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Mesenchymal stem cell (MSC) therapy shows a great prom-
ise for the treatment of injuries and diseases in regenerative
medicine [1, 2]. MSCs have the ability to self-renew and dif-
ferentiate into multiple lineages, making them an ideal can-
didate for cell therapy [3, 4]. They exist in adult tissues of
different sources such as fat, bone marrow, umbilical cord
and menstrual blood [5]. In addition to multilineage poten-
tial, these cells have the capability of secreting anti-
inflammatory molecules and bioactive factors [6]. Therefore,
they are commonly used in clinical settings to treat illnesses
including autoimmune, inflammatory, degenerative, muscu-
loskeletal and respiratory diseases [7, 8]. While numerous
studies reported the clinical applications of MSCs, multiple
challenges are yet to be addressed to achieve successful clin-
ical translations. This special issue underlines the most
recent advances in therapeutic applications of MSCs. It also
discusses many emerging approaches in enhancing the ther-
apeutic effects of MSCs especially in bioprocessing, assess-
ment of efficacy and safety, and clinical delivery strategies.

A total of 16 articles introduced the therapeutic applica-
tions of MSCs for diverse types of diseases, including cancers,
respiratory, neurological and ocular diseases. A number of
comprehensive review articles highlighted the current status
and perspectives of MSC therapy in neurological, ocular, and
respiratory diseases along with major challenges of translating
the research findings into clinical practice. D. Han et al.
reviewed the effects of MSC-mediated mitochondrial transfer
on inflammatory processes, cell metabolism, survival, prolifer-

ation, and differentiation. They also summarized therapeutic
potential of MSC-mediated mitochondrial transfer in neuro-
logical diseases such as stroke and spinal cord injury. B. Xie
et al. performed meta-analysis on randomized controlled clin-
ical trials of cerebral palsy (CP) to evaluate the efficacy and
safety of transplantation of human MSCs in children with
CP. The therapy increased gross motor function measure
scores and comprehensive function assessment up to 12
months with minimal adverse effects. J. S. Nurković et al.
reviewed phenotypic characteristics of limbal epithelial stem
cells and corneal stromal stem cells and their therapeutic
potential in corneal regeneration. Understanding the pheno-
typic and functional characteristics of corneal stem cells could
improve medical and surgical managements of ocular surface
disorders. L. Sun et al. reviewed the recent advances of MSCs
in allergic rhinitis therapy. Discussing the roles and mecha-
nisms of MSC immunomodulatory effects allows readers to
better understand the potential of MSCs in allergic rhinitis
therapy.

D. Rady et al. reviewed the major challenges in clinical
applications of human MSCs, including donor-related factors,
cell source, discrepancies in cell isolation and culture proce-
dures, risk of tumorigenicity, variability inmethods of cell deliv-
ery, and alteration of MSC properties in response to various
drugs and growth factors. By overcoming these challenges,
MSC-based therapies could be successfully translated into clin-
ical practices for many unmet medical conditions. M. N. F. B.
Hassan et al. systematically reviewed the bioprocessing
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strategies for large-scale expansion of MSCs. Specifically, the
large-scale expansion of 7 different sources ofMSCs using 4 dif-
ferent bioprocessing strategies, including bioreactor, spinner
flask, roller bottle, and multilayered flask, were comprehen-
sively discussed. It was suggested that the optimization of key
parameters, including cell seeding density, oxygen partial pres-
sure and medium formulation is crucial to ensure the develop-
ment of a sustainable and reproducible platform for utilizing
MSCs in clinical settings. These bioprocessing approaches show
tremendous potential for large-scale expansion of MSCs with-
out compromising cell quality.

A number of research articles in this issue have revealed
the potential therapeutic applications of MSCs for several
diseases, including breast cancer, skin cancer, allergic airway
inflammation, and Alzheimer’s disease. Y. Jiao et al. reported
the roles of NLRP1 and CASP4 genes in pyroptosis of breast
cancer cell line MCF7 induced by bioactive factors secreted
by human umbilical cord-derived MSCs (UCMSCs). It was
found that NLRP1 interacts with the adapter protein ASC
to form an inflammasome complex, which involves in
MCF7 cell pyroptosis. Additionally, neither NLPR1 knock-
down nor CASP4 knockdown inhibited the hUCMSC-
induced pyroptosis in MCF7, indicating that when one path-
way was inhibited, the pyroptosis occurred via another path-
way. These findings suggest that elucidating the precise
mechanism of hUCMSC-induced pyroptosis in MCF7 could
aid in the identification of potential therapeutic agents for
breast cancer. D. Miloradovic et al. studied the effects of
bone marrow-derived MSCs on anti-melanoma immunity.
It was reported that these MSCs play a different role at dif-
ferent stages of melanoma growth. The MSCs showed
tumor-suppressive effects at the initial stage of melanoma
while opposite effects were shown at the later stage. There-
fore, the optimal MSC administration timing is critical for
efficient modulation of cancer progression. S. Kim et al.
demonstrated the use of extracellular vesicles harvested from
adipose-derived stem cells (ASC-derived EVs) to suppress
allergic airway inflammation in the mouse models of allergic
airway inflammation. It was found that ASC-derived EVs
ameliorated allergic airway inflammation through differen-
tial expressed genes in the lung such as PON1, Bex2, Igfbp6,
Fpr1, and Scgb1c1. In order to study the role of MSC ther-
apy in Alzheimer’s disease (AD), H. Lim et al. investigated
the inhibition of hyperphosphorylation of tau using human
UCMSCs. The authors reported that administration of these
cells mitigated the hyperphosphorylation of tau in the AD
mouse models through galectin-3 secretion, ameliorating
the spatial learning and memory impairments.

