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COMPREHENSIVE REVIEW

Effect of the Microenvironment on Mesenchymal
Stem Cell Paracrine Signaling:
Opportunities to Engineer the Therapeutic Effect

Gina D. Kusuma,"" James Carthew,"" Rebecca Lim? and Jessica E. Frith'

Cues from the extracellular environment, including physical stimuli, are well known to affect mesenchymal
stem cell (MSC) properties in terms of proliferation and differentiation. Many therapeutic strategies are now
targeting this knowledge to increase the efficacy of cell therapies, typically employed to repair tissue functions
in the event of injury, either by direct engraftment into the target tissue or differentiation into mature tissues.
However, it is now envisioned that harnessing the repertoire of factors secreted by MSCs (termed the secre-
tome) may provide an alternate to these cell therapies. Of current interest are both direct protein secretions and
two major subpopulations of bioactive extracellular vesicles (EVs), namely exosomes and microvesicles. EVs
released by MSCs are reflective of their cells of origin, able to impact upon the activities of other cells in the
local microenvironment, making the rational design of MSC paracrine activities an encouraging strategy to
reproducibly modulate cell therapies. The precise mechanisms by which the secretome is modulated by the
microenvironment, however, remain elusive. Controlling MSC growth conditions with oxygen tension, growth
factor composition, and mechanical properties may serve to directly influence paracrine activity. Our growing
understanding implicates components of the mechanotransduction machinery in translating both mechanical
and chemical cues from the environment into alterations in gene regulation and varied paracrine activity. As
technologies are developed to manufacture MSCs, advances in bioengineering and novel insight of how the
extracellular environment affects MSC paracrine activity will play a pivotal role in the generation of wide-
spread, successful, clinical MSC therapies.
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Introduction stromal cells’” or ‘“multipotent stromal cells,” and the acro-

nym “MSC” is now generally used to identify this class of

S TEM CELL THERAPIES are typically employed to repair
tissue functions in the event of injury, either by direct
engraftment into the target tissue and differentiation into ma-
ture tissue cell types or as vehicles to deliver bioactive factors
[1]. Mesenchymal stem cells (MSCs) hold significant promise
for tissue engineering and regenerative medicine applications
due to their unique properties to support these applications,
such as extensive proliferation ability, multilineage differen-
tiation capacity, ease of isolation from various human tissues,
immune-privileged status, and paracrine activity [2-5]. MSCs
are multipotent cells, originally identified in adult bone mar-
row (BM), which replicate as undifferentiated cells and have
the potential to differentiate into the mesenchymal lineage [6].
The nomenclatures for mesenchyme-like cells are variously
referred to as ‘“‘mesenchymal stem cells” or ‘‘mesenchymal

cells. BMMSCs are the most extensively studied, although
they also have been isolated from tissues such as cord blood,
peripheral blood, adipose tissue, umbilical cord, amniotic
fluid, fetal tissues, placenta, dental pulp, synovial fluid, skel-
etal muscle, periosteum, lung, and cartilage [7-14]. To assistin
comparison between different laboratories, the International
Society of Cellular Therapy set the minimal criteria to define
MSC:s as plastic adherent and expressing CD105, CD73, and
CD90 without expression of CD45, CD34, CD14 or CD11b,
CD79a or CD19, and HLA-DR. MSCs must also be able to
differentiate in vitro into osteoblasts, adipocytes, and chon-
drocytes [15].

MSC applications in tissue engineering are strongly asso-
ciated with the advances in biocompatible materials, which
can increase cell survival and guide cell differentiation
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in vivo. As a result, adult MSCs have been incorporated in
various tissue engineering therapies ranging from cardiac
repair, skeletal tissue repair, invertebral disc repair, cartilage
and bone tissue regeneration, and many others [16-20]. In the
last decade, the development of MSC-based cell therapies has
been influenced by our ever-expanding knowledge of the
biological characteristics of these cells that contribute to their
therapeutic effects. The hypothesis that MSCs have ongoing
therapeutic effects in damaged tissues or organs has been
heavily challenged by several studies that revealed very low
engraftment of cells following systemic administration of
MSCs [21-25]. Despite the initial model of MSCs homing
into injury sites and differentiating into multiple cell types,
there is a general consensus that another mechanism must
exist by which MSCs exercise their therapeutic effect, and
paracrine signaling has emerged as a critical player.

MSC:s release a plethora of biologically active factors (ie,
cytokines, chemokines, growth factors, and miRNAs),
which have profound effects on local cellular dynamics.
These bioactive factors are decision-makers of cell fate, and
MSC:s are no exception to this role where the core stem cell
properties, for example, self-renewal, differentiation, and
tissue engraftment, are largely influenced by the local mi-
croenvironment. This multitude of paracrine factors form
part of a complex network that confers stability to the cells
as well as amplification of regenerative response [26].

Include growth
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This has resulted in numerous investigations into the
factors that make up MSC paracrine signaling, which could
perhaps exert some of the beneficial effects following stem
cell transplantation. It has been proposed that MSCs may act
as injury drug stores by secreting bioactive molecules and
regulating local immune response to establish a regenerative
microenvironment and subsequently repair the injured tis-
sues [27]. As such, many models of MSC-based tissue repair
now heavily rely upon the influence of MSC paracrine
signaling and it is envisioned that either delivery of MSCs to
facilitate paracrine factor provision or perhaps direct ad-
ministration of collected MSC paracrine outputs could form
the basis of future MSC therapies. In this review, we discuss
critical factors that influence MSC paracrine signaling and
present future biomaterial strategies to engineer precise
microenvironmental conditions for successful tissue engi-
neering applications.

