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Abstract Mesenchymal stem cells (MSCs) have
been extensively used in both preclinical and clinical
studies for a variety of diseases and injury. Accumulat-
ing evidence indicates that paracrine function through
their secretomes is considered one of the primary attri-
butes for MSC-mediated repair and regeneration. Se-
cretomes from MSCs include both soluble factors and
factors released within extracellular vesicles (EVs).
Within EVs there are selective subsets of proteins, lip-
ids, and nucleic acids that can modulate recipient cells
and disease microenvironments. In this review, we
summarize the current understanding of MSC-derived
secretomes at molecular and therapeutic levels, focus-
ing on their potential as novel cell-free therapies.

Keywords: Mesenchymal stem cell, Secretome, Mole-
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Introduction

Mesenchymal stem cells (MSCs) were originally iden-
tified in bone marrow (BM) as nonhematopoietic stro-
mal cells with multipotent abilities'™. In addition to
BM, these cells can be isolated from nearly every organ
or tissue in the body including adipose tissue, cord
blood, and umbilical cords. In 2006 the International
Society for Cellular Therapy (ISCT) defined MSCs as
a heterogeneous stem cell population with the follow-
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ing characteristics: (1) adherence to plastic culture
dishes with fibroblast-like morphology; (2) positive
cell surface expression of CD105, CD73, and CD90,
and negative for CD45, CD34,CD14,CD79 and HLA-
DR; and (3) capacity for differentiation into osteoblasts,
adipocytes, and chondroblasts in vitro’. Later several
studies reported bone and cartilage formation in vivo®
but differentiation into other cell types seems to be rare.
In addition to their self-renewal and differentiation stem
cell properties, MSCs have been shown to possess tis-
sue protective and immunomodulatory functions’.
With their great therapeutic potential, MSCs have
been tested for their efficacy in numerous animal dis-
ease models. Promising results in preclinical studies
have led to a rapid expansion of clinical trials with
MSC:s for treatment of a wide spectrum of pathologi-
cal indications®. Initially, it has been suggested that a
direct engraftment and differentiation into appropriate
cell types in the damaged region is a major mechanism
of action for their beneficial effects®'>. More recently,
however, paracrine function is considered as one of the
primary attributes for MSC-mediated repair and regen-
eration in vivo'*". Consistent with this idea, several
studies have demonstrated that administration of MSC-
derived conditioned media (CM) had similar therapeu-
tic benefits for myocardial infarction (MI), lung injury,
chronic kidney disease, and brain damage'®'®. MSC can
release various growth factors and cytokines such as
vascular endothelial growth factor, granulocyte colony-
stimulating factor, platelet-derived growth factor, hepa-
tocyte growth factor, insulin growth factor, monocyte
chemotactic protein 1, stromal cell-derived factor and
transforming growth factor both in vitro and in vivo™ .
Production of paracrine factors potentially modulates
cellular processes including cell proliferation, differen-
tiation, immunomodulation, migration, angiogenesis,
and survival. However, none of these individual growth
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factors considerably explain the beneficial effects of
MSCs®. Instead, accumulating evidence suggests that
the secretomes from MSCs that includes both soluble
factors and factors released within extracellular vesi-
cles (EVs) mainly attributed to their efficacy?. Since
the cargos are surrounded by lipid bilayer, EV contents
could be protected from degradation.

Taken together it is critical to understand the func-
tional molecules and related regulatory networks with-
in MSC secretomes to better understand the paracrine
activities of MSCs and ultimately to develop novel se-
cretome-based cell free therapies.

Classes of MSC secretomes

Since its first discovery of secreted microvesicles rang-
ing from 80 nm to 1 um in size from MSCs?’, it has
been known that there are at least three types of EVs in
MSCs: exosomes, microvesicles, and apoptotic bodies®®.
They are classified by size, deposited cargo composi-
tion, and biogenesis pathway”?>*’. Exosomes are 30 to
120 nm in size and originate from the endosomal com-
partment, namely multivesicular bodies***'. In contrast,
microvesicles which are also known as ectosomes, are
larger (with a diameter of 80-1,000 nm) and derived
from direct budding of the plasma membrane®*. Apop-
totic bodies are more heterogenous in size, ranging
from 50-5,000 nm in diameter and are formed by ex-
tensive blebbing during the course of apoptosis****. In
terms of biological contents within EVs, both exosome
and microvesicles carry a distinct subsets of proteins,
lipids, DNA, mRNA and microRNAs (miRNAs)*.
In contrast, apototic bodies mainly have fragmented
DNA?*. One of the key steps to understanding secre-
tome function would be to identify the molecular na-
ture of complex cargos and their regulatory networks.

