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Effects of Mesenchymal Stem Cell-Derived Paracrine Signals

and Their Delivery Strategies

Calvin Chang, Jerry Yan, Zhicheng Yao, Chi Zhang, Xiaowei Li, and Hai-Quan Mao*

Mesenchymal stem cells (MSCs) have been widely studied as a versatile cell
source for tissue regeneration and remodeling due to their potent bioactivity,
which includes modulation of inflammation response, macrophage
polarization toward proregenerative lineage, promotion of angiogenesis, and
reduction in fibrosis. This review focuses on profiling the effects of paracrine
signals of MSCs, commonly referred to as the secretome, and highlighting the
various engineering approaches to tune the MSC secretome. Recent advances
in biomaterials-based therapeutic strategies for delivery of MSCs and
MSC-derived secretome in the form of extracellular vesicles are discussed,

along with their advantages and challenges.

1. Introduction

Mesenchymal stem cells (MSCs) or mesenchymal stromal cells
are increasingly recognized as a promising therapeutic over the
past few decades.l'! The International Society for Cellular Ther-
apy (ISCT) initially defined MSCs as fibroblast-like multipotent
adult stem cells with the capacity to self-renew and are plastic-
adherent under standard culture conditions, positive (>95%)
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for cluster of differentiation (CD) markers
CD105, CD73, and CD90, while negative
(<2%) for CD45, CD34, CD14/CDI11b,
CD79a/CD19, and human leukocyte
antigen (HLA)-DR isotype, and able to
differentiate into osteoblasts, adipocytes,
and chondrocytes.?] Cells with similar
properties have also been identified from
other tissues including adipose tissue,
umbilical vein, dental pulp, and synovial
membrane.[> These cells share the com-
mon features of multipotency, ease of
expansion, and versatile bioactivity profile.
Significant progress has been made to
expand the therapeutic effects of MSCs in different disease mod-
els and regenerative repairs. Despite of over 1100 clinical trials
testing the therapeutic benefits of MSCs from different sources,
treatment outcomes varied significantly. The inconsistency high-
lights the need for a better examination of the underlying mecha-
nisms behind MSC-based regeneration and repair of MSC thera-
peutics. Increasing evidence suggests that the original definition
of cell source and surface markers is not indicative of therapeu-
tic outcomes.!”] Recently, ISCT extended their definition of MSCs
to be supplemented by tissue-source origin of cells to highlight
tissue-specific properties, demonstrating stemness from both in
vitro and in vivo data, and associated with functional activities
that are not generally defined but rather informed by the intended
therapeutic mode of actions.®] Functional activities and thera-
peutic applications of MSCs are most commonly attributed to
two main mechanisms. The first relies on the differentiation, en-
graftment, and integration of the exogenous MSCs into the host
tissue during the repair process. In the hematopoietic microen-
vironment, for example, MSCs in the bone marrow can give rise
to osteoblasts, adipocytes, and stromal fibroblasts. Through the
transplantation of green fluorescent protein-transduced human
MSCs in nonobese diabetic/severe combined immunodeficiency
(NOD/SCID) mice, Muguruma et al. demonstrated direct visual
evidence of engraftment in the murine bone marrow in 10 weeks,
including differentiation into osteoblasts and osteocytes, and in
rare occasions, CD34 and CD31 positive endothelial cells.”! The
second mechanism primarily relies on the paracrine signaling
from the transplanted cells, which acts through the secretion of
signaling cues to induce host tissue regeneration.

The efficacy of MSC therapy, regardless of the mechanism
and delivery approaches, must consider the homing, adhesion,
survival, retention, immunomodulation, angiogenesis, engraft-
ment, and integration of transplanted MSCs at the tissue re-
pair site. Upon delivery of MSCs, either via homing or by di-
rect injection, further complications include the inflammation,
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hypoxia in the local microenvironment, which leads to chal-
lenges of MSC engraftment and integration to the host tissue.
The interaction between MSCs and extracellular matrix (ECM)
at the target tissue is critical to cell survival and retention; and
the lack of cell adhesion or MSC-ECM interaction leads to
an apoptotic process known as anoikis. As a result of reduced
anchorage-dependent signaling, downregulated phosphoinosi-
tide 3-kinase/protein kinase B (PI3K/Akt) and mitogen-activated
protein kinase/extracellular-signal-regulated kinase (MEK/ERK)
pathways from integrin receptor binding contributes to the
low percentage of MSC engraftment after transplantation.[1®11]
Strategies to address these challenges associated with the deliv-
ery of MSCs are central to successfully harness the full potential
of MSCs for clinical applications.

Microenvironment properties can influence the deposition of
proteins and ECM remodeling components that are crucial in es-
tablishing the MSC niche. In a study by Loebel et al., nascent
proteins deposited through MSC-hydrogel interaction were in-
fluenced by matrix stiffness with the focal adhesion sites con-
tributing to production of fibronectin, laminin, collagen, and
paxillin. This can further influence MSC mechano-signaling
through Yes-associated protein and transcriptional coactivator
(YAP/TAZ) pathway to result in MSC differentiation.!?] Of the
few studies that quantified efficiency of MSC engraftment in
vivo, poor survival outcomes were observed, thus challeng-
ing the classical paradigm of differentiation and engraftment
of exogenous MSCs leading to regeneration of the damaged
tissue.l32%1 The MSCs that were reported to engraft lacked
in sufficient quantity and duration of engraftment to directly
cause the improvements in tissue repair.2'~%’] Recent efforts
have now been directed to examining the paracrine activity of
transplanted MSCs and its effect on cellular populations re-
cruited to the local tissue, as well as longer-term regenerative
responses.

2. The MSC Secretome

The paradigm shift toward paracrine signaling as the primary
mechanism of MSC therapeutic efficacy has led to a growing
focus toward the regenerative and immunomodulatory poten-
tial of the conditioned medium after MSC culture, which con-
tains growth factors, cytokines, microRNA (miRNA), and other
small molecular weight signal cues. These MSC-secreted fac-
tors within conditioned media, termed the MSC “secretome,”
has been correlated with a majority of the therapeutic benefits
provided by MSCs.[?28] Various studies using the MSC secre-
tome have demonstrated therapeutic potential in prevalent injury
models.?31 Characterization of the MSC secretome in differ-
ent applications ranging from cartilage regeneration to cardiovas-
cular and other microenvironments has been performed using
standard techniques such as enzyme-linked immunosorbent as-
say (ELISA), liquid chromatography-mass spectrometry (LC-MS),
and proteomics-based profiling. The components of the secre-
tome can vary drastically in both composition and concentration,
depending on various cellular and preparation parameters.(32-°]
Due to the highly versatile nature of MSCs, the preferred secre-
tome for each application can be tailored; therefore the therapeu-
tic outcomes can be manipulated through intrinsic as well as ex-
trinsic factors such as biomaterials.
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3. Characterization of MSC Secretome for Various
Applications