The MSC Secretome

The repertoire of factors secreted by MSCs is called the
secretome, consisting of a diverse range of cytokines, che-
mokines, angiogenic factors, and growth factors [28]
(Fig. 1). The secretome can impact the activities of other
cells in the local microenvironment. It has been suggested
that up to 80% of the therapeutic effect of adult MSCs is
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FIG. 1. An overview of MSC secretome. Schematic representation of biologically active substances released by MSCs. A

variety of paracrine factors made up of soluble proteins are secreted through fusion of secretory granules with the plasma
membrane. Cells also shed bioactive factors packaged in extracellular vesicles. Microvesicles are shed directly from the
plasma membrane by outward budding and are relatively large (200—1,000 nm). Exosomes are released by fusion of multi-
vesicular bodies with the plasma membrane and are more homogenous in size (40-120 nm). Exosomes express cell surface
markers such as CD63, CD81, CD82, CD9, Tsg101, Alix, HSP70, and HSP90 and contain materials such as miRNAs, mRNAs,
lipids, and proteins. MSCs, mesenchymal stem cells. Color images available online at www.liebertpub.com/scd
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through such paracrine-mediated actions, and proteins se-
creted by MSCs have been documented to be antimicrobial,
antifibrotic, and proregenerative, exerting effects on pro-
cesses such as angiogenesis, proliferation, differentiation,
immune modulation, wound healing, bone regeneration, and
kidney and cardiac regeneration [29-34]. We have popu-
lated numerous research articles to summarize a variety of
paracrine factors released by adult human MSCs and their
subsequent reparative effects (Table 1). MSCs have been
shown to exert a cytoprotective effect on ischemic cardio-
myocytes for cardiac regeneration due to these factors such
as VEGF, HGF, FGF, IGF-1, and TB4 [35]. In addition,
these following growth factors have been linked to the
proliferative and regenerative effects: HGF, VEGF, SDF-1,
KGF, FGF, PGF, MCP-1, and IGF-1 [36]. Furthermore,
MSC anti-inflammatory effects are evidenced by the pro-
duction of anti-inflammatory cytokines (IL-10 and TSG-6)
and reduction of proinflammatory factors (IL-1a, IL-6, IL-
17, IFNy, GCSF, GM-CSF, MIP2a, and MCP-1) [37]. MSCs
are also found to secrete VEGF-A, which is responsible for
angiogenesis, and Angl/Ang2, which have roles in neo-
vessel maturation, and altogether these factors contribute to
wound healing [37].

Recently, MSCs have become an attractive target of secre-
tome profiling studies aiming to discover proteins regulating
cell survival, proliferation, differentiation, or inflammatory
response. The MSC secretome is a complex sample, largely
due to the difficulties in its collection and preparation for fur-
ther analysis and functional studies [28]. The MSC secretome
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presents several beneficial properties, for example, low im-
munogenicity, stability during extended storage, and their en-
capsulation basically protects their contents from cellular
degradation [3]. To promote a better biological response from
MSCs, preconditioning of MSCs will open up the opportunities
to achieve a tailor-made secretome profile.

MSC-Derived Exosomes

Trophic factors released by MSCs in soluble or vesicle-
bound forms are referred to collectively as the secretome or
sheddome, respectively. This section of the review will focus
on the MSC sheddome, its characteristics, potential clinical
applications, and outcomes from recent clinical trials at-
tempting to exploit their functionality. The contents of the
extracellular vesicles (EVs), referred to as their “‘cargo,” un-
covered using mass spectrometry, next generation sequencing,
and lipid profiling, have allowed us to infer their potential
function [38,39]. Emerging evidence indicates that EV cargo
comprised molecules with diverse biological properties, in-
cluding lipids (ie, cholesterol, sphingomyelin, and hex-
osylcermides), proteins (both endosome-associated proteins,
tetraspanins, and lipid raft-associated proteins, as well as dis-
crete protein cargo), RNA subtypes (ie, mRNA, miRNA,
tRNA, rRNA, siRNA, and IncRNA), and DNA subtypes (ie,
mtDNA, ssDNA, and dsDNA) [40-42]. Given the bioactive
nature of their cargo and likelihood that EVs shed by MSCs are
reflective of their cells of origin, it is hardly surprising that the
therapeutic potential of MSC-EVs is a subject of active

TABLE 1. PARACRINE FACTORS DERIVED FROM HUMAN MESENCHYMAL STEM CELL AND THEIR EFFECTS

Cell type Paracrine factors Paracrine action Reference
STRO-1* BMMSC Conditioned media Increase proliferation of cardiac muscle cells [97]
containing CXCL12, Increase endothelial tube formation
MCP-1, VEGF,
HGF, IL-6, IL-8
BMMSC, GRO, IL-6, IL-8, MCP- Promote proliferation and migration of HMEC [2]
adipose MSC, 1, RANTES, SDF-1, in vitro
dermal tissue MSC TNFo, angiogenin, Promote angiogenesis of HMEC in vitro using
VEGEF-A, VEGF-D, tube formation assay
leptin
BMMSC miRNA-containing Inhibit macrophage activation by suppressing [98]
exosomes Toll-like receptor signaling
BMMSC Exosomes Facilitate bone repair in a mouse model [27]
Akt-MSC Conditioned media Protection of ischemic myocardium in vivo after [99]
acute infarction
Umbilical cord MSC Exosomes Reduce liver fibrosis in a mouse model [36]
BMMSC Exosomes Improve diabetes-induced cognitive impairment [100]
BMMSC Angiopoietin-1, KGF Restore epithelial permeability in alveolar [101]
epithelial cells
Adipose MSC Conditioned media Increase adipogenic differentiation [64]
Adipose and umbilical Conditioned media Inhibit proliferation and induce differentiation [102]
cord MSC of glioma cells
BMMSC Conditioned media Induce migration and proliferation of renal [103]
epithelial cells and reduce cisplatin-induced
proximal tubule cell death
BMMSC Conditioned media Promote endothelial cell and smooth muscle cell [104]

proliferation and migration

BMMSC, bone marrow-derived mesenchymal stem cell; CXCL, chemokine C-X-C motif ligand, MCP, monocyte chemoattractant
protein; VEGF, vascular endothelial growth factor; HGF, hepatocyte growth factor; IL, interleukin; GRO, growth-related oncogene;
RANTES, regulated on activation normal T cell expressed and secreted; SDF, stromal cell-derived factor, TNF, tumor necrosis factor;
HMEC, human dermal microvascular endothelial cells.
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research. EVs are generally separated into two major sub-
populations, namely exosomes and microvesicles (MVs).