Other research articles have improved the knowledge-
based of MSCs in several aspects, including characteristics of
MSCs isolated from breast cancer patients, efficacy and safety
of MSCs in healthy volunteers, proangiogenic activity of MSC
secretome, influences of antihypertensive medications on
MSCs, development of inducible human MSCs, and effects
of mechanical strain on tenogenic differentiation of MSCs. P.
Thitilertdecha et al. reported the in-depth characteristics of
human ASCs in fresh stromal vascular fraction isolated from
breast cancer patients. It was shown that fat tissues collected
from the patients contain ASCs with a highly homogenous

phenotype similar to the classical bone marrow-derived
MSC, which is essential for future investigation of its thera-
peutic approaches. S. Chin et al. assessed the efficacy and
safety of intravenous infusion of allogenic human UCMSCs
(CLV-100) in healthy volunteers. Six months after the infu-
sion, subjects infused with a high dose of CLV-100 had higher
levels of anti-inflammatory markers (IL1-RA and IL-10) and a
lower level of pro-inflammatory marker TNF-α compared to
those infused with a low dose of CLV-100. Additionally, all
subjects did not have any adverse reactions, suggesting that
CLV-100 infusion is safe and beneficial for tissue repair and
healing. C. M. Chinnici et al. reported that proangiogenic
activity of human fetal dermal cell secretome is mainly con-
tributed by EVs. Depletion of EVs from the secretome was
found to impair its ability to induce angiogenesis. Addition-
ally, it was shown that more microRNAs with a validated role
in angiogenesis were highly expressed in fetal dermal cell-
derived EVs compared to adult dermal cell-derived EVs, sug-
gesting that fetal dermal cell-derived EVs are more effective
than their adult counterpart in inducing angiogenesis. N.
Satani et al. showed that antihypertensive medications such
as losartan, captopril, and atenolol with doses prescribed for
stroke patients altered immunomodulatory effects of human
MSCs. These findings suggest that the effects of antihyperten-
sive drug on MSCs should be taken into consideration for
stroke patients receiving MSC therapy. Chen et al. developed
inducible humanMSC lines to be employed for studies of spe-
cific gene activation or inhibition. They found that human
MSC-CRISPRi and human MSC-CRISPRa could be useful in
studying genes and genetic pathways regulating lineage-spe-
cific differentiation of human MSCs. Nam et al. reported that
8% tensile strain at 1 Hz increased expression levels of teno-
genic markers and α-subunit of the epithelium sodium chan-
nel (ENaC) in human MSCs. Expression levels of tenogenic
markers in MSCs were decreased when ENaC function was
inhibited, suggesting that ENaC plays a key role in mechanical
strain-mediated tenogenic differentiation of MSCs.

In short, this special issue has given outstanding insights
into the therapeutic effects of MSC on numerous diseases
and highlighted the remaining obstacles and potential
approaches to translate the research findings into clinical
applications. With many opportunities and remaining chal-
lenges, we envision that there will be more studies focusing
on resolving the challenges to improve the effectiveness of
MSC therapy in the near future.
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Background. Mesenchymal stem cells (MSCs) express growth factors and other cytokines that stimulate repair and control the
immune response. MSCs are also immunoprivileged with low risk of rejection. Umbilical cord-derived MSCs (UCMSCs) are
particularly attractive as an off-the-shelf allogeneic treatment in emergency medical conditions. We aim to determine the safety
and efficacy of intravenous allogeneic infusion of UCMSCs (CLV-100) by Cytopeutics® (Selangor, Malaysia) in healthy
volunteers, and to determine the effective dose at which an immunomodulatory effect is observed. Methodology. Umbilical cord
samples were collected after delivery of full-term, healthy babies with written consent from both parents. All 3 generations
(newborn, parents, and grandparents) were screened for genetic mutations, infections, cancers, and other inherited diseases.
Samples were transferred to a certified Good Manufacturing Practice laboratory for processing. Subjects were infused with either
low dose (LD, 65 million cells) or high dose (HD, 130 million cells) of CLV-100 and followed up for 6 months. We measured
cytokines using ELISA including anti-inflammatory cytokines interleukin 1 receptor antagonist (IL-1RA), interleukin 10 (IL-10),
pro-/anti-inflammatory cytokine interleukin 6 (IL-6), and the proinflammatory cytokine tumor necrosis factor-alpha (TNF-α).
Results. 11 healthy subjects (LD, n = 5; HD, n = 6; mean age of 55 ± 13 years) were recruited. All subjects tolerated the CLV-100
infusion well with no adverse reaction throughout the study especially in vital parameters and routine blood tests. At 6 months,
the HD group had significantly higher levels of anti-inflammatory markers IL1-RA (705 ± 160 vs. 306 ± 36 pg/mL; p = 0:02) and
IL-10 (321 ± 27 vs. 251 ± 28 pg/mL; p = 0:02); and lower levels of proinflammatory marker TNF-α (74 ± 23 vs. 115 ± 15 pg/mL; p
= 0:04) compared to LD group. Conclusion. Allogeneic UCMSCs CLV-100 infusion is safe and well-tolerated in low and high
doses. Anti-inflammatory effect is observed with a high-dose infusion.