The MSC secretome is mainly characterized as anti-
inflammatory, angiogenic, and immunomodulatory, although
other activities such as antifibrosis, neuroprotection, and pro-
moting cell proliferation have also been reported (Table 1). A
common group of factors identified in the MSC secretome
among MSCs from different sources includes vascular endothe-
lial growth factor (VEGF), basic fibroblast growth factor (bFGF),
and hepatocyte growth factor (HGF).[283436-38] Other angiogenic
and immunomodulatory growth factors and cytokines include
stromal cell-derived factor 1 (SDF-1), transforming growth factor
p1 (TGF-p1), insulin-like growth factor 1 (IGF-1), platelet-derived
growth factor (PDGF), and interleukin 6 (IL-6). Additional com-
ponents, particularly miRNAs, also play a major role in shaping
the unique characteristics of each secretome. The most no-
table ones are miR-23, miR-29, and miR-125Db, all of which are
considered to target genes that regulate vascular development,
angiogenesis, and overall regulation of cell growth.}#2 The
concentration of each molecule within the secretome may vary
across different preparations.[***] These findings not only
highlight the importance to better characterize the secretome for
quality control purpose, but also reveal the need to understand
the optimal secretome profile for a specific application and
identify the specific mechanistic pathways in regeneration of dif-
ferent tissue types. For example, the secretome of MSCs during
cartilage regeneration or chondrogenesis is characterized by high
levels of TGF-f1, tissue inhibitor of metalloproteinase 3 (TIMP-
3), and matrix metalloproteinase 13 (MMP13)**-11 Among
the secretome components, fibroblast growth factor-1 (FGF-1)
and PDGF, besides their angiogenic properties, also contribute
to the proliferation of chondrocytes.l>?l The miRNA components
miR-204, miR-211, miR-337 are correlated with preventing
cartilage degradation and promoting chondrogenesis.[*?#4]

In cardiovascular tissue repair, it is crucial to minimize fi-
brotic scarring in order to prevent stiffening of the cardiac tissue
and thus maintain tissue function.[?02%52] Natural antagonists of
MMP-9 and IL-6, including TIMP-3, interleukin 10 (IL-10), in-
doleamine 2,3-dioxygenase (IDO), and prostaglandin E2 (PGE,),
are upregulated during myocardial infarction (MI) and result
in fibrotic scarring. These MSC-secreted antifibrotic antagonists
have been utilized to reduce the fibrotic scarring that is gen-
erated in the MI microenvironment.[?*>3] In addition, MSC se-
cretome components miR-21, miR-130a, miR-210, and miR-214
have been associated with improved angiogenesis or antiapop-
totic effects, as well as reduction in infarct size.’*>8] The MSC-
mediated antifibrotic approach is also highly relevant to neural
regeneration, in addition to promoting neuronal differentiation
and axonal outgrowth. Secretome components such as TGF-p1,
IL-10, and miR-124 are responsible for reducing neuroinflam-
mation while miR-9, brain-derived neurotrophic factor (BDNF),
nerve growth factor (NGF), and glial cell-derived neurotrophic
factor (GDNF) are important for neuronal growth.[38:40:44]

MSCs have been extensively studied in wound healing to pro-
mote hemostasis, angiogenesis, cell proliferation, reduce inflam-
mation, and accelerate wound closure. MSC-secreted factors,
such as PDGF, and an array of miRNAs have been identified
with specific roles in angiogenesis (miR-21), re-epithelialization
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Table 1. Key secretome components involved in MSC-induced biological functions.

)

Biological function® Key growth factors and cytokines

Key micro-RNAs (miRNAs)

Antiapoptosis
Angiogenesis VEGF, bFGF, MCP-1, PDGF, HGF, IL-6, IL-8
Immunomodulation
Chemoattraction IGF-1, SDF-1, VEGF, G-CSF, MCP-1, IL-8, IL-16
Proliferation
Antifibrosis HGF, PGE,, IDO, IL-10

Neuroprotection BDNF, NGF, GDNF

VEGF, bFGF, G-CSF, HGF, IGF-1, STC-1, IL-2, IL-6, IL-9

IDO, HGF, PGE,, TGF-41, TSG-6, IL-7, IL-10, IL-19, IL-38

VEGF, bFGF, HGF, IGF-1, LIF, MCP-1, PGE,, SDF-1, PDGF, IL-2

miR-25, miR-214
miR-21, miR-23, miR-27, miR-126, miR-130a, miR-210, miR-378
miR-21, miR-146a, miR-375

miR-17
miR-26a, miR-29, miR-125b, miR-185
miR-9, miR-124

%) Abbreviations: VEGF (vascular endothelial growth factor), bFGF (basic fibroblast growth factor), G-CSF (granulocyte colony-stimulating factor), HGF (hepatocyte growth
factor), IGF-1 (insulin-like growth factor-1), STC-1 (stanniocalcin-1), MCP-1 (monocyte chemoattractant protein-1), PDGF (platelet-derived growth factor), IDO (indoleamine
2,3-dioxygenase), PGE, (prostaglandin E,), TGFA1 (transforming growth factor betal), TSG-6 (tumor necrosis factor-inducible gene 6), SDF-1 (stromal cell-derived factor 1),
LIF (leukemia inhibitory factor), BDNF (brain-derived neurotrophic factor), NGF (nerve growth factor), GDNF (glial cell-derived neurotrophic factor).

(TIMP-1, HGF, bFGF, miR-21, miR-31, and miR-483), and mod-
ulation of inflammation-related interleukin-1 receptor antagonist
(IL-1Ra), miR-21, miR-155, and miR-146.49%*] The secretome
has been shown to activate the appropriate signaling cascades
resulting in the subsequent proliferative, angiogenic, and anti-
inflammatory phases of wound healing. An MSC secretome has
also been utilized to accelerate cutaneous wound healing through
proliferation of endothelial cells, antiapoptotic effects, and reduc-
tion of inflammation.[®] As these phases of wound healing are
largely sequential with slight overlap in each stage, an ideal pre-
sentation of MSC-secreted factors should match this healing and
repair process over time.

4. Engineering MSC Secretome

The secretome transferred between the MSCs and other native
cells in the target tissue microenvironment through the release
of extracellular vesicles (EVs), which includes microvesicles and
exosomes. Treatments with EVs are considered safer for thera-
peutic applications compared to MSC therapy; and EVs can be
efficiently delivered due to their small sizes ranging from 30 to
150 nm.[2627] There are many factors involved in choosing the ap-
propriate cell source for EV production that can significantly in-
fluence the bioactivity profile of the secretome, such as the origin,
age, and culture conditions of the MSCs.[°*¢7] One study com-
paring bone marrow-derived MSC (BM-MSCs), Wharton’s jelly-
derived MSCs (W]-MSCs), and adipose tissue-derived MSC (AD-
SCs) found atleast 20-fold higher VEGF-A secretion in BM-MSCs
and ADSCs compared to WJ-MSCs, while W]-MSCs upregulated
at least threefold expression of HGF compared to the other cell
sources.[**] Besides these cell-intrinsic factors, numerous extrin-
sic factors can be tuned to condition MSCs and thus tailor the
secretome for specific applications. The major approaches that
have been explored to condition MSCs and engineer the secre-
tome include inducing hypoxia, treatment with bioactive agents
or growth factors, and modulating cell-cell and ECM interactions
in the MSC culture (Table 2).