Exosomes are smaller with a size range of 40-120 nm and
originate from the endosomal compartment where intraluminal
vesicles within multivesicular bodies are released by exocy-
tosis. In contrast, MVs are larger (~200-1,000 nm) and bud
directly from the plasma membrane. These EVs can be purified
through a number of means, including size-based separation
such as differential ultracentrifugation and ultrafiltration,
density-based separation such as sucrose and OptiPrep™ gra-
dients, as well as immunoaffinity and polyethylene glycol
precipitation of the EVs [43,44]. It should be noted, however,
that none of these methods is able to reliably separate EV
subgroups. Indeed, this is a major technical challenge for the
EV field at this moment. Researchers should therefore consider
inherent biases in each purification strategy and this has the
potential to influence biological functions and biochemical
properties of the isolated EVs.

The minimal requirements for the definition of EVs are
detailed in a position article published by the International
Society for Extracellular Vesicles [45]. The authors suggest
that each EV preparation must quantify proteins that should
be enriched in EVs, given the absence of exosome-specific
markers. Indeed, investigators are recommended to report
the amount of three or more proteins known to be enriched
in EVs in, at least, a semiquantitative manner [45]. These
are generally thought to be transmembrane proteins or cy-
tosolic proteins with membrane binding capacity. Further-
more, when comparing the relative abundance of these
proteins to that of the secreting cells, such as in the case of
MSC-derived EVs, it is important to also measure the rel-
ative abundance of intracellular proteins that are not ex-
pected to be enriched in EVs, such as those associated with
the endoplasmic reticulum and mitochondria. The relative
abundance or absence of these proteins will also inform on
the extent of coisolation of EVs from different cellular
compartments.

A recent in-depth proteomic analysis of MSC-derived
EVs has shown that MSCs are able to package as much as
one-third of their protein content within EVs [39]. The
mechanisms of action of MSC-derived EVs are, of course,
not limited to their proteomic cargo and their release into
target cells. MSCs have also been observed donating cyto-
plasmic material to other cells using nanotubules and EVs
[46], thereby supporting the notion that MSCs may utilize
EVs in their intercellular communication. Tunneling nano-
tubules and EVs have been observed in intercellular com-
munications between MSCs and human peripheral T cells
where there was evidence of bidirectional transfer of cellular
material between the cells [47]. Interestingly, the tunneling
nanotubules were exclusively produced by the T cells. This
novel mechanism of cellular communication may be the
basis of the immunomodulatory actions of MSCs.

The subsequent sections will discuss the preclinical
assessments of MSC-derived EVs in a variety of disease
settings.

Bone and cartilage damage

The therapeutic potential of MSCs in orthopedic applica-
tions has been thoroughly explored over the past decade. The
clinical translation of this research has progressed to com-
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mercial off-the-shelf MSC products such as in the case of
Orthocell (Perth, Western Australia). In an attempt to eval-
uate the potential for MSC-EVs in this setting, MSC-EVs
were isolated from MSC-conditioned media and tested in a
femur fracture model of CD9™~ mice, which are known to
produce reduced levels of exosomes [48]. The authors ob-
served a significant reduction in bone union rate in the CD9 ™~
mice compared to wild-type mice, and this is attributed to
retardation of callus formation. This was rescued by the
injection of MSC-EVs, but not by EV-depleted MSC-
conditioned media. When levels of fracture resolution proteins
were measured, the levels of MCP-1, MCP-3, and SDF-1 were
lower in MSC-EVs compared with MSC-conditioned media
and EV-depleted MSC-conditioned media. This led to the
postulation that bone repair may be, in part, mediated by other
exosome components, such as miRNAs [48].

At the same niche, MSC-EVs have recently been shown
to rescue radiation damage to BM hematopoietic stem cells
[49]. BM stem cell engraftment was significantly enhanced
by exposure to MSC-EVs at 3 weeks to 9 months after
transplant, and further confirmed by secondary engraftment.
Intravenous delivery of MSC-EVs to mice exposed to
500 cGy resulted in a partial recovery of peripheral blood
counts and restoration of the engraftment of BM. When the
murine hematopoietic cell line FDC-P1 was exposed to the
same level of irradiation, the authors observed a reversal of
growth inhibition, DNA damage, and apoptosis on exposure
to MSC-EVs. EVs from human embryonic MSCs have also
been shown to promote cartilage regeneration in an immu-
nocompetent rat osteochondral defect mode, where MSC-
EVs accelerated neotissue filling and enhanced matrix
synthesis of type II collagen and sulfated glycosamino-
glycan. At the end of a 12-week study, rats that received
MSC-EVs displayed complete restoration of cartilage and
subchondral bone, complete bonding to adjacent cartilage,
and extracellular matrix (ECM) deposition resembling that
of age-matched controls. In contrast, only fibrous repair was
observed in contralateral control defects treated with the
vehicle [50].

Cardiovascular disease

The therapeutic efficacy of MSC-EVs has been reported
in a mouse model of myocardial ischemia—reperfusion
where the infarct size was nearly halved and a significant
improvement in cardiomyocyte survival was observed [51].
It is worth noting that the antiapoptotic effect of MSC-EVs
is closely associated with miR-21-mediated targeting of
methyl CpG-binding protein 2 [52]. Furthermore, genetic
modification of MSCs with GATA-4 has been reported to
increase EV efficacy for cardiac repair with increased car-
diomyocyte survival, reduced apoptosis, and enhanced car-
diac contractile function in mice subjected to myocardial
infarction [53]. The antiapoptotic effect of GATA-4 MSC-
EVs was attributed to the enrichment of miR-19a that targets
phosphatase and tensin homologue (PTEN), leading to ac-
tivation of Akt and Erk signaling pathways.