1. Introduction

Mesenchymal stem cells (MSCs) are multipotent fibroblast-
like cells that reside in various tissues of the human body.
MSCs have the capacity to regenerate and replicate as well as
to differentiate into various specialized cells and tissues in
the body, including chondrocytes, adipocytes, osteocytes,
and neuron-like cells [1–3]. The self-renewal and multilineage

potentials of MSCs in providing new cells for tissue repair by
replacing the damaged cells suggest its therapeutic potentials
in tissue regeneration [2, 4–8].

Several studies have reported that the mechanism of
MSCs in repairing tissue damage is associated to their immu-
nomodulatory properties rather than its capacity for differen-
tiation [9, 10]. One of MSCs’ vital biological function, the
immunomodulation, provides MSCs with the ability to
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migrate and adhere to any injury or inflammation sites found
in the body and thereby interact with various immune cells
such as T cells, B cells, natural killer cells, dendritic cells, neu-
trophils, and macrophages before evoking effective immune
responses to ameliorate the intense inflammatory reaction
of the injured site via direct cell-cell contact mechanism
and/or the release of soluble inducible factors [11–13].

MSCs can be isolated from various tissues including bone
marrow, peripheral blood, adipose tissue, cord blood, and
umbilical cord. Recent studies have shown that MSCs derived
from human umbilical cord (UCMSCs) possess several advan-
tages compared toMSCs isolated from other tissues, including
high-proliferation and self-renewal capacity and multilineage
differentiation capability. Umbilical cord is considered as a
medical waste, and the collection of UC-MSCs is noninvasive
which eliminates any ethical concern from its collection. [14,
15]. In addition, UCMSCs possess low immunogenicity allow-
ing them to be utilized in allogeneic transplantation without
any rejection and thereby providing a new approach for the
treatment of autoimmune diseases [16].

Consequently, UCMSCs have been developed as an “off-
the-shelf” cell therapy for a variety of diseases especially in
autoimmune diseases. Clinical studies in graft-versus-host dis-
ease (aGVHD) have demonstrated that UCMSCs dramatically
improved the patients’ conditions with no adverse effects and
no evidence of cancer recurrence throughout the trial period
([17, 18]). Moreover, UCMSCs treatment in active systemic
lupus erythematosus (SLE) resulted in amelioration of the dis-
ease activity, serologic changes, and stabilization of proinflam-
matory cytokines in the patients [19].

The production of UCMSCs cells products from manu-
facturing methods must be tested for its safety prior to be used

as therapeutic agents in cell therapy ([20]). Therefore, this
Phase 1 clinical study was conducted to establish a new
UCMSCs cell line (CLV-100) by assessing the safety and effi-
cacy of intravenous allogeneic infusion of our manufactured
UCMSCs (CLV-100) among healthy volunteers. This study
also sought to compare the immunomodulatory effect of dif-
ferent dosage of CLV-100 between high-dose and low-dose
infusion in healthy volunteers based on several clinical assess-
ments and measurements of changes in systemic biomarkers.
The findings of this study will act as a guideline and
benchmark for future CLV-100 clinical research.

2. Materials and Methods

2.1. Study Design. This is an open-label nonrandomized Phase
1 study assessing the safety and efficacy of CLV-100 infusion
among 11 healthy subjects recruited at NSCMHMedical Cen-
tre in Seremban, Malaysia. The subjects were divided into 2
groups; low-dose group received 65 million cells (equivalent
to about 1 million cells per kg body weight) (LD, n = 5), while
high dose group received 130 million cells (equivalent to about
2 million cells per kg body weight) (HD, n = 6) of allogeneic
infusion of CLV-100. This study was approved by the Medical
Research and Ethics Committee (MREC) Ministry of Health
Malaysia (NMRR-13-1152-17400) and monitored by inde-
pendent Data Safety and Monitoring Board (DSMB). All sub-
jects provided written informed consent before participating
in the study. The inclusion and exclusion criteria were listed
in Table 1.

2.2. Establishing UCMSCs Culture. Umbilical cord samples
were collected after delivery of full-term, healthy babies with

Table 1: Key inclusion and exclusion criteria for the enrolled subjects.

Key inclusion criteria

(i) Men and women aged 40 years and older
(ii) Subjects with normoglycemia
(iii) Subjects with normotension
(iv) Subjects with normal fasting lipid profile
(v) Subject must understand patient information sheet and signed informed consent form

Key exclusion criteria

(i) Subject who has enrolled in another investigational drug trial or innovative therapeutics product-related trial or has completed the
aforesaid within 3 months

(ii) Subject with history of current or past use (within 1 year) of alcohol, smoking, or drug abuse
(iii) Pregnant or nursing women
(iv) Subject with known documented drug allergies
(v) Subject who is required of the following medicines on a regular basis: anti-histamine, steroid, antibiotic, anti-inflammatory,

immunosuppressant, and pain killer medications
(vi) Subject who is currently on any hormone replacement or hormone suppressive therapy for any indication
(vii) Subject with any acute or chronic infections or communicable diseases including hepatitis B, hepatitis C, or HIV
(viii) Subject with any active or past history of neoplasia and primary hematological disease
(ix) Subject with any renal impairment indicated by serum creatinine ≥120μmol or creatinine clearance <60mL/min
(x) Subject with any cardiovascular disease including documented coronary disease of more than 50% stenosis, angina, myocardial

infarction, heart failure, stroke, transient ischemic attack, and/or peripheral artery disease
(xi) Subject with any diabetes mellitus
(xii) Subject with any liver impairment indicated by serum aspartate transaminase and alanine transaminase greater than 1.5 times upper

limit normal
(xiii) Subject with any chronic pulmonary or airways disease
(xiv) Subject with any current or past history of mental illness or cognitive impairment.
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Table 2: Clinical characteristics in recruited subjects during baseline assessment.