4.1. Inducing Hypoxia in MSC Culture

Hypoxia, which refers to conditions where the oxygen tension
is significantly lower than the normal physiological oxygen con-
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centration, has been utilized during cell culture to enhance the
angiogenic effects of the MSC secretome. As the oxygen tension
is relatively low under most physiological microenvironments,
hypoxic conditions are also suggested to better promote in vivo
efficacy than normal oxygen condition.[®®7%1 While hypoxic mi-
croenvironments are more commonly studied in cancer progres-
sion, preconditioning MSCs in hypoxic conditions is safe and
nononcogenic both in vitro and in vivo.”! Culturing MSCs under
hypoxia promotes the proliferation and migration of MSCs and
boosts the bioactivities of the secretome, as evidenced by increas-
ing levels of VEGF, NGF, and BDNF as well as immune media-
tors such as IL-6, IL-15, and IL-14.[4*37174] The effect of hypoxic
preconditioning on growth factor secretion can vary between dif-
ferent MSC sources or specific environmental cues (Figure 1). As
shown by Petrenko et al., BM-MSCs cultured under hypoxia con-
dition show a greater level of VEGF, whereas ADSCs give a higher
level of NGF, suggesting that hypoxic preconditioning on growth
factor secretion may vary between MSCs from different sources
due to differences in sensitivity to metabolic conditioning.[*]

4.2. Treating MSCs with Bioactive Agents

Supplementing MSC culture media with specific bioactive agents
can also condition MSCs effectively and thus tune the EV com-
ponents. Deferoxamine (DFO) is most commonly prescribed
to treat acute iron poisoning due to its ability to chelate iron.
This activity can be utilized to promote angiogenesis and pre-
vent inhibition of hypoxia-inducible factor 1-alpha (HIF-1a) hy-
droxylation; the treatment of MSCs with DFO elicits effects
similar to hypoxia with upregulation of angiogenic growth fac-
tors like HIF-la and VEGF, correlating with an increase in
early vascularization and tissue viability, although its effects
on inflammation is not as clearly defined.”>””’! Other agents,
like valproic acid (VPA), have been utilized to enhance anti-
inflammatory activity with an increase in IL-10 while attenuat-
ing IL-6 expression.[”®8% A common approach is to directly in-
troduce the appropriate chemokines as preconditioning to take
advantage of the MSC feedback system between regeneration
and the immunomodulatory response. The introduction of an
inflammatory chemokine, most commonly interferon gamma
(IFN-y), during culture evokes an enhanced anti-inflammatory
response from MSCs, increasing expression of IDO and HLA
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Table 2. Various approaches to modulate MSC secretome.

Additional
Approach/methoda) Cell type conditions Outcomes
Inducing physiological stress, BM-MSCs Stirred suspension Upregulated two- to threefold expression of BDNF, VEGF, NGF, and 30-fold expression of IGF-1
e.g., culturing cells at via bioreactor compared to static culture.['?’]
constant agitation or under
a hypoxia condition
Umbilical-derived 5% O, Upregulated 1.5-2.5-fold expression of VEGF, BDNF, HGF.[28]
MSCs
ADSCs 1% O, Upregulated 2.5-fold expression of VEGF and twofold expression of FGF.[*3]
ADSCs and 5% O, Upregulated 1.5-fold expression of VEGF-A in BM-MSC and fourfold expression of NGF in
BM-MSCs ADSC.[74]
Employing extrinsic signals, ~ BM-MSCs TNF-a Upregulated 1.5-2-fold expression of HGF, SDF-1, VEGF, and immunomodulatory cytokine 1L-6.154]
e.g., stimulating cells with
bioactive agents
BM-MSCs Li-VPA Up-regulated two- to fourfold expression of NDNF, IGF-1, BMP-6, and anti-inflammatory cytokine
IL-19. Upregulated tenfold expression of MMP-17.162
ADSCs DFO Upregulated two- to fivefold expression of VEGF, SDF-1, and immunomodulatory cytokine 1L-6.[12°]
BM-MSCs IFN-y + TNF-a Upregulated sevenfold expression of anti-inflammatory cytokine IL-10.181]
Enhancing cell—cell BM-MSCs Spheroids Upregulated up to 500-fold expression of TSG-6 and 20-fold STC-1 expression in all spheroids
interaction, e.g., culturing tested.[88]
cells in the spheroid form
ADSCs Spheroids Upregulated 900-fold expression of anti-inflammatory cytokine IL-10 and 40-fold expression of
TSG-6.10]
Umbilical-derived  Spheroids Upregulated 250-fold expression of VEGF, downregulated threefold, 250-fold, and 15-fold
MSCs expression of bFGF, SDF-1, and HGF, respectively.[?’]
Umbilical-derived ~ Spheroids Upregulated fivefold, 80-fold, 15-fold, and fivefold expression of HGF, VEGF-A, FGF, and TGFb,
MSCs respectively.[130]
ADSCs Spheroids Upregulated 1.5-3-fold expression of VEGF, SDF-1, and HGF.["3]
Umbilical-derived ~ Spheroids IL-7 and VEGF only detected from secretion of spheroid compared to 2D culture, upregulated one-
MSCs to twofold expression of SDF-1, and immunomodulatory cytokine IL-6.1132]
Modulating cell-substrate BM-MSCs ECM stiffness Stiffness, stress relaxation, and ligand density of substrate coupled together influenced more than
interaction, e.g., tuning ligand-density 30% of the 1500 genes examined. An 18 kPa substrate with a low ligand-density showed
ECM conditions 1.25-2.5-fold higher expression of SDF-Ta and IGF-1 compared to a 3 kPa substrate with a low
ligand-density and a 18 kPa substrates with a high ligand-density.[°"]
BM-MSCs ECM stiffness Neurogenic markers (GDNF, BDNF, NGF, etc.) most up-regulated on 0.1-1 kPa hydrogels;

myogenic markers (MYOG and Pax-7) most up-regulated on an 11 kPa hydrogel; and osteogenic
markers (BMPs and BGLAP) most up-regulated on a 34 kPa hydrogel.[>*]

BM-MSCs ECM stiffness A 40 kPa hydrogel supported the highest level of (fourfold) VEGF expression; a 0.5 kPa hydrogel
induced highest (25-fold) level of expression of EGF. All hydrogels had high (six- to ninefold)

expression of HGF compared to a glass substrate.!'33]

BM-MSCs ECM stiffness A 30 kPa gel up-regulated fourfold expression of VEGF, up to twofold expression of IL-6, IL-7, IL-10,
and bFGF compared to TCP. A 100 kPa gel down-regulated (twofold) expression of VEGF
compared to TCP.34]

ADSCs ECM stiffness Compared to TCP, a 30 kPa substrate down-regulated expression of TGF-#1, Col I, and Col Il by
twofold; a 4 and a 13 kPa hydrogel down-regulated by 4-20-fold expression of TGF-41, Col |, and
Col 1I. Anti-HGF negated the antifibrotic activity of ADSC secretome.[1°]

BM-MSCs ECM topography A scaffold with 120 pm pore size up-regulated two- to threefold expression of HGF, bFGF, and LIF,
as well as 150-fold expression of IGF, compared to TCP and scaffold with 5 nm pore size due to
tenfold increase in expression of N-cadherin which mediates cell—cell interaction.[¢]

BM-MSCs ECM topography  Substrate topography-induced elongated cell morphology with eccentric nuclei down-regulated
2.3- and 2.2-fold decrease in IL-6 and MCP-1 secretion, respectively; Spread-out cell morphology
down-regulated expression of SDF-1 and HGF by up to fivefold compared to normal cell
morphology.!®*]