Tissue fibrosis

The therapeutic potential of MSCs in fibrotic conditions is
currently being investigated in over 50 clinical trials (out of



ENGINEERING MSC PARACRINE ACTIVITY

a total of 688 clinical trials involving MSCs) around the
world (www.clinicaltrials.gov); however, there are currently
limited reports on the efficacy of MSC-EVs in models of
tissue fibrosis. In the case of renal fibrosis, MSC-EVs en-
riched in miR-let7c have been reported to attenuate kidney
damage concurrently with a significant reduction in the
expression of collagen IVal, metalloproteinase-9, TGFp1,
and TGFPBR1 following unilateral ureteral obstruction [54].
Similar findings were reported in a mouse model of silica-
induced lung fibrosis where intravenously delivered MSC-
EVs reduced deposition of collagen in the lungs. In addition,
pulmonary inflammatory infiltrates were reduced and num-
bers of foamy macrophages were noticeably reduced in the
lungs of animals that received the MSC-EVs [55]. In a re-
cent assessment of the potential of MSC-EVs for liver fi-
brosis, MSCs isolated from the chorionic plate were found
to produce EVs that were highly enriched with miR-125b
[56]. This miRNA was shown by the authors to target sonic
hedgehog signaling, which is elevated in liver fibrosis.
Furthermore, the MSC-EVs were found to reverse inhibition
of liver progenitor cell expansion and stellate cell activation
[56]. This finding supports an earlier report showing that
MSCs from the umbilical cord tissue could reduce surface
fibrous capsules in a carbon tetrachloride model of liver
fibrosis [57]. This earlier study reported similar findings, in
that MSC-EVs reduced serum levels of aspartate amino-
transferase, reduced liver collagen content, TGFB1, and
phosphorylated Smad2, along with evidence of reduced
stellate cell activation.

Mechanisms Controlling Paracrine Factor
Production and Release

An area of active interest is how paracrine factor pro-
duction and release are modulated. There are two aspects to
this; first, how information is received by the cell to alter
expression of paracrine factors and second, the mechanisms
that control the subsequent release of proteins or exosomes
from the cell. MSCs can be stimulated to release proteins in
response to hypoxia or culture in a serum-free medium. One
of the methods that cells communicate and exchange cel-
lular information is by secretion of these factors (soluble
proteins, exosomes, and MVs), which in turn induces phe-
notypic and functional changes in the recipient cells. In the
traditional secretory pathway, proteins are sorted in the
Golgi apparatus, transported to the plasma membrane, and
released by fusion with the plasma membrane [58].

The mechanisms that control biogenesis and composition
of exosome cargo are still not well understood. One pro-
posed molecular mechanism is through the Endosomal
Sorting Complex Required for Transport (ESCRT), which
could play a role in binding and sorting of ubiquitinylated
proteins into exosomes [58]. Alix has been shown to par-
ticipate in endocytic membrane trafficking and cytoskeletal
remodeling [59]. Baietti et al. reported that biogenesis of
exosomes is controlled by syntenin (cytosolic adaptor),
which connects syndecans with Alix, and these assemblies
support endosomal membrane budding [60]. Interaction of
Alix with the ESCRT is mainly associated with the accu-
mulation of the luminal cargo of the exosomes.

The mechanisms involved in the release of exosomes
include the cytoskeleton (actin and microtubules), molecular
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motors (kinesins and myosins), small GTPases, and the fu-
sion machinery (SNAREs and tethering factors) [40]. Exo-
somes are released by p53-regulated exocytosis, and its
biogenesis depends on cytoskeleton activation but Ca®* in-
dependent [61]. The challenges now are to define what
specific bioactive factors are contained in the exosomes and
elucidate the physiological importance of this exosome
transfer. The cargo of the exosomes could potentially be
manipulated to achieve specific and efficient delivery of
bioactive factors to selected target cells.

Sensing of external cues and transduction
into the cell

In terms of sensing information that guides the produc-
tion of different paracrine factors, the mechanisms of a
wide range of different soluble factors have been well-
characterized [4,35,37]. An often overlooked source of in-
formation for cells comes from matrix-derived cues, and
mechanotransduction is the major process by which cells
detect and subsequently respond to extracellular stimuli. In
this process, cells detect outside-in signals, relay them
through the cytoplasmic compartment, and elicit an alter-
ation to gene/protein expression. This change in expression
profile can then further alter the extracellular environment
through an inside-out signaling mechanism. This signal
feedback loop utilizes multiple cellular components situated
across both extracellular and nuclear compartments (Fig. 2).

The primary means by which cells receive mechanical
information is through integrin signaling. Specific dimers of
alpha and beta integrins bind to peptide motifs within ECM
proteins and facilitate cell adhesion, which in turn leads to
the formation of focal adhesion complexes (FACs). This
multiprotein complex acts as the primary site from which
cells assess and subsequently relay mechanical information
through the cytoplasm. Importantly, they provide a physical
link between the integrin-ECM interactions outside the cell
and to the actin cytoskeleton within the cell. One mecha-
nism by which FACs transmit mechanical cues from the
ECM to the cytoplasmic compartment is through the ex-
posure of tension-sensitive cryptic binding sites. For ex-
ample, following the application of tension forces, Talin (a
FAC protein situated across the cytoplasmic face) was
demonstrated to undergo conformational changes, which in
turn exposed previously buried vinculin binding sites [62].
Similarly, force-induced conformational changes to FAC
proteins may also expose sites for modification, allowing for
the recruitment of new interactions [63]. For example,
through the application of mechanical stretching, confor-
mational changes induced in p130CAS exposed several ty-
rosines, which could be phosphorylated by Src, in turn
allowing the force-dependent activation of the small GTPase
RAP1 [64]. It is therefore evident that changes to the FAC
composition and structure through altered integrin speci-
ficity of perturbation of tension (ie, through substrate-
induced cell spreading), thus, allow the transmission of
varying mechanical information [65].

The regulation of cytoskeletal tension in response to envi-
ronmental cues is heavily influenced by RhoA and ROCK
activity across FACs [66]. RhoA acts to regulate focal adhesion
formation and actin contractility through downstream phos-
phorylation cascades, able to regulate myosin contractility and
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FIG. 2. Cellular components involved in mechanotransduction. Focal adhesion sites situated across the cell periphery
transmit tension forces across the cytoskeletal elements (actin, microtubule, and intermediate filament networks) to the NE.
These forces are further transferred across the NE through SUN-KASH interactions associated with the LINC complex.
Once within the nuclear compartment, these mechanical cues detected at the cell periphery are translated to biochemical and
biological responses, such as changes in gene and protein expression, and ultimately paracrine signaling. KASH, Klarsicht
ANC-1 and SYNE-Nesprin-1/-2 homology; LINC, linker of nucleoskeleton and cytoskeleton; NE, nuclear envelope. Color
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in turn MSC lineage [67,68]. Of particular interest in this
context, the RhoA activity in MSCs was recently shown to alter
the secretion of matrix metalloproteinase 3 (MMP3). This
cleaved CTGEF, resulting in VEGF release and provides a clear
example of how modulation of mechanical signaling can lead
to an altered secretion of a protein and subsequent changes to
the extracellular environment, which then provide inductive
signals to locally bound cells [69].