Proteomic signature of MSC-derived secretomes
Principles of secretome proteomics

To further understand mechanisms driving the thera-
peutic impact of MSCs, significant effort was directed
at systemic characterizations of secretome composi-
tion to evaluate the secreted factor’s role in their ther-
apeutic actions®. Proteomics has emerged as a robust
technology for profiling high-throughput protein ex-
pressions, supplementing global gene expression anal-
ysis at RNA level’™?. Recent advances in proteomics
have enabled molecular profiling of secretome pro-
teins from MSCs, but some crucial steps in secretome
analysis still remain challenging due to fundamental
technical limitations such as collection of very small
quantities of secreted proteins as well as restriction to
serum- and protein-free cell culture conditions™.

The step for CM preparation in serum-free media to
avoid contamination of serum proteins is a key proce-
dure in secretome analysis. Secretome profiles of CM
are differentiated depending on how the CM was pre-
pared from MSCs*'. These results indicate the impor-
tance of optimizing CM preparation step prior to any
proteomics®'.

Proteomic identification of MSC secretomes

Since the first analysis of human MSC secretomes via
proteomics in 2003**#?, diverse examinations with
molecular profiling have allowed the elucidation of
connections between secreted proteins from MSCs and
their therapeutic functions. To date, secretomes from a
number of different tissues, such as bone marrow, adi-
pose tissue, umbilical cord, dental apical papilla and
human brain, have been analyzed via proteomic ap-
proaches**.

Choi et al. identified 410 secretory protein profiles of
bone marrow-derived MSCs (BMSCs) grown in osteo-
genic medium (OSM) by LC-ESI-MS/MS*®. Among
the identified proteins, 64 of which were selectively
secreted by high osteogenic potential BMSCs, SPARC-
related modular calcium-binding protein 1 (SMOC1)
was prominently expressed and secreted in BMSCs
stimulated with OSM. In addition, knockdown of
SMOCI using shRNA remarkably reduced mineral-
ization and the expression of osteoblast differentiation
markers, while overexpression of SMOCT1 significant-
ly enhanced the expression of osteoblast differentia-
tion-specific genes. Thus, SMOC1 was suggested as a
putative regulator of osteoblast differentiation of BM-
SCs through proteomic tools.

Diverse proteomic examinations in which adipose
derived-MSCs (ADSCs) might be associated with
beneficial effects of tissue repair, immunomodulation,
angiogenesis and regeneration, have been attempted.
As reviewed by Kapur and Katz*’, 68 commonly ex-
pressed proteins in ADSC secretomes were suggested
to be involved in differentiation of ADSCs*~!. Inter-
estingly, Serpine 1 (Plasminogen activator inhibitor-1,
PAI-1) was the differentially expressed proteins detect-
ed in all reports analyzed.

In addition, the secretome of ADSCs significantly
inhibited the lipopolysaccharide (LPS)-driven microg-
lia activation via regulation of sphingosine kinase/
S1P signaling™. This study suggested the potential of
ADSC secretomes for cell-free therapeutics for diseas-
es involving excessive microglial activation like neuro-
degenerative diseases.

MSCs share common features with neural stem cells
(NSCs) such as secretion of common growth factors
including nerve growth factor and their association
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Table 1. Molecular and cellular functions associated with human bone marrow MSC-derived microvesicles®.

Biological functions p-value No. of molecules (42 mRNAs total®)
Cell death and survival 4 45E-02-1.76E-04 21
Cell-to-cell signaling and interaction 4 45E-02 -3 42E-04 10
Cellular growth and proliferation 4.93E-02 - 4.50E-04 16
Cellular assembly and organization 4 .83E-02-5.09E-04 5
Cellular function and maintenance 4.93E-02-5.09E-04 10

#Data generated using IPA software.

®List of 42 mRNAs enriched in MSC-derived microvesicles from Bruno er al.?’.

with bone morphogenetic protein family in their differ-
entiation. In addition, they interact in the neurogenic
niches. Thus, MSC secretomes might be utilized in the
development of therapeutics for CNS related diseases™.
Their therapeutic potentials have been reported in ani-
mal models of Parkinson’s disease, ischemic stroke,
and glioblastoma multiforms®.

The potential of human MSCs from dental apical
papilla (SCAPs) secretome for tissue regeneration and
therapeutic application was also suggested by Yu et al.,
using isobaric chemical tags and high-performance lig-
uid chromatography with tandem mass spectrometry™*.
151 secreted proteins in SCAPs include chemokines,
angiogenic, immunomodulatory, antiapoptotic, neuro-
protective factors, and extracellular matrix (ECM) pro-
teins. Notably, compared to secretomes from BMSCs,
the secreted proteins involved in metabolic processes
and transcription were higher, whereas those associated
with biological adhesion, developmental processes, and
immune function were lower. In addition, the SCAPs
secretome contained highly elevated levels of chemo-
kines and neurotrophins than BMSCs but fewer ECM
proteins and proangiogenic factors.