%) Abbreviations: BDNF (brain-derived neurotrophic factor), VEGF (vascular endothelial growth factor), NGF (nerve growth factor), IGF-1 (insulin-like growth factor-1), HGF
(hepatocyte growth factor), FGF (fibroblast growth factor), SDF-1 (stromal cell-derived factor 1), Li-VPA (lithium and VPA cotreatment), NDNF (neuron-derived neurotrophic
factor), BMP (bone morphogenetic protein), MMP (matrix metalloproteinase), DFO (deferoxamine), IFN-y (interferon gamma), TNF-a (tumor necrosis factor alpha), TSG-6
(tumor necrosis factor-inducible gene 6), STC-1 (stanniocalcin-1), TGFb (transforming growth factor beta), GDNF (glial cell-derived neurotrophic factor), MYOG (myogenin),
Pax (paired box protein), BGLAP (osteocalcin), EGF (epidermal growth factor), TCP (tissue culture polystyrene), LIF (leukemia inhibitory factor), MCP-1 (monocyte chemoat-
tractant protein-T1).
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Figure 1. Secretion of BMSCs in response to specific environmental signals.[34] A) Secretion profiles were measured using detector microspots in an
antibody array separated from the cell culture chamber by pillars at the 12 h time point. Cells displayed different secretory profiles in B) normoxic condi-
tions, C) hypoxia condition, D) TNF-a stimulation, E) conditioned media from cardiac fibroblasts, F) conditioned media from human induced pluripotent
stem cell-derived cardiomyocytes (hiPSC-CM), and G) conditioned media with hiPSC-CM insulted with peroxide to mimic ischemia reperfusion injury.
Reproduced with permission.[*] Copyright 2019, National Academy of Sciences.

proteins.[8182] The immunosuppressive function of MSCs can
also be elicited through a variety of other chemokines, including
tumor necrosis factor alpha (TNF-a), IL-1a, and IL-15.18384

4.3. Tuning Cell-Cell and Cell-ECM Interactions in MSC Culture

A growing body of evidence has suggested that cell-cell and cell-
substrate interactions can modulate MSC activities and influence
the MSC secretome.®#] Spheroid culture of MSCs is a com-
monly explored alternative to the 2D monolayer culture to con-
dition MSC microenvironment. The 2D culture of MSCs often
not only results in the loss of key cell receptors like those used
in cell migration, but also significantly upregulates proinflam-
matory chemokines.®”] Spheroid culture on the other hand can
better mimic the in vivo conditions by facilitating cell-cell and
cell-ECM interactions, thus reducing apoptosis and enhancing
angiogenic and anti-inflammatory components in the MSC se-
cretome, including VEGF, PGE,, FGF, IL-10, and BDNF, which
has been linked to a greater level of neuronal differentiation.!8”-°]

Another approach of preconditioning through the control of
ECM microenvironment can be achieved by tuning matrix stiff-
ness, topography, chemical composition, and geometry, all of
which have been reported to modulate the MSC adhesion, pro-
liferation, differentiation, migration, and organization.l®’ MSCs
are mechanosensitive, as shown in many studies regarding stem
cell fate in response to mechanical stimulation.[®>%3] Matrices that
can induce high level of cell stress or otherwise capable of increas-
ing contractility elevate the expression of genes linked to mechan-
otransduction and osteogenesis, whereas low stress-inducing
substrates promote lower contractility and favor adipocytic cell
fate.! The modulation of substrate topography had different ef-
fects on MSC cytokine secretion depending on cell type; and that
cytokine secretion may be closely related to cell morphology.!®]
For example, elongated MSC morphology was correlated with
high levels of SDF-1 secretion while well spread-out MSC demon-
strated up to fivefold lower SDF-1 secretion.[®] In another study

Adv. Healthcare Mater. 2021, 10, 2001689 2001689

on substrate structure, a macroporous scaffold with a mean pore
size of ~#120 pm showed a higher secretion of VEGF, HGF,
bFGF, IGF, and leukemia inhibitory factor (LIF) compared to
a nanoporous hydrogel with a mean pore size of ~5 nm. In a
scratch wound healing assay, the macroporous scaffolds demon-
strated significantly higher cell viability (80% vs 70%) and a
higher degree of scratch closure after 20 h (75% vs 55%). These
differences in secretion profile and in vivo results were attributed
in part to the N-cadherin mediated cell-cell interactions between
MSCs cultured in the macroporous scaffold, in contrast to the
nanoporous scaffold which limited cell-cell interaction.[*°]

In response to substrate stiffness, softer substrates (Young’s
modulus E ~ 0.1-1 kilopascal, kPa) increased adipogenic differ-
entiation of MSCs. As the substrate stiffness increased, myo-
genic differentiation (E ~ 8-17 kPa) or osteogenic differentiation
(E ~ 25-40 kPa) predominantly occurred.?®**l The osteogenic
differentiation of MSCs was correlated with the increase in lig-
and density in addition to substrate stiffness, as revealed by the
relationship between secretome and differentiation. The sub-
strate stiffness caused an early change in the MSC secretome
profile such as SDF-1, IGF-1, and thrombopoietin (TPO), which
subsequently dictated the outcome of MSC differentiation (Fig-
ure 2).3891 The substrate properties such as stiffness, stress re-
laxation rate, and adhesion ligand density mediated MSC re-
sponse and gene transcription as shown from the transcriptomic
analysis; revealing a complex correlation between substrate stiff-
ness and gene expression responding to differences in ligand-
density and stress relaxation rate.[’!! While the substrate stiff-
ness drove the largest number of differentially expressed genes
regardless of the other experimental parameters, these results as
a whole demonstrated the complexity behind cell-ECM sensing
interactions and the importance of contextualizing all ECM pa-
rameters when studying the effects of microenvironment on the
MSC secretome.

Ample evidence has supported the notion that the secretome
can be tailored to fit specific applications. Compared to hy-
poxia conditioning and treatment with bioactive agents, tuning

(50f17) © 2021 Wiley-VCH GmbH
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Figure 2. mMSCs-secreted cytokines in response to substrate stiffness.[>'] A) Cytokine antibody array analysis was performed on conditioned media
from mMSCs cultured in alginate hydrogels of varying stiffnesses and adhesion ligand (Arg-Gly-Asp) densities for 2-3 days, with values normalized to
internal positive control and maximum signal for each material. B) Schematic of MSC and hematopoietic stem and progenitor cell (hSPC) coculture
system. C) Viable cell number measured by flow cytometry after 1 week of coculture and D) number and percentage of CD45%/lin~ cells from transwell
membrane measured by flow cytometry after 1 week of coculture. Reproduced with permission.[*'l Copyright 2018, National Academy of Sciences.
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cell-cell and cell-substrate interactions is an emerging approach,
as the exact biophysical or biochemical mechanism that leads to
changes in the secretome requires further elucidation. It has re-
cently been shown that a combination of the listed secretome en-
gineering methods may result in a synergistic effect. For exam-
ple, the matrix stiffness of the alginate-based hydrogel regulated
the level of TNF-a-induced gene expression from encapsulated
MSCs:8] MSCs in a softer matrix showed higher upregulation
of immune response-related IL-6 and monocyte chemoattractant
protein 1 (MCP-1/CCL2) compared to those in a stiff matrix, indi-
cating a relationship between matrix stiffness and the effects of
TNF-a treatment. Across the engineering techniques described
here, it is important to emphasize that most reports that exam-
ine the MSC secretome are based on in vitro tests. There has been
a growing effort to translate these findings to in vivo and clini-
cal studies. However, due to the lack of reliable methods to mea-
sure secretome components in vivo, it has been challenging to
profile the MSC secretome in response to changes in the MSC
microenvironment. Moreover, the routes of secretome trans-
port and subsequent paracrine signaling interactions still require
clarification.