Force transmission from the cytoplasm
to the nucleus

To convert information from mechanical signaling cas-
cades into changes in gene expression and functional out-
puts, it is necessary to transmit information on physical cues
and forces into the nucleus. However, the processes by
which these mechanical cues are conveyed across the nu-
clear envelope (NE) are still unknown. It has been suggested
that the nucleus of a cell, similar to the cytoplasmic com-
partment, is under continuous tension [70,71] and alterations
to this tension may elicit changes to chromatin structure and
gene expression. In recent years, the linker of nucleoskele-
ton and cytoskeleton (LINC) complex has been highlighted
as a key structure through which mechanical stimuli may be
directly transferred across the nuclear surface.

Comprising outer nuclear membrane, Klarsicht ANC-1
and SYNE-Nesprin-1/-2 homology (KASH) proteins, and
inner nuclear membrane SUN proteins, the LINC complex

provides a physical bridge between nuclear and cytoplasmic
compartments. The formation of this two-membrane adhe-
sive assembly enables the transmission of force across the
NE, providing function in maintaining centrosome—nuclear
interactions, nuclear architecture, signal transduction, DNA
repair, and chromosome migration [72]. It can therefore be
suggested that the LINC complex must be a dynamic protein
network of highly ordered interactions, allowing the trans-
mission of multiple signal transductions from a variety of
cytoskeletal components to the nuclear interior. In recent
work, it was shown that maintaining LINC connections is
the key to detection and transmission of mechanical cues
across the NE, and in turn regulating gene expression [73].
For example, in Lamin A/C- and Emerin-deficient mouse
embryonic fibroblasts, the expression of lex-1, EGR-1 [74],
and MKL-1 [75] is impaired in response to cyclic strain,
resulting in the loss of signal translocation to the nuclear
compartment. With further investigations proposing EGR-1
as a mediating transcription factor in response to TGFf(2
signaling [76], it can therefore be concluded that LINC
connections are vital to the maintenance of signal trans-
duction from the ECM and to elicit changes in gene regu-
lation.

Together, these mechanisms provide the machinery by
which extracellular stimuli can be coupled to intracellular
compartments and ultimately transmitted into the nucleus to
exert changes in gene expression. Although it is clear that
the MSC secretome and exosome composition change in
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response to physical extracellular cues, this is currently a
largely untouched area of research. Future attempts to
couple the observed MSC paracrine behaviors with these
mechanotransductive mechanisms will provide important
insights into how these factors are linked.

Effect of MSC Origin and Potency
on Paracrine Activity

The most critical factor when harnessing MSC paracrine
activity for therapeutic purposes is the quality and potency of
the cells themselves. With similarities and differences be-
tween MSCs derived from different tissue sources, their ap-
plicability to varying therapeutic applications is a topic of
ongoing debate and so, inevitably, MSCs from different tis-
sue sources have been shown to have both varying secretory
profiles [77] and distinct exosome compositions [42].

The secretome of various MSC populations has been pro-
filed, with studies generally showing that MSCs secrete a
mixture of ECM constituents, immunomodulatory factors,
and a complex cocktail of growth factors and cytokines, al-
though there are variations in the precise composition re-
ported between publications [26,78]. Systematic studies that
specifically compare MSCs from different tissue sources have
confirmed that the paracrine activity of MSCs is dependent
upon origin. One study compared BM, adipose (AD), and
Wharton’s jelly MSCs and found that Wharton’s jelly-derived
MSCs secreted the greatest amount of immunomodulatory
factors, such as IL-6, -7, and -10, as well as PDGF-AA and
TGFp2, while AD-MSCs produced significantly more ECM
proteins and enzymes, for example, collagens 1 and 2 and
MMPs [79]. Pires et al. also saw differences in the production
of neuroregulatory factors between BM-, AD-, and umbilical
cord-derived MSC populations [77].

The most significant difference has been shown in the
therapeutic potential of fetally derived versus adult MSCs.
Factors produced by fetal MSCs have shown potential use as
both therapeutic agents in their own right, but also as
paracrine modulators. Factors released by fetal MSCs were
able to reduce replicative senescence in adult MSCs and had
more potent pro-osteogenic effects than adult MSC secre-
tome when injected into a rat distraction osteogenesis model
[80]. It is well characterized that both the age and tissue
source of MSCs provide unique cellular phenotypes, in-
cluding differential expression of inhibitory kappa B kinase
(IxkB), mitogen-activated protein kinase, nuclear factor-
kappa B (NF-kB), CD151, LAMP1, and LAMP2 [81-83].
Although our knowledge of age- and source-related changes
to MSCs is expanding, our understanding of these effects on
the MSC secretome is currently limited. Recent investiga-
tions are beginning to shed light on this area, suggesting
alterations in exosome functionality with increasing MSC
age. In a recent study, MSC exosomes were shown to ex-
press functional respiratory complexes I, IV, and V, which
may act to consume oxygen and promote aerobic ATP
synthesis restoration in damaged cells. However, in a
comparison between exosomes isolated from culture media
of umbilical cord MSCs of >37-week-old newborns (ie, term
infants) and 28-30-week-old newborns (ie, preterm infants),
ATP synthesis was only detectible in exosomes from term
newborns, suggestive of a specific mechanism that is not
completed at an early gestational age [84]. These findings
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therefore suggest that MSC exosome signaling may contain
a further layer of signaling complexity based on cellular age.

The differentiation status of MSCs has also been shown to
influence their paracrine activity with distinct changes oc-
curring during osteogenic, chondrogenic, and adipogenic
lineage commitment. As would be anticipated, many of
these changes reflect the change in function of these cells.
For example, Arufe et al. [85] showed that the proteins se-
creted by MSCs from umbilical cord stroma changed as they
underwent chondrogenic differentiation and further deter-
mined that, of the 342 different proteins identified, 17%
were factors already linked to chondrogenesis (eg, MMPs
and ECM proteins).