Parameter Normal range Total (n = 11) Low dose (n = 5) High dose (n = 6) p valuea

Age — 55 ± 13 52 ± 14 57 ± 13 0.36

Body weight — 59:6 ± 9:1 55:2 ± 9:4 63:3 ± 7:6 0.15

Male — 4 2 2 0.82

Female — 7 3 4 0.82

Routine blood tests

WBC (×109/L) 4.0-11.0 6:7 ± 0:9 6:0 ± 0:5 7:3 ± 0:9 0.03∗

Hemoglobin (g/dL) 11.5-16.5 13:4 ± 1:4 13:0 ± 1:6 13:8 ± 1:2 0.20

HCT (%) 35-47 41:2 ± 3:7 40:4 ± 3:8 41:9 ± 3:8 0.41

MCV (fl) 76-96 86:1 ± 4:0 86:4 ± 5:5 86:0 ± 2:8 0.52

Platelet (×109/L) 150-400 292 ± 55 292 ± 76 292:7 ± 38 0.72

Creatinine (μmol/L) 44-97 69:2 ± 21:3 65:8 ± 27:3 72:0 ± 17:2 0.36

ESR (mm/hr) 0-20 17:5 ± 17:5 14:4 ± 12:2 20:0 ± 21:9 0.86

AST (IU/L) 0-40 22:2 ± 6:5 19:6 ± 2:6 24:3 ± 8:1 0.27

ALT (IU/L) 0-53 20:7 ± 13:6 16:2 ± 4:4 24:5 ± 17:8 0.52

Albumin (g/L) 30-50 43:6 ± 3:5 44:5 ± 4:4 42:8 ± 2:8 0.58

Globulin (g/L) 20-50 30:9 ± 2:1 30:3 ± 2:6 31:3 ± 1:6 0.46

A/G ratio 1.2-2.5 1:4 ± 0:2 1:5 ± 0:2 1:4 ± 0:2 0.40

Total cholesterol (mmol/L) <5.2 5:5 ± 0:9 5:4 ± 0:4 5:5 ± 1:3 0.71

HbA1c (%) 3.0-6.0 5:5 ± 0:4 5:7 ± 0:3 5:2 ± 0:4 0.07

FBS (mmol/L) 3.9-5.6 4:7 ± 0:4 4:7 ± 0:3 4:7 ± 0:5 0.93

Insulin (mU/L) 3.0-25.0 6:1 ± 5:6 7:6 ± 8:4 4:9 ± 1:6 1.00

IGF-1(ng/mL) 87-238 166:4 ± 57:5 161 ± 66:2 169:6 ± 59:6 0.88

DHEAS (μmol/L) 1.0-11.7 3:0 ± 2:3 1:5 ± 1:5 3:8 ± 2:3 0.10

Estradiol (pg/mL) 50-100 66:5 ± 79:1 78:9 ± 107:2 54:0 ± 60:7 0.83

Progesterone (ng/mL) 0.57-6.11 2:3 ± 5:1 0:29 ± 0:1 4:4 ± 7:3 0.82

Testosterone (ng/mL) 2.41-8.27 3:8 ± 2:0 -b 3:8 ± 2:0 -b

hs-CRP (mg/L) <4.7 1:1 ± 1:5 0:6 ± 0:5 1:6 ± 1:9 0.58

IgE (IU/mL) <158.0 38:4 ± 42:5 23:3 ± 19:2 49:7 ± 54:5 0.48

Total PSA (ng/mL) 0.0-4.0 1:8 ± 0:7 1:2 ± 0:6 2:3 ± 0:1 0.12

CA125 (U/mL) <35.0 9:7 ± 4:8 12:8 ± 6:4 7:4 ± 1:6 0.08

CA15.3 (U/mL) <28.0 8:2 ± 4:5 8:3 ± 4:2 8:2 ± 5:4 0.72

CEA (ng/mL) <5.0 0:9 ± 0:5 0:8 ± 0:3 1:0 ± 0:6 1.00

CA19.9 (U/mL) <37.0 19:4 ± 9:1 22:1 ± 7:7 17:1 ± 10:3 0.36

AFP (ng/mL) <15.0 3:1 ± 2:1 1:7 ± 0:4 4:2 ± 2:3 0.04∗

Vital signs

SBP (mmHg) <129 121 ± 12 116 ± 8 125 ± 14 0.14

DBP (mmHg) <80 75 ± 5 76 ± 6 75 ± 5 0.71

Heart rate (beats/min) 60-100 72 ± 9 73 ± 14 70 ± 5 0.27

Lung function tests

FEV1 (L) 2.5-4.5 2:5 ± 0:5 2:6 ± 0:6 2:4 ± 0:4 0.36

FVC (L) 2.5-4.5 2:8 ± 0:6 2:9 ± 0:9 2:8 ± 0:3 0.86

FEV1/FVC (%) >75 89 ± 7 92 ± 6 86 ± 7 0.20

Biomarkers

IL-6 (pg/mL) — 16 ± 5 18 ± 6 15 ± 3 0.36
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written consent from both parents. All 3 generations (new-
born, parents, and grandparents) were screened for genetic
mutations, infections, cancers, and other inherited diseases
before the samples were transferred to the laboratory for pro-
cessing. All cell processing was done in a certified Good
Manufacturing Practice (GMP) laboratory in accordance
with Malaysia Guidelines for Stem Cell Research and Ther-
apy as published previously [4, 5]. Isolation and culturing
have been established and reported previously [21]. The
high-quality umbilical cord was digested, and MSCs were
isolated based on adherence to flask’s surface. The cells then
were expanded in proprietary growth medium kept in 37°C,
5% CO2, and 95% air incubator. After three days, nonadher-
ent cells were discarded and replaced with new growth
medium until it reached confluence. Then, the MSCs were
cultured in new flasks until the required cell number was
achieved. The first few early passages of the cells were cryo-
preserved and served as a seed for future use. For this study,
cells were thawed and expanded from the seed up until
Passage 6. Throughout the process, UCMSCs were tested
for quality control purposes including immunophenotyping,
differentiation assays, as well as to confirm the absence of
bacterial, fungal, and mycoplasma contamination.

2.3. Infusion of UCMSCs, Monitoring, and Follow-Up.On the
day of CLV-100 infusion, the eligible subjects registered to a
medical centre as outpatients. The subjects underwent a rou-
tine physical examination, and their vital signs were mea-
sured to ensure they were fit and suitable for CLV-100
infusion. Once the subjects were confirmed fit for CLV-100
infusion, a cannula was placed in the subjects’ vein. Before