4.4. Crosstalk Between Macrophages and MSCs

MSCs have been documented to exhibit immunomod-
ulatory functions in response to an inflammatory
microenvironment.!”’!]  In relation to monocytes and

macrophages, MSCs have been shown to direct polarization
toward an anti-inflammatory/immune regulatory phenotype.
MSCs cocultured with CD14* monocytes of peripheral blood
mononuclear cells (PBMCs) upregulated expression of IDO
activity after IFN-y exposure and induced the differentiation
of the monocytes into IL-10-secreting M2-like macrophages,
while suppressing lipopolysaccharide (LPS)-induced produc-
tion of inflammatory cytokines (ITNF-a, IL-14, and IL-6) and
indirectly suppressing T cell proliferation.®"**1 In another
study, MSC-derived signaling factors in secreted EVs, partic-
ularly TGF-p1, pentraxin 3 (PTX3), and microRNA let-7b-5p
and miR-21-5p, strongly correlated with immunosuppressive
function in an autoimmune disease mice model; and the EVs
effectively suppressed T cell receptor (TCR)-mediated or toll-like
receptor 4 (TLR4)-stimulated splenocytes.['! Generally speak-
ing, secretome from early passage MSCs has a higher level of
immunosuppression activity; and MSCs cultured in a 3D-matrix
produce a higher level of EV components. A transwell coculture
of macrophages with MSCs also showed reduced level of classi-
cally activated macrophage (M1) polarization, typically classified
as proinflammatory, and an increased level of alternatively
activated macrophage (M2) polarization, typically classified as
proregenerative. MSC-derived EVs also induced M2 polarization,
and infusion of MSCs without exosomes reduced M2 pheno-
type in macrophages, further linking the function of the MSC
secretome in the crosstalk between MSCs and macrophages.
Reciprocally, MSCs can also mediate macrophage recruitment
and function through secretion of VEGF-A, PGE,, nitric oxide
(NO), and CCL2.1'% Through this crosstalk, MSCs promote the
transition from monocyte to macrophage, and upregulate the
expression of M2 marker CD206, while enhancing phagocytic
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capacity and shifting the metabolic status of inflammatory M1
macrophages to an M2-like phenotype.[1%-104

5. Delivery Strategies to Improve Therapeutic
Effect of the MSC Secretome

MSCs exhibit promise in therapeutic efficacy in clinically trans-
latable regenerative medicine applications due to their ability to
differentiate into distinctive phenotypes and generate a regener-
ative microenvironment with paracrine signals, inhibit scar tis-
sue formation, apoptosis, reduce inflammation, and promoting
angiogenesis.'®] One of the major hurdles in successful clini-
cal translation of cell-based therapy is limited cell survival, re-
tention, and engraftment in the target tissue following injection
or transplantation, which remains a critical requirement for ef-
fective treatment.l'%! Various contributing factors include expo-
sure of cells to ischemia and inflammation, emigration of trans-
planted cells from the injection site, and anoikis.['””] Previous
studies have indicated that as low as 1% of MSCs survive 1 day
after implantation in some treatment models.l'®1%! While some
studies continue to focus on improving MSC delivery and its ef-
fect on the target microenvironment, %111 the paradigm shift to
paracrine signaling as the main therapeutic mechanism has led
to many promising in vivo studies that utilize the MSC secretome
itself, in the form of MSC-derived EVs, as a therapeutic method.
Although EVs can bypass cellular challenges such as cell survival,
the delivery of EVs remains a significant obstacle. The major ap-
proaches to delivery of MSC or MSC-derived EVs include direct
injection, or injection with carriers such as tissue adhesives and
hydrogels (Table 3). As characterization and potential modulation
of the MSC secretome in vivo remain unclear, studies focusing on
in vivo delivery of MSCs and EVs both aim to evaluate the effects
on growth factors and cytokines within the target microenviron-
ment.

5.1. Delivery of MSCs with Improved Adhesion Support

To overcome the issue of cell retention in direct injections of
MSCs, one possible approach is to enhance cell-cell interactions
and improve adhesion support through synthetic functionalized
spheroids or MSC cell sheets. For example, MSC spheroids con-
structed by inducing cell-cell aggregation via supplement of a cell
adhesion cue improved MSC survival and retention, and their
therapeutic efficacy for treating ischemic diseases, as demon-
strated by a 20- to 70-fold upregulation in angiogenic factors
VEGF, PDGF, IGF, as well as 1250- to 1400-fold increase in epi-
dermal growth factor (EGF) and angiopoietin-1(Ang-1) expres-
sion (Figure 3).'?] Through an alternative approach a hybrid
MSC/PEGylated-DNA nanocomposite spheroid was generated
for the treatment of glioblastoma. The MSCs were engineered
to express TNF-related apoptosis-inducing ligand (TRAIL) while
the PEGylated DNA facilitated colloidal stability upon calcium
phosphate-mediated nanoprecipitation and allowed the loading
of mitoxantrone, a drug that could sensitize the response of
TRAIL in glioblastoma. Compared to single cell delivery, this hy-
brid MSC nanocomposite spheroid delivery improved MSC re-
tention, resulting in up to 6.5-fold increase in SDF-1 receptor ex-
pression, and glioblastoma tropism of the transplanted MSCs in
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Table 3. Major delivery methods for MSCs and MSC-derived EVs.
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Delivery method 3

Components involved

Treatment model

Key outcomes

Encapsulation and sustained BM-MSCs spheroid delivered in

release, e.g., hydrogels or
microparticles

Delivery of MSCs with
improved adhesion
support, e.g., spheroids
or cell sheets

Delivery of MSC-derived EVs

collagen-pullulan gel

BM-MSCs delivered in microgel
prepared from type-|
atelocollagen, 4S-StarPEG

BM-MSC spheroids delivered with
PEG-DNA, Ca?* microparticles

8-PEG-RGD-modified ADSC
spheroids

ADSC cell sheet

Umbilical-derived

MSC cell sheet

ES-MSC-derived EVs

BM-MSC-derived EVs

BM-MSC-derived EVs

ADSC-derived EVs delivered in
pDA-coated PLGA scaffold

BM-MSC-derived EVs delivered in

Hystem hydrogel

Placenta-MSC-derived EVs
delivered in chitosan hydrogel

Stented excisional wound
mouse model, local implant
to wound site

Hindlimb ischemia mouse
model, local implant to
proximal artery

Subcutaneous tumor mouse
model, local injection into
tumor site

Hindlimb ischemia mouse
model, intramuscular
injection

Myocardial infarction rat model,
transplant onto scar site

Subcutaneous dorsal incision
mouse model, subcutaneous
transplant onto incision site