Extending on this principle, a conditioned medium from
both osteogenic [86] and adipogenic [87] MSC cultures has
been shown to enhance these respective differentiation
processes in recipient MSC cultures. This not only suggests
that paracrine signaling mechanisms play an important role
during typical MSC differentiation but also that modulating
such signaling is a strategy that could be used to enhance the
differentiation process. Clearly, the source of the condi-
tioned medium is critical, as demonstrated by the fact that
clear differences exist between the pro-osteogenic effect of
conditioned medium collected from either osteogenic or
undifferentiated MSC cultures [88].

Microenvironmental Effects on MSC
Paracrine Signaling

We propose that the environment surrounding the MSCs
is of critical importance to direct the paracrine activity. It is
logical that the optimum therapeutic response will only be
generated when the cells are producing the necessary factors
to mediate the desired effect. To date, attempts to monitor or
even control this have been somewhat limited. However, it
is clear that the status of the MSC population has a huge
impact upon the factors produced by the cell and their ac-
tivity (Table 2). The cellular microenvironment, which we
typically hope to approximate during in vitro culture, pro-
vides information to the cell through soluble factors, phys-
ical factors (such as ECM composition, geometry, and
mechanical properties), and oxygen tension. In this study,
we evaluate the evidence that the cellular microenvironment
contributes to the paracrine activity of MSC populations and
should be considered when culturing MSCs whose thera-
peutic efficacy will be mediated by paracrine signaling.

Soluble signaling factors

Many soluble factors are sensed by MSCs and subse-
quently alter their paracrine activities. For example, Ren
et al. showed that the ability of MSCs to suppress T cell
proliferation required the MSCs to receive soluble factors
released by activated T cells, and in the absence of these
factors, the MSCs had no impact on T cell proliferation
[89]. The mechanism for this effect was determined to be
mediated by TNFa, IFNy, and IL-10/1p acting upon the
MSCs and induced them to produce large amounts of
CXCL9 and CXCL10. In a separate study, activation of
MSCs with TNFa and IFNy was also shown to increase
production of IL-6, HGF, VEGF, and TGFf and promote
bone formation [90].
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TABLE 2. SUMMARY OF MESENCHYMAL STEM CELL PARACRINE FACTORS SHOWING
SENSITIVITY TO MICROENVIRONMENTAL CONDITIONS

Microenvironmental cue Paracrine factors Reference
Soluble signaling factors
IFNYy, TNFa, IL-1a, IL-1B CXCL9, CXCL10 [66]
IFNYy, TNFa IL-6, HGF, VEGF, TGFp3 [67]
TGFp PIGF, IGFBP-3, LIF, OSM, IL-4, IL-7, IL-13, CXCLO9, [68,90]
CCL26, osteopontin
Lipopolysaccharide miRNA let-7b [70]
Oxygen tension
Hypoxia (5% O,) thymosin-b, EF-2, PEDF, IGF-2, semaphorin-7A, MIF, HSP70, [73]
and moesin
Near anoxia (0.1% O,) VEGF-A, VEGF-C, IL-8, RANTES, MCP-1 [74]
Hypoxic preconditioning GM-CSF, VEGF, IL-6, and IGF-1 [75]
Ischemic preconditioning Exosomes enriched in miR-21, miR-22, miR-199a-3p, [31]
miR-210, miR-24
Ischemic preconditioning Exosomes [77]
3D cell culture
3D spheroids PGE2 [78]
3D spheroids TSG-6, STC-1, LIF [79]
3D spheroids 1L-24 [80]
Matrix composition
RGD-modified alginate hydrogels VEGF [105]
Collagen vs. laminin VEGF, 1L-6, GM-CSF, TGF1, TNFa [82]
Matrix mechanical properties
Matrix stiffness VEGF, IGF, EGF, IL-6 and IL-8 [89]
Mechanical stimulation
Multiaxial tension BLC, VEGF, MDC, MIP3o0, LAP, MMP13 [91]
Mechanical load MMP2, TGFf, FGF [90]

TGF, transforming growth factor; PIGF, placental growth factor; IGFBP, insulin-like growth factor binding protein, LIF, leukemia
inhibitory factor; OSM, oncostatin M; CCL, chemokine CC motif ligand; EF, elongation factor; PEDF, pigment epithelium-derived factor;
IGF, insulin-like growth factor; MIF, macrophage migration inhibitory factor; HSP, heat shock protein; GM-CSF, granulocyte—macrophage
colony-stimulating factor; PGE2, prostaglandin E2; STC, stanniocalcin; TSG, TNFa-stimulated gene; EGF, epidermal growth factor; BLC,
B lymphocyte chemoattractant; MDC, macrophage-derived chemokine; MIP, macrophage inflammatory protein; LAP, latency associated
peptide; MMP, matrix metalloproteinase; FGF, fibroblast growth factor.

TGFp is also widely reported to alter MSC function
through their secretory activities. In a study by Rodriguez
et al., MSCs treated with TGFB1 increased their production
of a range of factors involved in MSC immunosuppression
and bone remodeling, including PIGF, IGFBP-3, LIF, OSM,
IL-4, IL-7, IL-13, CXCL9, CCL26, and osteopontin [91].
There is also an autoregulatory loop in which the response
of MSCs to TGFB1 is to upregulate their production of
TGFB1 and 2 [92].

Although much less is currently known about the effect of
soluble signaling mechanisms on MSC exosome signaling,
it has been shown that treating MSCs with lipopolysaccha-
ride modulates the abundance of miR-let-7b in MSC-
derived exosomes, which in turn enhances wound healing
and decreases inflammation by signaling to macrophages
[93]. This provides proof-of-concept that soluble factors can
also modulate the composition and activity of MSC-derived
exosomes.

Oxygen tension

In vivo, the O, tension of the tissues is typically far lower
than the 20% O, present in our atmosphere, with models
predicting that MSCs are adapted to O, tensions from 1% to
7% [94]. Consistent with this, several studies have demon-

strated that MSCs cultured under low O, conditions better
retain their proliferative capacity, surface antigen expression
profile, expression of ‘‘stemness’ genes, and differentiation
potential in comparison with those cultured in atmospheric
O, [95]. Increasingly, paracrine signaling is also emerging
as a factor that is heavily influenced by O, tension.