By using antibody array, a comprehensive cytokine
secretion profile of human BMSCs was conducted™.
With the use of antibody array recognizing 120 cyto-
kines and chemokines, a predominant hybridization
signal for IL-6 and moderately elevated signals for IL-
8, TIMP-2, MCP-1, VEGF and OPG were obtained.
This result also showed distinct features of MSCs with
different cell origins, but not with donor individuality.

Transcriptomic profiles of MSC-derived secretomes

mRNAs enriched in MSC-derived EVs

EVs secreted from MSCs showed improvement of neo-
vascularization in a mouse hindlimb ischemia model®®
and promotion of proliferation and survival of epithel-
ial cells in an acute kidney injury (AKI) mouse?’. Inter-
estingly, when EVs were treated with RNase, they no
longer possessed the protective functions both in vitro
and in vivo, which indicates their RNA-dependent

effects”’’. To identify RNAs in EVs, Bruno et al.
performed microarray analysis of human BMSC-de-
rived microvesicles and found that 132 transcripts
were selectively expressed in microvesicles*’. With
the list of mRNAs from their study, we performed
bioinformatics analysis using the Ingenuity Pathway
Analysis (IPA, http://www.ingenuity.com/) software
to understand the regulatory functions of EV-enriched
mRNAs. Intriguingly, mRNAs showed significant
enrichment of their molecular and cellular functions
related to cell death and survival, cell-to-cell signaling
and interaction, cellular growth and proliferation, and
cellular assembly and organization (Table 1). Consid-
ering EVs as messengers of intercellular communi-
cation, selective enrichment of functional mRNAs in
EVs could in part explain the underlying mechanisms
of therapeutic effects of MSCs. Furthermore, there is
growing evidence suggesting mRNA cargos are selec-
tively loaded. Transcriptomic profiles are different be-
tween EVs and parental cells*’**°_ It would be inter-
esting to know how mRNAs are selected during EVs
formation.

miRNAs enriched in MSC-derived EVs

In addition to mRNAs, EVs often contain miRNAs,
small non-coding RNAs that regulate target mRNAs
at the post-transcriptional level®. It has been known
that a single miRNA could repress thousands of genes
simultaneously, which suggests miRNAs are key reg-
ulators in almost all biological processes®'**. Using
gRT-PCR, microarray, and next generation sequencing,
much effort has been made to identify miRNAs selec-
tively enriched in human MSC-derived EVs compared
to parental cells®"*. For example, miR-21 and miR-34a
were highly expressed in EVs from human BMSCs
under serum deprivation conditions’. Inhibition of
miRNAs using locked nucleic acid (LNA) inhibitors
induces cell death, which indicates their tumor suppor-
tive functions in cell proliferation and survival”. In
addition to tumor regulating miRNAs, several EV-
derived miRNAs have other functions. For example,
miR-24 was shown to have regenerative effects in
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AKI’® and MI”". Consistent with these results, miR-
24 can inhibit apoptosis’® and vascular inflammation”.
Furthermore, developmentally conserved miRNAs,
namely the let-7 family, is frequently found in EVs
from various species™'*"*. Interestingly, the expres-
sion of let-7a changes during osteogenic differentia-
tion in MSCs’® and in some cases, let-7i showed high
expression levels in recipient cells pretreated with
MSC-derived EVs®. Taken together, these results sup-
port the idea that miRNAs play an essential role in the
diverse functions of EVs both in parental and recipient
cells.

Potential functional networks of miRNAs-mRNAs in EVs

The central role of MSC-derived EVs in numerous
disease microenvironments is a communication me-
diator from MSCs to the recipient cells. By secreting
bioactive molecules, EVs can modulate cell and organ
functions. Distinct subsets of proteins, mRNAs, and
miRNAs are well defined in MSC-derived EVs, but a
comprehensive understanding of regulatory pathways
and/or networks need to be done.

A recent review by Nargesi et al. summarized
miRNAs consistently enriched in human MSC-derived
EVs: miR-34a, miR-302b, miR-451, miR-191, miR-
143, miR-22, and miR-21*'. Since a single miRNA
regulates multiple targets, it could be a tool to dissect
mechanisms of complex functions of EVs. To this end,
we set out to determine regulatory networks of mRNA
targets of those 7 miRNAs. A bioinformatics analysis
using TargetScan and IPA program identified total of
955 high confidence target mRNAs (Table 2). Disease
and functional analysis of these selected target genes
revealed that they are related to cancer, organismal in-
jury and abnormalities, tumor morphology, cellular de-
velopment, cellular growth and proliferation, cellular
movement, and cell cycles (Table 3). Furthermore, cel-

lular function and maintenance, molecular transport,
and small molecule biochemistry turned out to be a top
associated network for these predicted targets (Figure
1). Taken together, the diverse biological and therapeu-
tic functions of secretomes can be revealed in part by
understanding the complex miRNA-mRNA networks.