CLV-100 infusion, 200mL of normal saline was infused into
subjects for 0.5-1 hours. While waiting for normal saline
infusion, 65 million CLV-100 for LD group and 130 million
cells for HD group were thawed, washed, and resuspended
in 200mL of normal saline before being infused intrave-
nously to the subjects for 1 hour. Upon completion, 50mL
of normal saline solution was infused to keep the vein open.
All standard precautions for intravenous procedure were
observed according to routine and standard practice at the

medical centre. The subjects were monitored for vital sign
and adverse event (AE) (if any) every 15 minutes during infu-
sion and later on an hourly basis for a minimum of 6 hours in
the medical centre. We followed the Good Clinical Practice
(GCP) guidelines of the International Council for Harmoni-
zation (ICH) in defining our AE. The classifications of AE in
this study include any untoward medical occurrence in the
study subject administered with CLV-100 which may or
may not related to the Investigational Product (IP). The
monitored AE included but not limited to fever, headache,
injection site swelling, or pain. The subjects were discharged
if there were no other complications observed after the
monitoring period.

Subjects were required to do the 4 times of follow-up (2,
30, 90, and 180 days) postinfusion. During all follow-up,
20mL blood was withdrawn from the subjects for blood anal-
ysis. Subjects were required to immediately inform the med-
ical centre if there is any AE or severe adverse event (SAE).

2.4. Outcome Measures. Baseline data were collected from
each subject prior to CLV-100 infusion and information
regarding subject particulars; demographic data and medical
history were properly recorded. Several clinical assessments
were performed at baseline (before CLV-100 infusion) and
during postinfusion follow-ups at 2, 30, 90, and 180 days,
including routine blood tests, hypersensitivity tests (specifi-
cally white cell count, subfraction, and immunoglobulin E),
vital signs, lung function tests specifically in the ratio of
forced expiratory volume in 1 second to forced vital capacity
(FEV1/FVC) via spirometry, renal function tests, liver func-
tion tests, full blood count, level of the proinflammatory
and the anti-inflammatory markers such as high-sensitivity
C-reactive protein (hs-CRP), and albumin globulin ratio
(A/G), respectively, as well as cytokines, to examine any
changes in the results in each of the subjects.

The primary endpoint of this study was to evaluate the
presence or absence of allergic reaction to the infusion, sepsis,
organ failure (clinically apparent or subclinical), hospitaliza-
tion, cancers, and death, as well as any changes in clinical,

Table 2: Continued.

Parameter Normal range Total (n = 11) Low dose (n = 5) High dose (n = 6) p valuea

IL-10 (pg/mL) — 269 ± 64 289 ± 42 258 ± 74 0.30

PGE2 (pg/mL) — 2947 ± 1417 3795 ± 2017 2523 ± 969 0.44

IL1-RA (pg/mL) — 440 ± 117 447 ± 117 436 ± 128 0.80

TNF-α (pg/mL) — 96 ± 29 118 ± 10 85 ± 30 0.12

TGF-β (ng/mL) — 37 ± 5 35 ± 6 37 ± 4 0.80

VEGF (pg/mL) — 528 ± 383 475 ± 281 556 ± 448 1.00

HGF (pg/mL) — 855 ± 344 678 ± 254 944 ± 368 0.20
aTheMann–Whitney test. bData too low to be computed. ∗Significant value at p < 0:05. Abbreviation:WBC: white blood cells; MCV: mean corpuscular volume;
HCT: hematocrit; A/G: albumin/globulin; ESR: erythrocyte sedimentation rate; AST: aspartate aminotransferase; ALT: alanine transaminase; HbA1c:
hemoglobin A1c; FBS: fasting blood sugar; IGF-1: insulin growth factor-1; DHEAS: dehydropiandrosterone sulphate; SBP: systolic blood pressure; DBP:
diastolic blood pressure; FEV1: forced expiratory volume in one second; FVC: forced vital capacity; hs-CRP: high-sensitivity C-reactive protein; IgE:
immunoglobulin E; IL-6: interleukin 6; IL-10: interleukin 10; PGE2: prostaglandin E2; IL1-RA: interleukin 1 receptor antagonist; TNF-α: tumor necrosis
factor-alpha.
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Table 3: Baseline and follow-up clinical assessments among subjects in the LD group.