Under hypoxic conditions, Wharton’s jelly-derived MSCs
secreted increased levels of thymosin-b, EF-2, PEDF, IGF-
2, semaphorin-7A, MIF, HSP70, and moesin [96]. Various
studies have also indicated functional differences in re-
sponse to changing paracrine signaling; Paquet et al. showed
that the conditioned medium collected from MSCs cultured
in 0.1% O, had greater chemotactic and proangiogenic
properties than normoxic conditioned medium, as well as a
reduced inflammatory mediator content [97]. Such changes
have also been proven to alter the regenerative effect of the
cells. When using MSCs to remodel salivary glands after
radiation treatment, hypoxic preconditioning of the MSCs
improved the therapeutic response and this was associated
with an increase in the production of GM-CSF, VEGF, IL-6,
and IGF-1 [98]. Conversely, hypoxia-induced changes in the
secretome impaired cardiac repair by MSCs, although in this
case, the specific factors were unknown [99].

As with other stimuli, far less is currently known re-
garding exosomes and O, tension than is known about
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protein secretion. However, it has been shown that exo-
somes derived from MSCs cultured under hypoxia provided
better protection in a mouse acute lung injury model than
those derived from normoxic MSCs [100]. Ischemic pre-
conditioning was also shown to enrich for miR-21, miR-22,
miR-199a-3p, miR-210, and miR-24 in MSC-EVs, and ad-
ministration of the EVs reduced cardiac fibrosis and apo-
ptosis compared to control EVs [52]. Anderson et al. further
demonstrated that priming of MSCs using a combination of
serum starvation and hypoxia (1% O,) resulted in EVs that
were enriched in PDGF, epidermal growth factor (EGF),
and NF-«B signaling pathways. Enrichment of this specific
EV cargo was then correlated to their improved proangio-
genic potential [39]. As we gain a better understanding of
MSC exosome composition and function, it is likely that
other factors will also emerge.

Substrate and ECM cues

The earliest indications that MSC paracrine signaling
depends upon their physical microenvironment come from
studies that adopted spheroidal aggregates (akin to embryoid
bodies) as a simple scalable system for 3D MSC culture.
Cell spheroids change the microenvironment to provide
cells with 3D context and induce changes to cell shape and
polarity, while encouraging cell-cell interactions.

The Prockop group showed that MSCs cultured as 3D
spheroids have anti-inflammatory properties far superior to
those of 2D MSC cultures. The conditioned medium from
MSC spheroids inhibited macrophage proliferation and al-
tered the bias between M1 and M2 phenotypes [101]. Fur-
ther investigation revealed that this was due to an increased
secretion of PGE2, which subsequently decreased produc-
tion of the proinflammatory TNFa, CXCL2, IL-6, IL-12,
and IL-23 by the macrophage population [102]. In another
study, 3D spheroid culture induced the production of IL-24
by MSCs. This factor has potent anticancer properties and
consequently, the conditioned medium from 3D, but not 2D,
MSC:s reduced the viability of a number of cancer cell lines,
while leaving their noncancerous counterparts unaffected
[103].

Ho et al. [104] compared MSC spheroids encapsulated
within alginate hydrogels to dispersed MSCs. Both systems
provide 3D context, but differ in whether the cells are pri-
marily in contact with the matrix or other cells. Their results
highlighted two interesting phenomena; first, VEGF pro-
duction was greater from the MSC spheroids than single cells,
which might indicate that changes in O, resulted in an altered
angiogenesis. Second, the levels of VEGF were more than
twice as high when adhesive RGD peptides were incorpo-
rated into the hydrogel matrix. This suggests that integrin
binding and related signaling feeds into the MSC secretory
activity. There is certainly much more to be elucidated as to
the role of integrin binding in paracrine activity, but data from
De Lisio et al. provide a tantalizing glimpse by showing that
the expression of key paracrine factors, such as VEGF, IL-6,
GM-CSF, TGFp1, and TNFa, were altered between MSCs
cultured on collagen or laminin, in which different integrins
will mediate cell attachment [105].

In addition to biochemical information, the ECM (or
materials in which MSCs are encapsulated) provides infor-
mation to cells based on the mechanical properties, for
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example, substrate stiffness, time-dependent deformation [106—
108], ligand spatial context [109], topography [110,111],
and much more. All of these factors are known to play
important roles regulating MSC proliferation and differ-
entiation. Of these cues, we already know that substrate
stiffness (elasticity) can influence the paracrine activity.
When MSCs were cultured on polyacrylamide hydrogels
of varying stiffness, VEGF and IGF were upregulated with
increasing modulus, while EGF, IL-6, and IL-8 showed
biphasic secretory profiles [112]. This indicates that the
mechanical properties of the MSC microenvironment will
likely require optimization when specific paracrine factors
are desired.

Mechanical stimulation

Aside from the soluble and matrix-derived cues that
MSC:s receive, cells in vivo are also subject to a variety of
mechanical forces such as fluid shear stress, tension, and
compression, which also provide context to the cells and can
drive MSC behavior. Furthermore, it is becoming increas-
ingly evident that mechanical stimulation can alter the MSC
paracrine activity. In a recent study, conditioned media from
mechanically loaded MSCs promoted angiogenesis within
human dermal microvascular endothelial cells (HMECs)
[113]. Further screening of the secretome between control
and mechanically loaded MSCs attributed these findings to
significantly increased levels in MMP2, TGFf, and FGF. As
each of these factors has been linked to angiogenic fate
determination, it was concluded that bioreactor-mediated
mechanical loading was able to alter the MSC secretome to
favor angiogenic differentiation.

Recent evidence now further suggests that the MSC se-
cretome may also vary in response to different mechan-
otransduction events. Gardner et al. showed that upon
chondrogenic induction through either TGFp incorporation
or multiaxial mechanical loading, the resulting secretome
compositions were observed to include soluble factors such
as VLC, VEGF, and MMP13 [114]. However, under closer
inspection, differential expression profiles were also ob-
served for Leptin, MDC, MIP3a, and LAP, aside gene ex-
pression alterations of four factors: angiopoietin 2, GROa,
MMP13, and osteoprotegerin. These data therefore suggest
that both TGFB and load-induced chondrogenic differenti-
ation present differences to the secretome compositions as a
result of differing mechanotransduction pathways.