Chronic liver injury rat model,
intraperitoneal injection

Dry eye mouse model, direct
injection into intraorbital
lacrimal gland

Traumatic brain injury mouse
model, intravenous injection

Calvarial skull defect mouse
model, local implant to defect
site

Calvarial skull defect rat model,
local implant to defect site

Hindlimb ischemia mouse
model, intramuscular
injection

Eight- to tenfold increase of VEGF and MCP-1 secretion in hydrogel
culture compared to 2D culture. 15-30% faster complete wound
healing time compared to local injection of MSCs, unseeded
scaffold, and no treatment.[1"]

Upregulated three- to sevenfold expression of Ang-1, bFGF, and
VEGF-A compared to cells or microgel alone. Demonstrated at

least 25% increase in blood vessel density.!12®]

Upregulated 2—6.5-fold expression of CXCR-4 (receptor specific for
SDF-1) and similarly demonstrated 1.5-2-fold increase in
migration speed and distance. MSC expression of TNF-related
apoptosis-inducing ligand resulted in 85% reduction of
glioblastoma tumor size compared to PBS control.l'%]

Upregulated 20-fold expression of VEGF, 50-70-fold of PDGF and
IGF, and upregulated 1250-1400-fold expression of EGF and Ang-1
compared to 2D culture. Similar levels of apoptosis, fibrosis, and
inflammation compared to untreated control, 6-15-fold

downregulation compared to PBS.[1%%]

Upregulated five- to tenfold expression of VEGF and HGF; improved
cardiac function in a heart failure model; threefold improvement in
left ventricular end diastolic pressure and plasma atrial natriuretic
peptide compared to the untreated control.l'0]

HGF continuously secreted for at least 10 days after subcutaneous
implantation; improved vascularization compared to the negative
control without cell sheet treatment; reduced TNF-a secretion to

healthy background level.[?°]

Downregulated two- to fourfold expression of TIMP-1 and TNF-q,
upregulated 2- and 40-fold expression of anti-inflammatory
cytokine IL-10 and MMP13, respectively, compared to PBS
control.[130]

Early-passage (15 population doublings) EVs downregulated two- to
threefold expression of TNF-a and proinflammatory cytokines
IL-18 and IL-6 compared to PBS and late-passage (40 population
doublings) EVs.[%8]

Downregulated up to twofold expression of proinflammatory cytokine
IL-14 at 12 h after injection of BM-MSC-derived EVs given at Th
post traumatic brain injury, in comparison with PBS injection or i.v.
delivery of MSCs alone.['"]

Threefold increase in bone regeneration compared to the pDA-coated
PLGA scaffold alone. Upregulated 1.5-2-fold expression of ALP and
RUNX2 relative to control osteogenic growth media over 14
days.[123]

Over twofold increase in bone volume formation compared to the
hydrogel alone. Upregulated two- to fourfold expression of ALP,
OCN, OPN, and RUNX2 compared to the negative control group
containing no miRNAs after 3 days post-treatment.l'24]

1.5-fold increase in capillary formation and over fivefold reduction in
collagen formation at the wound site compared to PBS treatment
after 14 days postinjection. 2.5-fold reduction in ambulatory

impairment in functional tests.'?°]

%) Abbreviations: VEGF (vascular endothelial growth factor), MCP-1 (monocyte chemoattractant protein-1), PEG (polyethylene glycol), Ang-1 (angiopoietin-1), bFGF (basic
fibroblast growth factor), SDF-1 (stromal cell-derived factor 1), CXCR (C-X-C motif chemokine receptor), TNF (tumor necrosis factor), PBS (phosphate-buffered saline), PDGF
(platelet-derived growth factor), IGF (insulin-like growth factor), EGF (epidermal growth factor), HGF (hepatocyte growth factor), TIMP-1 (tissue inhibitor of metalloproteinase-
1), ALP (alkaline phosphatase), ES-MSC (embryonic stem cell-derived MSCs), pDA (polydopamine), PLGA (poly(lactic-co-glycolic acid)), RUNX2 (runt-related transcript
factor-2), OCN (osteocalcin), OPN (osteopontin).
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Figure 3. Intravenous administration of artificial stem cell spheroid nanoparticles (ASSP-NP) in a mouse MI model for cardiac repair.l’1?l A) Ex vivo
fluorescent imaging of mouse hearts and quantitative analysis of fluorescence intensities at different time points after tail vein injection of ASSP-NPs
in sham and MI mice. B) ASSP-NP distribution in sham (nonischemic) and Ml (ischemic) cardiac tissue at different time points following intravenous
injection. C) Echocardiography images of left ventricular wall motion with or without treatments following Ml surgery at 28 days using PBS, cocktail
factor containing conditioned media from 3D SSP (3D-CF), PLGA nanoparticles (PLGA-NP-CF), and targeted ASSP nanoparticles (ASSP-NP) with red
blood cell membrane and platelet membrane coatings. D) Quantification of echocardiography functional assay, including left ventricular ejection fraction
(LVEF) percentage and left ventricular fractional shortening (LVFS) percentage. E) Masson’s trichrome staining of midpapillary sections of the heart at
28 days after MI. F) Quantitative analysis of infarct wall thickness and scar area. G) Representative images and H) image-based quantification of blood
vessels in cardiac ischemic conditions by anti-CD31 antibody immunostaining at 28 days after treatments. Reproduced with permission.!""?] Copyright
2020, American Association for the Advancement of Science.
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Figure 4. MSC/nanocomposite spheroid improves tumor homing of MSCs and reduction tumor volume growth.['3] A) Mice treated with hybrid
spheroids generated with a microfluidics-based approach and PEGylated DNA template or single MSC-nanocomposite mixture through injection at
the boundary of the tumor site on days 0 and 2, and quantification B,C) of tumor homing and inhibition. Reproduced with permission.['3] Copyright

2019, American Chemical Society.

a U87 xenograft mouse model (Figure 4). These effects in the
MSC spheroids were attributed to a boost in C-X-C chemokine
receptor type 4 (CXCR4) on MSCs, which are involved in sens-
ing chemotaxis.[!3]

Another approach to enhancing cell—cell interactions and ad-
hesion support involves maximizing cell-cell contact to address
issues in engraftment and retention. The ECM sheet secreted by
an ADSC monolayer has been shown to facilitate cell-target tis-
sue adhesion in a myocardial infarction rat model.['**] The trans-
plantation of an ADSC sheet improved functional recovery as
shown from the decreasing left ventricle end-diastolic pressure
and plasma atrial natriuretic peptide by around 70%; both pa-
rameters of which are normally drastically increased during my-
ocardial infarction. The ADSC sheet also showed significantly
increased secretion of angiogenic factors with five- to tenfold
higher expression of VEGF and HGF than the other experimental
groups.