Parameters Baseline day 0
Follow-up period

p valuea
Day 2 Day 30 Day 90 Day 180

Routine blood tests

WBC (×109/L) 6:0 ± 0:5 5:4 ± 0:5 5:6 ± 1:3 5:4 ± 1:0 5:8 ± 1:1 0.51

Hemoglobin (g/dL) 13:0 ± 1:6 12:9 ± 1:5 13:0 ± 1:5 13:0 ± 1:6 13:2 ± 1:1 0.74

Creatinine (umol/L) 65:8 ± 27:3 62:6 ± 15:9 66:4 ± 24:0 64:6 ± 14:9 62:6 ± 13:9 0.97

HCT (%) 40:4 ± 3:8 40:0 ± 4:1 40:2 ± 4:1 40:6 ± 4:3 41:4 ± 2:9 0.59

MCV (fl) 86:4 ± 5:5 86:0 ± 4:3 86:2 ± 4:5 85:6 ± 5:4 85:8 ± 4:9 0.72

Platelet (×109/L) 292 ± 77 282 ± 74 282 ± 106 275 ± 3 298 ± 99 0.96

ESR (mm/hr) 14:4 ± 12:2 16:6 ± 11:4 21:6 ± 20:4 15:6 ± 9:5 12:6 ± 6:6 0.69

AST (IU/L) 19:6 ± 2:6 21:6 ± 3:3 20:2 ± 2:2 22:6 ± 4:6 21:4 ± 3:2 0.34

ALT (IU/L) 16:2 ± 4:4 16:2 ± 5:9 16 ± 3:9 17:2 ± 4:7 17:4 ± 1:3 0.92

Albumin (g/L) 44:5 ± 4:4 42:2 ± 3:2 42:2 ± 3:8 43:2 ± 3:5 41:6 ± 2:1 0.07

Globulin (g/L) 30:3 ± 2:6 31:2 ± 2:3 31:2 ± 3:5 31:2 ± 4:2 30:8 ± 2:9 0.96

A/G ratio 1:5 ± 0:2 1:3 ± 0:2 1:4 ± 0:2 1:4 ± 0:2 1:4 ± 0:2 0.06

Total cholesterol (mmol/L) 5:4 ± 0:4 5:2 ± 0:3 5:1 ± 0:5 5:4 ± 0:6 5:3 ± 0:6 0.59