Interestingly, studies that showed how physical stimuli
affect the MSC paracrine activity also started to provide
some hints as to how these paracrine effects may be medi-
ated. For example, in addition to demonstrating that secre-
tion of VEGF, IGF, EGF, IL-6, and IL-8 is dependent upon
substrate stiffness, Abdeen et al. [112] showed that the ef-
fects could be inhibited by using micropatterned islands to
restrict cell spreading and therefore limit the changes to
cytoskeletal architecture that are typically associated with
substrate stiffness. Micropatterning has also been used to
specify the geometry of MSCs (eg, stars and flowers) and
these also gave rise to differential expression of soluble
factors such as Wnts [115]. Such studies provide the first
important insights into the role that mechanotransduction
can play in regulating MSC paracrine signaling, although
much more is yet to be determined.
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Future Perspective: Engineering MSC Paracrine
Signaling for Tissue Regeneration

Collectively, the findings surveyed in this review indicate
that signals from the microenvironment have an important
influence on MSC paracrine signaling. Secretion of proteins
can clearly be modulated by a wide range of extracellular
cues, from soluble factors and oxygen tension to matrix-
mediated physical and mechanical cues. The field of exo-
somes is relatively new and so, not surprisingly, there are
fewer examples of altered exosome composition and activity
in relation to the cellular microenvironment. However, there
are indications that exosome signaling is sensitive to soluble
factors and oxygen concentration and so, it is likely that
details of how exosome signaling will change with regard to
other environmental cues will emerge as the field grows.

Importantly, the evidence is mounting that future thera-
pies, which rely upon MSC paracrine signaling, will need to
be underpinned by systematic evaluation of which culture
parameters are important in modulating paracrine factor
composition and how this changes in response to different
specific cues. Insights from mechanistic studies will also
have a role to play in linking how and why differences in
paracrine signaling might occur in response to different
cues. Given this knowledge, it is clear that there are nu-
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merous future opportunities to optimize MSC paracrine
activity by control of cellular microenvironmental condi-
tions and bioengineering and biomaterials science will play
a critical role in this process (Fig. 3).

One aspect of this will be the acknowledgement that cul-
ture environment needs to be optimized to harness MSC
paracrine activities when designing large-scale manufactur-
ing processes for MSC clinical production. There have al-
ready been significant moves toward chemically defined
media that remove the batch-to-batch variability associated
with fetal bovine serum (reviewed by Frith et al. [116]).
Different defined media formulations are currently com-
mercially available and have been shown to alter secretion of
TGFp and Angl [117], indicating that the choice of medium
is important. The evidence to show that proteins and exo-
somes released by MSCs are affected by soluble factors in-
dicates that it may also be possible to supplement culture
media with specific factors to elicit a particular response.
Separate to this, it will clearly be desirable to know the se-
creted protein and exosome composition when producing
MSC:s for therapeutic use by any particular culture method.

The literature surveyed in this study also suggests that any
particular culture method will impact paracrine signaling
through biomechanical information sensed by the cell re-
garding cues such as substrate viscoelasticity, topography,
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FIG. 3. Future strategies to harness MSC paracrine interactions for therapeutic applications. Our growing understanding
of MSC fate determination in response to soluble, physical, and mechanical stimuli can be applied to determine envi-
ronmental conditions, which favor select paracrine activities. Using this knowledge, it may be possible to incorporate
bioreactors and novel culture techniques to increase the yield of primed MSCs or MSC-derived products for use in
therapeutics. Finally, the development of synthetic biomaterials as a means of delivering specific paracrine factors may
provide a key research area in the coming years, able to increase the efficacy of current MSC therapeutics. Color images

available online at www.liebertpub.com/scd
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and ligand composition, and presentation. There is signifi-
cant interest in the use of bioreactor technology for MSC
expansion where many techniques exist, but a popular op-
tion is the concept of using dynamic suspension cultures of
MSCs attached to beads to maximize surface area [118]. If
systems like these are to be used, it will also be imperative
to understand the influence of mechanical forces, such as
fluid shear stress, on the MSC paracrine activity.

Aside from a focus on ensuring that the culture environ-
ment provides the best MSC state for clinical applications
that rely upon secreted proteins or exosome signaling, har-
nessing microenvironmentally sensitive paracrine interac-
tions may also provide effective means to improve the
differentiation efficiency of MSC populations within tissue-
engineered constructs. It is already well established that
factors released by MSCs can guide the fate of other cells in
that population [86,87]. Harnessing these effects could
provide additional means with which to help drive MSC fate
within biomaterial constructs.

Moving beyond the general premise that microenviron-
mental conditions should be optimized, it is not beyond reason
to imagine a situation where knowledge of how the micro-
environment modulates the MSC paracrine activity is used to
intelligently design in vitro culture environments, or materials
for in vivo MSC delivery, in a manner designed to specify the
MSC paracrine activity and therapeutic effect. This would
have enormous implications for the field, by providing the
ability to systematically tailor the manufacturing method to
match the desired protein or exosome populations produced
for any specific clinical application.

Finally, we envision a likely role for biomaterials to aid
in the delivery of paracrine factors or as a replacement for
whole-cell implantation. An early example of the delivery
concept is shown in a study by Zhang et al. who combined
exosomes derived from MSCs with tricalcium phosphate
scaffolds and demonstrated enhanced MSC osteogenesis
and bone formation in a calvarial defect model [119]. The
field of biomaterials offers many examples of controlled
drug, protein, and liposome delivery, and the currently
untapped potential of using these technologies to deliver
defined paracrine factors is enormous. Exosome therapies
also offer the exciting prospect of developing cell-free stem
cell therapies and ultimately it may be possible to engineer
synthetic exosomes with controlled therapeutic payloads,
thereby providing therapies that could well be cheaper and
more easily controlled than delivery of whole stem cell
populations. Such a vision is a tantalizing prospect, but
clearly, the field will have to develop much further to
achieve such goals.

Concluding Remarks

In conclusion, it is clear from the reviewed literature that
multiple aspects of the extracellular environment influence
the MSC paracrine activity, both in terms of secreted pro-
teins and exosomes. As technologies are developed to
manufacture high-quality MSC products for clinical use, it
is without doubt that advances in bioengineering and our
understanding of how the extracellular environment affects
the MSC paracrine activity will play a pivotal role in the
generation of widespread, successful, clinical MSC thera-
pies. Furthermore, integration of MSC biology with bio-
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materials science offers exciting promise to move beyond
this to smart delivery of cell-free MSC-based therapies.
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