5.2. Delivery of MSC-Derived EVs

The approach of injecting EVs not only presents an attractive al-
ternative that entirely avoids the issues of cell survival, retention,
and engraftment, but also distinguishes the direct therapeutic
benefits of the MSC secretome for in vivo models. BM-MSC-
derived EVs have been applied to suppress neuroinflammation in
a traumatic brain injury mice model (Figure 5).1'"*] This approach
not only resulted in a decrease in astrocytic scarring and twofold
downregulation of proinflammatory cytokine IL-18 in the brain,
but also significant functional recovery a month after the ini-
tial injury. In an object-based behavioral test, only the EV-treated
group was able to retain the ability of pattern separation, which
can be described as the ability to store similar but nonoverlapping
memories and recognize novel objects. Similarly, in a water maze
test, preservation of the spatial learning ability was only observed
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in the EV-treated group. The immunomodulatory effects of BM-
MSC-derived EVs were also studied through direct injection into
the intraorbital lacrimal gland in an ocular Sjogren’s syndrome
(dry eye) mouse model.l'%] At the 1week timepoint, the ocular
surface and intraorbital gland exhibited two- to fourfold lower ex-
pression of proinflammatory growth factors and cytokines TNF-
a, IL-1p, and IFN-y in the EV treatment group compared to the
phosphate-buffered saline (PBS) control group. It is worth noting
that the therapeutic efficacy of BM-MSC-derived EVs was depen-
dent on the passage number of the cells. The early passage BM-
MSC-derived EVs (< 15 population doubling) demonstrated im-
munomodulatory potential, whereas the late passage BM-MSC-
derived EVs (> 40 population doubling) no longer showed im-
munomodulatory effects compared to the PBS control group.
Identification of the optimal preparation of EVs clearly requires
further examination, along with elucidating appropriate dosing
levels and the specific mechanism behind EV transport.

5.3. Biomaterials for MSC Delivery

Approaches to increase survival rate of the transplanted MSCs
have been explored to improve the effectiveness of cell-based
therapies, which include modulating cell metabolism by alter-
ing the repair environment with biomaterials in order to pro-
mote cell adaptation to a harsh implantation environment.!11¢]
Hydrogel scaffolds for cell encapsulation can serve to regulate
MSC metabolic activities and facilitate cellular functionalization.
Oxygen tension levels, glucose supply, mechanical stress, and pH
level can regulate metabolic pathways of MSCs and energy con-
sumption rate, thus influencing cell survival and their therapeu-
tic efficacy.l"16117] For example, MSCs encapsulated in a graphene
oxide (GO)/alginate composite microgel through electrospraying
were used to improve cell viability in the infrared environment
in the cardiac tissue. MSCs cocultured with cardiomyocytes in a
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Figure 5. EV Dose-response data for suppression of neuroinflammation
after traumatic brain injury (TBI).['"3] A) Immunohistochemistry staining
of brain sections after TBI mouse model. B) Decreased levels of IL-14 in
a dose-dependent manner of PBS or EVs administrated 1 h after TBI mea-
sured by ELISA on homogenates from ipsilateral brain sections isolated
12 h after TBI. Reproduced with permission.!">] Copyright 2015, National
Academy of Sciences.
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composite hydrogel matrix increased cytokine production com-
pared to a 2D coculture by two- to fivefold, and further reduced
scarring and greater left ventricular thickness.[!®]

Cell-supporting scaffolds can provide suitable ECM microen-
vironment to anchor the delivered cells. An ideal ECM to support
cells is a 3D network composed of fibrous matrix, which pro-
vides structural integrity for cellular anchorage and naturally
sequesters soluble signals.['" Typically, such a scaffold should
also mimic the ECM structure of the target tissue. A wide range of
natural biomaterials-derived hydrogels, such as collagen, fibrin,
chitosan, dextran, hyaluronic acid, alginate, and Matrigel, have
been tested for MSC delivery due to their high degrees of bio-
compatibility and bioactivity.[''] To overcome low cell retention,
fibrin gel was used to entrap MSC spheroids.!*””] When cultured
in serum-free media and hypoxic conditions (1% oxygen), MSCs
delivered in fibrin reduced apoptotic activity and increased up to
100-fold levels of VEGF secretion compared to injection of a sin-
gle cell suspension, while maintaining their osteogenic potential
in the repair of bone defects.['?] The codelivery of MSCs with
anti-miR199a has also been studied in vivo to improve MSC se-
cretion profile through the upregulation of HIF-1a. Rabbit bone
marrow MSCs and anti-miR199a codelivered by nanofibrous
spongy microspheres enhanced MSC seeding, proliferation, and
differentiation, and facilitated regeneration of the nucleus pul-
posus tissue.[?!l With sustained in situ release of anti-miR-199a,
this delivery approach enhanced HIF-1a and SOX-9 activities of
the MSCs to reduce mineralization, leading to the suppression
of calcification and promotion of nucleus pulposus formation.

A pullulan-collagen based hydrogel was also tested for im-
proving the delivery efficiency of MSCs in a stented excisional
cutaneous wound healing model. The hydrogel was shown as
an effective matrix to support MSCs as a powerful effector in
secreting angiogenic and chemo-attractive factors, VEGF and
MCP-1, to support angiogenic activity.'??] The increased secre-
tome activity was mirrored by significantly accelerated healing in
wounds treated with MSC-encapsulated hydrogels. Although no
significant differences could be observed between the local MSC
treatment group and the no treatment group, animals received
the MSC-encapsulated hydrogel healed the wound nearly 2 days
faster with a threefold increase in vascularization compared to
the no treatment group. A further assessment of MSC viability
and engraftment suggested that the hydrogel not only enhanced
MSC survival, but also promoted MSC proliferation.['??]

5.4. Biomaterials for Delivery of MSC-Derived EVs

As a cell-free alternative, biomaterials-based delivery of EVs cir-
cumvents several important challenges associated with manag-
ing cell survival and metabolism. However, EV delivery also
needs to address the issue of rapid diffusion and clearance from
the tissue repair site. The stability of EVs as well as the stability
of their contents, particularly growth factors and miRNAs, under
physiological conditions throughout the delivery duration need
to be maintained. Various biomaterials have been designed and
optimized to improve the delivery efficiency of MSC-derived EVs
by offering advantages over an extended release duration, protec-
tion against degradation, and enhancing the therapeutic capacity
of the EVs.
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The use of biomaterials for EV delivery has been explored in
bone regeneration to facilitate osteoblastic differentiation. In a
murine calvarial bone defect model, the osteogenic potential of
the ADSC-derived EVs was demonstrated through delivery with
a polydopamine-coated poly(lactic-co-glycolic acid) (PLGA/pDA)
scaffold.'?’] The polydopamine coating facilitated immobiliza-
tion of bone forming peptide 1 (BFP-1) as well as the engraft-
ment of exosomes, resulting in a slow-release profile of these two
components over 8 days rather than the typical burst release and
complete depletion by day 4. Enhanced bone regeneration was
observed in the group received PLGA/pDA containing exosomes,
which was primarily attributed to a twofold increase in host MSC
recruitment in the presence of exosomes. In a rat calvarial bone
defect model, BM-MSC-derived EVs delivered using a Hystem-
HP hydrogel scaffold rich in collagen and hyaluronic acid showed
strong osteogenic outcomes in vivo.'*] The hydrogel-delivered
EVs resulted in over a threefold increase in bone formation rel-
ative to the hydrogel only group. In vitro functional characteri-
zation of the EVs revealed that the increased osteogenic expres-
sion was mainly facilitated through miRNA cargo including miR-
196a, miR-27a, and miR-206.