HbA1c (%) 5:7 ± 0:3 — 5:7 ± 0:4 5:7 ± 0:3 5:6 ± 0:3 0.78

FBS (mmol/L) 4:7 ± 0:3 — 4:8 ± 0:3 4:7 ± 0:4 4:6 ± 0:3 0.64

Insulin (mU/L) 7:6 ± 8:4 — 4:4 ± 2:6 2:9 ± 2:0 3:8 ± 0:3 0.68

IGF-1 (ng/mL) 161 ± 66:2 — 123:4 ± 27:4 127:9 ± 44:0 133:2 ± 58:1 0.62

DHEAS (μmol/L) 1:5 ± 1:5 — 1:1 ± 1:1 1:4 ± 1:1 1:2 ± 0:7 0.46

Estradiol (pg/mL) 78:9 ± 107:2 — 85:9 ± 123:3 51:7 ± 40:2 62:4 ± 71:9 0.90

Progesterone (ng/mL) 0:29 ± 0:1 — 7:3 ± 12:3 0:2 ± 0:0 5:7 ± 9:7 0.52

Testosterone (ng/mL) -b — -b -b -b -b

hs-CRP (mg/L) 0:6 ± 0:5 3:5 ± 3:2 2:1 ± 3:3 1:1 ± 1:1 1:5 ± 1:8 0.03∗

IgE (IU/mL) 23:3 ± 19:2 23:3 ± 18:4 24:6 ± 19:6 20:9 ± 16:6 22:1 ± 12:0 0.14

Total PSA (ng/mL) 1:2 ± 0:6 — 1:3 ± 1:0 1:2 ± 0:8 1:2 ± 0:9 0.90

CA125 (U/mL) 12:8 ± 6:4 — 11:6 ± 4:5 12:4 ± 5:5 11:3 ± 3:4 0.90

CA15.3 (U/mL) 8:3 ± 4:2 — 9:5 ± 5:4 8:6 ± 4:0 8:6 ± 3:0 0.82

CEA (ng/mL) 0:8 ± 0:3 — 1:1 ± 0:5 0:8 ± 0:3 0:9 ± 0:3 0.23

CA19.9 (U/mL) 22:1 ± 7:7 — 19:4 ± 11:3 19:5 ± 10:2 18:3 ± 9:4 0.52

AFP (ng/mL) 1:7 ± 0:4 — 1:3 ± 0:1 2:2 ± 0:9 1:5 ± 0:3 0.14

Vital signs

SBP (mmHg) 116 ± 8 119 ± 19 121 ± 18 120 ± 11 117 ± 16 0.89

DBP (mmHg) 76 ± 6 73 ± 8 75 ± 8 78 ± 6 75 ± 6 0.21

Heart rate (beats/min) 73 ± 14 66 ± 10 72 ± 12 71 ± 11 68 ± 13 0.40

Lung function tests

FEV1 (L) 2:6 ± 0:6 — — 2:5 ± 0:5 2:3 ± 0:5 0.13

FVC (L) 2:9 ± 0:9 — — 2:9 ± 0:5 2:7 ± 0:7 0.82

FEV1/FVC (%) 92 ± 6 — — 87 ± 6 89 ± 9 0.25

Biomarkers

IL-6 (pg/mL) 18 ± 6 19 ± 14 10 ± 4 — 12 ± 4 0.56

IL-10 (pg/mL) 289 ± 42 271 ± 37 231 ± 13 — 251 ± 28 0.21

PGE2 (pg/mL) 3795 ± 2017 3198 ± 1076 2431 ± 923 — 3206 ± 1533 0.76

IL1-RA (pg/mL) 447 ± 117 415 ± 126 434 ± 225 — 306 ± 36 0.22
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functional parameters and blood tests during the 6 months
follow-up period.

2.5. Detection of Cytokines and Growth Factors with ELISA.
Serum of every subject during day 0, day 2, day 7, day 30,
and day 180 postinfusion was collected and kept frozen at
-80°C to allow batch analysis at the end of the study. The
anti-inflammatory cytokines including interleukin-10 (IL-
10), interleukin-1-receptor antagonist (IL-1RA), and prosta-
glandin E2 (PGE2); proinflammatory cytokines such as
interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-
α); as well as growth factors including transforming growth
factor-beta (TGF-β), vascular endothelial growth factor
(VEGF), and hepatocyte growth factor (HGF) were detected
and measured with enzyme-linked immunosorbent assay
(ELISA) kits (R&D System, USA) in duplicates according to
manufacturer’s instructions.

2.6. Statistical Analysis. Data analysis was performed by IBM
SPSS Statistic v23.0 software (SPSS, Inc., Armonk, NY, USA).
Missing data on the primary efficacy variable had their data
imputed by the method of Last Observation Carried Forward
(LOCF), and the data were presented as means ± SD. The
safety of intravenous infusion of CLV-100 towards the sub-
jects was assessed via descriptive statistic analysis. Differ-
ences in side effects and blood test between the group of
low dose and high dose were calculated using Fisher’s exact
test (for categorical data) and Mann–Whitney test (for
numerical data). As for the efficacy analysis, Mc Nemar test
(for categorical data) and Wilcoxon signed rank test (for
numerical data) were used to assess the difference (if any)
between pre- and post-CLV-100 infusion. It was considered
statistically significant when the value of p < 0:05.

3. Results

3.1. Baseline Assessments. Throughout the study period, 11
healthy volunteers (male: 4, female: 7) were screened and
recruited betweenMay 2017 and January 2018 into the study.
As shown in Table 2, the mean age of the subjects during
baseline was 55 ± 13 years old. About 1:1 ± 0:2 million cells
per kg and 2:1 ± 0:3 million cells per kg were infused into
LD subjects and HD subjects, respectively. There were no sig-
nificant differences were observed in all clinical routine
parameters between the two groups except HD subjects have
higher but normal white blood cells (WBC) count (7:3 ± 0:9
vs. 6:0 ± 0:5 × 109/L; p = 0:03) and alpha-fetoprotein (AFP)

level (4:2 ± 2:3 vs. 1:7 ± 0:4 ng/mL; p = 0:04) compared to
LD subjects. We have further looked into individual WBC
and AFP parameters. All subjects (either LD or HD) were
within the normal range (4:0 − 11:0 × 109/L for WBC and
less than 10ng/mL for AFP). Further on that, from 30 to
180 days (to the end of the study) postinfusion follow-up,
no statistical significant differences were observed in WBC
and AFP parameters.

3.2. Tolerability, Hypersensitivity and Adverse Reactions.
Similar clinical assessments were examined throughout the
6-months follow-up among all recruited subjects in both
groups to assess the safety of allogeneic CLV-100 infusion
as shown in Table 3 and Table 4. All subjects tolerated the
CLV-100 infusion well. There were no significant different
changes in vital signs variables before, during, and after the
CLV-100 in both groups. There was a small but significant
increase in hemoglobin (13:8 ± 1:2 vs. 14:4 ± 1:3 g/dL; p =
0:04) and MCV (86:0 ± 2:8 vs. 88:2 ± 3:9 fl; p = 0:02) at 6
months in HD group.

Specifically, the immunoglobulin E (IgE), which is nor-
mally raised in hypersensitivity reactions, remained lowwithin
the normal range for both LD (23:3 ± 19:2 vs. 22:1 ± 12:0
IU/mL; p = 0:14) and HD (49:7 ± 54:5 vs. 50:2 ± 53:3; p =
0:79) groups throughout the study although the values are
not significant. Similarly, there was no increase or decrease
in total white cell count or its subfractions after infusion. For
the lung function test, no significant difference was observed
in both FEV1 (2:4 ± 0:4 vs. 2:3 ± 0:2 L; p = 0:79) and
FEV1/FVC (86 ± 7 vs. 83 ± 6%; p = 0:95) levels throughout
the follow-up period in HD group. In addition, there were
no reported AE or SAE among all subjects throughout the 6
months follow-up period.

