic lineages, which are
mesodermal germ layer lineages, but also into neurogenic
cells, which are part of the ectodermal germ layer (Zuk et al.,
2002). Two years later, another group achieved differentiation
of MSCs into hepatic cells, which are part of the endodermal
lineage (Lee et al., 2004) These breakthroughs proved that
MSCs could differentiate into lineages from all three germ
layers and could only correctly be defined as pluripotent cells
and not multipotent. Cells that are considered multipotent
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are those with restricted ability to differentiate (Biehl and
Russell, 2009). This was a paradigm shift in the stem cell
field, as only embryonic stem cells were previously thought to
have such wide differentiation potential.

The previously held assumption (still held by some of the
field’s old guard) that MSCs were unable to differentiate into
ectodermal and endodermal lineages was made due to a lack
of understanding of the mechanics of differentiation, not a
lack of differentiation ability on the part of the cells. What
paved the way for the demonstration of their pluripotency
was the discovery of the factors necessary to induce MSCs
to differentiate into cells from all three germ lineages. The
gradual revelations of the range of tissues in which MSCs
may be found and their true range of differentiation
capacity are just two examples of the prevalence of incorrect
conclusions that were drawn in the area due to a lack of
investigation rather than convincing evidence. It is our duty
as scientists to be open to new discoveries that overturn old
ideas, and through this openness not allow our experiments
and therapies to stagnate.

Another watershed event in the field was the progress in
understanding how chronic disease states affect stem cell
niches. The fate of endogenous MSCs is typically determined
by microenvironmental factors in specific niches, comprising
cellular and noncellular components from both local and
systemic sources, that regulate stem cell survival, location,
proliferation, potency and differentiation (Jones and Wagers,
2008). This regulation is achieved through several signaling
pathways, such as physical and structural stimuli, and neural,
humoral, paracrine, autocrine, and metabolic interactions
(Scadden, 2007). In developmental, healing, or diseased states,
different microenvironmental signals are generated, regulating
stem cell fate (Martinez-Agosto et al., 2007). For example,
when tissues are damaged, MSCs are naturally released into
circulation, where they migrate to the injury site and secrete
molecules that foster a microenvironment that promotes
regeneration (Chapel et al., 2003; Caplan, 2009), functioning as
growth factors and regenerative molecule storage.

Although many factors that dictate cell fate, including
neighboring cells, the extracellular matrix, soluble molecules,
and physical stimuli, have been discovered and investigated
(Dong et al., 2015), it is still not clear how most somatic stem
cell niches work (Fuchs et al., 2004). What is clear, however,
is that stem cell niches gradually lose their functionality in a
state of continuous disease (Dong et al., 2015). It has been
shown, for example, that patients with chronic diseases such
as diabetes, chronic renal failure, and arterial or venous
insufficiency have impaired cell migration, reduced growth
factor production, and poor tissue remodeling on an
organism-wide level, displaying chronic wounds (Dong et al.,
2015). The inference can be made that these chronic wounds
are at least partially caused and/or exacerbated by the
ineffective migration and growth factor production of
endogenous MSCs, which are integral to the healing process.

Therefore, the administration of stem cells to the patient to
“help” the tissue that is currently impaired to heal can be
understood as a restoration of the functionality of affected
niches. This is why patients suffering from chronic diseases are
those most helped by stem cell therapy: the administered cells
are able to restore the functionality of affected niches. Indeed,

it is well known that, in adequate microenvironments, stem
cells can improve cell survival and amplify paracrine effects,
which favour trophic support, improve homing to the lesion
site, and promote suppression of inflammatory factors and
immune responses to promote functional recovery (Discussed
in Dong et al., 2015).

Regarding the method by which MSCs are able to alter
the functionality of microenvironments, it is now well
accepted that the therapeutic effects of MSC administration
are related to their paracrine activity (Gnecchi et al., 2008;
Zhang et al., 2012; Park et al., 2018). These paracrine effects
are achieved when the bioactive factors secreted by the
administered MSCs stimulate the patient’s own resident
stem cells to build the relevant new tissue (Caplan, 2017).
This stands in contrast to the previous model, as described
by Caplan (2017), in which it was assumed that the medical
benefits of MSCs were derived from their differentiation
into tissue-producing, regenerating cells. To illustrate the
significance of this evolution in understanding, the very
same author that proposed the name “mesenchymal stem
cells” in 1991 now urges that the name be changed to
“medicinal signaling cells” in order to reflect the cells’ two
main functions: the abilities to home to injury sites and to
secrete bioactive immunomodulatory and trophic
(regenerative) factors, effectively meaning that MSCs make
and administer therapeutic drugs in situ that are medicinal
in nature (Caplan, 2017). We could therefore be justified in
defining these cells as biological drugs due to their ability to
provide the necessary supplementation of biological factors
in contribution to the resident cells’ tissue regeneration
efforts. Indeed, MSCs have already been called “multidrug
dispensaries or drugstores” (Caplan and Correa, 2011).

This modern understanding of how MSCs achieve their
therapeutic effects and how microenvironments react to
chronic disease states allows us to make the following
general inference: if a patient has a chronic condition (Dong
et al., 2015), is elderly, or has a large injury, their natural
supply of MSCs, though present and somewhat active, is
being inefficiently employed by the body and must therefore
be supplemented (Caplan and Correa, 2011) in order to
correct the disease state.