A thermosensitive chitosan hydrogel was evaluated for deliv-
ery of EVs secreted by human placenta-derived MSCs due to its
in situ setting property and good biocompatibility.['?] The level
of a key paracrine signaling molecule miR-126 was maintained
at 50% from the EVs loaded in the chitosan hydrogel, in contrast
to the complete depletion in the control group with EVs only. The
retention studies in a murine hindlimb ischemia model showed
a similar trend, where the incorporation of the chitosan hydrogel
significantly improved the retention of EVs at the site of injec-
tion, resulting in an increased endothelium-protective capacity
of the EVs delivered in the hydrogel and a fivefold reduction in
fibrosis within the wounded tissue. In addition, the antifibrotic
and angiogenic responses of EVs delivered by the hydrogel were
stronger than the EV injection alone, even though the hydrogel
alone showing no significant therapeutic benefit. These results
suggest that the hydrogel delivery effectively improve the thera-
peutic outcomes of MSC-derived EVs due to improved retention
and stability.

6. Conclusion

Due to the challenges associated with cell retention and survival
in MSC delivery, the use of MSC-derived EVs or conditioned
media for the purpose of delivering paracrine signals including
miRNAs and growth factors, has garnered increasing interest
building from the favorable outcomes obtained from the early
phase studies discussed above. For MSC secretome delivery, con-
centrated EVs or specific signaling molecules can be collected,
lyophilized, and stored until use without the need for cell expan-
sion culture or sophisticated storage and handling protocols. Dur-
ing the production of EVs, it is possible to apply the approaches
listed in Table 1 to tailor the compositions of EVs with optimized
bioactivity tailored for tissue-specific applications, since cell cul-
ture conditions can be readily controlled in an in vitro context.
The delivery dose or concentration of the EVs can also be con-
trolled with a higher degree of versatility than that of MSCs, as
EVs can be isolated and concentrated more easily than MSCs. The
major challenge for EV application is the added layer of batch-to-
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batch variation between productions. To partially address this, it
is possible to develop a specific set of paracrine cues, based on
learnings from the secretome studies, which can be used as a
well-defined formulation. It is important to note that, as studies
elucidate the mechanisms behind repair influenced by paracrine
signaling cues, the relative ratios or balance of EV components
may play an important role in determining repair outcomes that
purified cytokine or growth factor delivery fails to accurately cap-
ture. As an alternative, MSC delivery with an optimized system
offers a dynamic system to promote tissue repair, where MSCs
responding to microenvironmental cues may secrete a specific
set of proregenerative secretome. Moreover, for patients with re-
duced regenerative capacity (e.g., ageing, trauma, immunosup-
pression), the ability for native MSCs to respond effectively may
hamper the regenerative response. Therefore, a healthy supply
of proangiogenic and anti-inflammatory cells could better serve
these applications. In contrast, EV delivery has the limit of a static
population of EVs predetermined at the time of injection. Nev-
ertheless, EVs and other direct applications of the MSC secre-
tome are promising alternatives to MSC therapy; and have been
or are currently tested in a handful of clinical trials initiated over
the past few years (Table 4). Most of these trials remain in the
early phases or with undisclosed results, but they show the po-
tential clinical translatability in various applications such as treat-
ments of osteoarthritis, ischemic stroke, and coronavirus-related
diseases. Along with overcoming the previously mentioned chal-
lenges in batch-to-batch variation and optimization of treatment
dosage, advances in effective scaffolds or carriers to deliver EVs
at the tissue repair site in a spatially and temporally controlled
fashion will be critical to realize the full therapeutic benefits of
MSC-derived EVs.[26:126]

As the field advances toward clinical success through the im-
munomodulatory and regenerative potential of MSCs, there is
an increasing need to understand the paracrine signaling effects
from MSC therapies. The importance of the secretome has led
to growing efforts to engineer its expression through MSC pre-
conditioning, such as using bioactive agents or tuning the ECM
microenvironment, and to develop delivery vehicles that modu-
late paracrine signal release. Therefore, the use of biomaterials
to improve localization and survival of MSCs can be combined
with the strategies to expand their capacity in promoting tissue
regeneration or repair. Moreover, gene editing in MSCs or di-
rect loading of miRNA or anti-miRNA to EVs allow for more
precise tuning of MSC therapeutic activity and secretome pro-
file for tailored applications. The myriad of biomaterials com-
position, dynamic tuning of mechanical property, tailoring MSC
source, organization, and preconditioning, and optimizing deliv-
ery approaches offers a highly tunable and modular approach to
MSC regenerative therapeutics (Figure 6). On the mechanistic
side, the combination of these approaches has led to a focus on
tuning the immunomodulatory response, as well as angiogene-
sis and host tissue ingrowth, opening up exciting opportunities
for MSC-based regenerative therapy. Across different tissue and
organ systems, the biomaterials-based scaffolds mimicking the
ECM microenvironmental cues can influence MSC fate in vivo,
altering, not only EV release or paracrine signaling, but also the
subsequent secretion of extracellular matrix components and tis-
sue organization to stabilize or repair the target tissue. A bet-
ter understanding of each of these factors will serve to improve

© 2021 Wiley-VCH GmbH
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Table 4. Ongoing clinical trials utilizing the MSC secretome.

www.advhealthmat.de

a)

Clinical indication Mode of therapeutic action Added modifications Year started Phase Status Trial number
Osteoarthritis Umbilical-derived MSC Unmodified 2020 1/2 Recruiting NCT04314661
conditioned medium
Chronic ulcer wound W)-MSC conditioned medium Modified to form a topical 2019 1 Completed NCT04134676
gel, unclear how
Novel coronavirus pneumonia ADSC-derived exosomes Unmodified 2020 1 Completed NCT04276987
Ischemic stroke MSC-derived exosomes, Enriched by miR-124 2017 1/2 Recruiting NCT03384433
unspecified source
Periodontitis ADSC-derived exosomes Unmodified 2020 1 Recruiting NCT04270006
Macular holes Umbilical-MSC-derived Unmodified 2018 1 Recruiting NCT03437759
exosomes
Dystrophic epidermolysis bullosa BM-MSC-derived exosomes Unspecified, AGLE-102 2019 1/2A Not yet recruiting NCT04173650
product
Neonatal bronchopulmonary BM-MSC-derived exosomes Unspecified, UNEX-42 2019 1 Recruiting NCT03857841
dysplasia product

% Abbreviations: MSC (mesenchymal stem cell), W] (Wharton’s Jelly), ADSC (adipose tissue-derived stem cell), BM (bone marrow).
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Figure 6. Tuning of the MSC secretome profile for the delivery of engineered MSCs and paracrine cues. MSC secretome can be modulated by adjusting cell
culture conditions, supplementing bioactive agents, employing biomaterials matrix or scaffold, and modulating cell—cell interactions. These engineering
approaches can be adopted to adjust the quantities and components of MSC paracrine signals prior to cell delivery to the treatment site. For cell delivery,
the engineered MSCs can be injected in the form of MSC spheroids or carrier-supported MSCs, or biomaterials delivered with the MSCs. The secretome
can also be delivered in the form of EVs enriched from the cultured MSCs prior to delivery. The EVs contain proteins, peptides, cytokines, metabolites,

as well as nucleic acids including mRNA, miRNA, and DNA.
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clinical outcomes and inform standardized practices for MSC-
based therapies.
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