Translation of secretomes

Accumulating promising results from preclinical stud-
ies support the idea of developing the secretome-based,
cell-free therapies for clinical settings. In contrast to
cell-based therapies, secretomes have critical advan-
tages for clinical applications. First, the secretomes
have much lower expression of cell surface proteins,
which provide low immunogenicity. Indeed, safety
evaluation studies showed that intravenous infusion of
human MSCs-derived exosomes was well tolerated in
different kinds of animal models®?. Second, secretomes
are isolated from cells including MSCs at certain time
point during culturing and there is less chance to be
affected by genetic instability caused by cellular se-
nescence®. Third, secretomes can be stored at a lower
temperature, more stable than cellular counterparts.

Table 2. List of miRNAs commonly enriched in human MSC-
derived EVs and numbers of their putative targets”.

No. of targeted

miRNAs Seed sequence mRNAs
has-miR-143-3p GAGAUGA 130
has-miR-191-5p AACGGAA 45
has-miR-21-5p AGCUUAU 86
has-miR-22-5p Guucuuc 105
has-miR-302b-3p AAGUGCU 159
has-miR-34a-5p GGCAGUG 422
has-miR-451a AACCGUU 34

*Data generated using IPA software

Table 3. Top diseases and biofunctions associated with putative mRNA targets of human EV-enriched miRNAs®.

Name p-value No. of molecules
Diseases and disorders
Caner 7.19E-04 - 1.00E-18 833
Organismal injury and abnormalities 7.27E-04 - 1.00E-18 848
Tumor morphology 548E-04-1.52E-08 86
Gastrointestinal disease 5.89E-04 - 3.55E-08 688
Developmental disorder 5.51E-04 - 3.95E-07 111
Molecular and cellular functions
Cellular development 7.12E-04 - 2.48E-09 292
Cellular growth and proliferation 6.27E-04 - 2. 48E-09 253
Cellular movement 7.14E-04 - 3.96E-09 206
Cell cycle 7.12E-04 - 5.85E-09 142
Cellular function and maintenance 5.52E-04 - 7.10E-08 170

“Data generated using IPA software.
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Figure 1. A key network associated with putative mRNA targets of human EV-enriched miRNAs. Using IPA software, a key net-
work that might be regulated by human EV-enriched miRNAs is shown.

Figure 2. Worldwide clinical trials of exosome therapies. World map showing locations of clinical trials of exosomes (Www.

clinicaltrials.gov).

Last, the clinical application of secretomes might re-
quire more straightforward safety regulations®.

At present, the exosome is the most characterized
among different types of secretomes in both preclini-
cal and clinical studies. According to the United States
government-sponsored database (www.clinicaltrials.
gov), there are 52 clinical trials with the term “exo-

some”. They are carried out world-wide but mostly in
Europe (14 cases) and United States (10 cases) (Figure
2). Targeted conditions include cancer, bacterial and
fungal disease, digestive system disease, brain disease,
heart and blood disease, respiratory tract disease, and
skin disease. However, there is only one study using
MSC-derived exosomes in a clinical trial. A phase 1
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clinical trial has been done on type I diabetes melli-
tus (T1DM) using exosomes from human cord-blood
derived MSCs (ClinicalTrails.gov identifier: NCT
02138331). This group hypothesized that the anti-in-
flammatory effect of exosomes from MSCs would re-
duce the inflammatory state in TIDM. Other studies
are currently investigating the immunotherapeutic and
vaccination effects of dendritic cell-derived exosomes
in non-small cell lung cancer (ClinicalTrails.gov iden-
tifier: NCT01159288)85. Notably, 15 studies use exo-
somes as biomarkers in diverse disease conditions, re-
flecting another important aspect of exosomes®.

Conclusion

In general, development of novel therapies takes con-
siderable time. Before they are administered to humans,
molecular and therapeutic mechanisms must be defined.
To date, there is a rapid expansion of both preclinical
and clinical studies using MSC-derived secretomes
with the advantages of a cell-free system. It appears to
be promising therapy for diverse disease or injury but
there is still more to be learned about the generation,
nature, and modification of MSC-derived secretomes.
The potential for therapeutic effects may be optimized
by pre-conditioning MSCs with small molecules, bio-
logical agents, and biomaterials, and then collect se-
cretomes from them. In addition, secretomes might be
directly engineered to selectively load certain factors
to treat target diseases more effectively. These strate-
gies will maximize treatment benefits of any kind of
secretome from MSC:s in the future.
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