Now that the nature of MSCs, their role in the adult
organism, and the general framework under which they
achieve their therapeutic effects are better understood in
light of recent research, we can apply this improved
understanding to clinical applications, specifically to
administration routes. At the present time, intravenous (IV)
cell administration is the most studied route, as well as the
route most used in clinical trials for systemic diseases, such
as kidney failure, in which, until 2021, only reports of IV
administration of MSCs had been published (Quimby et al.,
2011; Quimby et al., 2013; Yun and Lee, 2019). Recently,
application by subcutaneous injection has been reported,
and results have been promising (Figueiredo et al., 2021).
Though effective in many cases, IV administration entails
several well-documented inefficiencies that could be
eliminated by updating administration routes using current
knowledge of cell behavior.

Foremost among these inefficiencies is the fact that, as
many studies have demonstrated, MSCs become trapped in
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the lungs immediately after intravenous injection (IV). Some
of those cells undergo apoptosis, some return to general
circulation, and only a small fraction of MSCs are found to
survive, migrate to and engraft into the target organs, as
reviewed in Wang et al. (2016). The cells that are able to move
to other major organs, such as the liver or the kidneys, are no
longer detectable in the body after a variable but short period
(24 h to 14 days), as reviewed in Masterson et al. (2021).
Additionally, there is evidence that MSCs in general are short-
lived after IV infusion (Eggenhofer et al., 2012). It has also been
proposed that this initial pulmonary trapping of stem cells
might alter their tissue homing ability as well (Fischer et al.,
2009). As it is now known that MSCs exert their therapeutic
effects through paracrine activity, the inference can be made
that shorter survival in situ and reduced homing effectiveness
are deleterious to the strength of the effect that the administered
cells exert on the relevant tissue microenvironments and,
therefore, that administration routes that maximize cell
survivability and homing effectiveness should be preferred,
supporting the rationale that cell pharmacodynamics are
integrally linked to the pharmacokinetics of administration routes.

In order to investigate the clinical validity of this
inference, we may consider Braid et al. (2018), in which
MSC persistence was compared between IV, intramuscular
(IM), intraperitoneal (IP) and subcutaneous (SC) delivery
routes. The authors found that MSCs were able to survive
for 5 months post IM injection in the muscle, but only 1–4
weeks post injection when delivered IV, IP, or SC.
Additionally, to verify the clinical relevance of this
information, we summarize a report by Giri and Galipeau
(2020) that compared three delivery routes: IV, IP and SC,
to treat colitis, and found that animals that received cells via
the IP or SC routes showed more beneficial effects than
those that received via IV. They concluded that, at least for
colitis, IP and SC are better delivery methods than IV,
begging the question of whether this may be true in general
(Giri and Galipeau, 2020).

Moreover, Creane et al. (2017) demonstrated that DNA
from MSCs was still present at injection sites 3 months after
IM injection, though the MSCs themselves could not be
detected in any internal organs. This same paper also
demonstrated that the cells were able to reduce
inflammation in areas distant from the injection site, even
though they did not distribute themselves throughout the
body (Creane et al., 2017). This can be explained by the fact
that muscle is a highly vascularized tissue, allowing the
bioactive and trophic factors released by the cells to be
distributed systemically even when the cells themselves in
large part remain close to the injection site, supporting the
model in which MSCs affect injury sites through their
paracrine activity (Hamidian Jahromi and Davies, 2019).

These studies illustrate that IM administration delivers
greater cell persistence and, as a result, greater therapeutic
effects when compared to IV administration. The IM route
would be an especially attractive method of cell delivery for
systemic diseases, as we can infer from Creane et al. (2017)
showing that the cells can continue secreting bioactive
factors for a longer period of time and that those factors
would affect injury sites distant from the injection site. In
addition to this primary benefit, IM administration carries

the auxiliary benefit of being less invasive and, in the
context of veterinary medicine, less costly and less risky to
the patient. This would, in turn, result in a reduction of
costs, which could be passed through to owners as a more
accessible dollar value per administration.

Lastly, another clinically relevant finding described in
Giri and Galipeau (2020) was that of the comparison of
single versus repeated doses. The authors determined that
repeated doses were more beneficial (Giri and Galipeau,
2020). In this context, it has been proposed that repeated
cell administrations have cumulative beneficial effects and,
as a result, are notably more effective than a single
administration due to their persistent paracrine effects.
Wysoczynki et al. (2018) corroborates, finding that the
effect of a high single dose of cells is less beneficial than the
cumulative effects of three smaller doses.

Conclusion

As we can see from the findings presented, the history of our
understanding of mesenchymal stem cells has changed
drastically in numerous ways over the past half century and
continues to be revolutionized as new discoveries are made.
The authors of this paper urge researchers and clinicians in
the area to adapt a forward-thinking mindset and be open to
applying and investigating the results of these discoveries in
their own work, as well as making a commitment to staying
apace of developments in the field. As numerous authors
cited in this communication have demonstrated, such a
change can only lead to better outcomes for our patients.
Recent research clearly supports the use of IM administration
over IV from both theoretical and practical perspectives, and
this change would not only increase the effectiveness of each
administration but also result in secondary benefits in terms
of invasiveness and cost in the context of veterinary medicine.
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