3.3. Immunomodulatory Effect of CLV-100 by Measurement
of Cytokines. The immunomodulatory effect of CLV-100
infusion in the healthy volunteers of both dosage groups
was measured based on the changes in systemic biomarkers
detected in the subjects’ collected sera. The cytokines levels
of the subjects in LD and HD groups were compared between
baselines and postinfusion.

In the HD group, the serum level of anti-inflammatory IL-
1RA was significantly elevated from day 0 to day 2 (436 ± 128
vs. 610 ± 176 pg/mL; p = 0:03), day 30 (436 ± 128 vs. 615 ±
148 pg/mL; p = 0:03), and day 180 (436 ± 128 vs. 705 ± 160
pg/mL; p = 0:03) postinfusion as depicted in Figure 1. The
remaining cytokines (IL-10, IL-6, PGE2, and TNF-α) did not

Table 3: Continued.

Parameters Baseline day 0
Follow-up period

p valuea
Day 2 Day 30 Day 90 Day 180

TNF-α (pg/mL) 118 ± 10 115 ± 15 93 ± 16 — 78 ± 3 0.06

TGF-β (ng/mL) 35 ± 6 33 ± 11 28 ± 6 — 35 ± 6 0.54

VEGF (pg/mL) 475 ± 281 648 ± 273 723 ± 258 — 773 ± 258 0.27

HGF (pg/mL) 678 ± 254 859 ± 169 1268 ± 307 — 1037 ± 170 0.13
aThe Friedman test. bData too low to be computed. ∗Significant value at p < 0:05.
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Table 4: Baseline and follow-up clinical assessments among subjects in the HD group.

Parameters Baseline day 0
Follow-up period

p valuea
Day 2 Day 30 Day 90 Day 180

Routine blood tests

WBC (×109/L) 7:3 ± 0:9 6:4 ± 0:7 6:6 ± 0:9 6:6 ± 1:3 6:8 ± 0:7 0.69

Hemoglobin (g/dL) 13:8 ± 1:2 13:6 ± 1:4 13:5 ± 1:1 14:1 ± 1:1 14:4 ± 1:3 0.04∗

HCT (%) 41:9 ± 3:8 42:0 ± 4:2 42:0 ± 2:9 43:0 ± 3:3 43:7 ± 3:9 0.12

MCV (fl) 86:0 ± 2:8 87:5 ± 3:0 87:5 ± 3:7 88:3 ± 3:3 88:2 ± 3:9 0.02∗

Platelet (×109/L) 293 ± 39 286 ± 36 297 ± 30 299 ± 26 298 ± 34 0.20

Creatinine (μmol/L) 72:0 ± 17:2 68:8 ± 21:6 70:5 ± 20:2 67:8 ± 13:9 74:7 ± 14:1 0.50

ESR (mm/hr) 20:0 ± 21:9 21:0 ± 16:4 19:5 ± 17:4 17:2 ± 16:0 18:8 ± 19:2 0.13

AST (IU/L) 24:3 ± 8:1 23:3 ± 6:3 23:0 ± 6:4 25:3 ± 4:3 24:2 ± 5:3 0.81

ALT (IU/L) 24:5 ± 17:8 23:3 ± 12:8 21:0 ± 10:3 24:3 ± 13:6 23:2 ± 10:6 0.77

Albumin (g/L) 42:8 ± 2:8 43:2 ± 3:9 43:5 ± 2:9 43:5 ± 2:4 44:2 ± 2:9 0.23

Globulin (g/L) 31:3 ± 1:6 29:5 ± 1:6 28:5 ± 1:2 28:3 ± 1:6 27:8 ± 1:6 0.01∗

A/G ratio 1:4 ± 0:2 1:5 ± 0:1 1:5 ± 0:1 1:6 ± 0:1 1:6 ± 0:1 0.01∗

Total cholesterol (mmol/L) 5:5 ± 1:3 5:3 ± 1:0 5:3 ± 0:9 5:4 ± 0:7 6:1 ± 1:3 0.09

HbA1c (%) 5:2 ± 0:4 — 5:5 ± 0:3 5:5 ± 0:4 5:6 ± 0:4 0.08

FBS (mmol/L) 4:7 ± 0:5 — 4:4 ± 0:5 4:4 ± 0:3 4:6 ± 0:3 0.20

Insulin (ng/mL) 4:9 ± 1:6 — 5:2 ± 1:8 5:7 ± 3:6 4:3 ± 2:6 0.14

IGF-1(ng/mL) 169:6 ± 59:6 — 156:4 ± 69:1 155:6 ± 83:3 148:8 ± 44:9 0.78

DHEAS (μmol/L) 3:8 ± 2:3 — 3:2 ± 2:5 3:7 ± 2:6 3:4 ± 2:3 0.12

Estradiol (pg/mL) 54:0 ± 60:7 — 38:6 ± 35:4 66:7 ± 55:0 111:0 ± 87:1 0.15

Progesterone (ng/mL) 4:4 ± 7:3 — 0:9 ± 1:3 0:3 ± 0:1 7:1 ± 12:0 0.86

Testosterone (ng/mL) 3:8 ± 2:0 — 3:8 ± 1:1 5:5 ± 0:5 4:1 ± 1:9 0.62

hs-CRP (mg/L) 1:6 ± 1:9 5:3 ± 4:5 1:6 ± 1:6 2:7 ± 2:1 1:8 ± 2:3 0.04∗

IgE (IU/mL) 49:7 ± 54:5 46:8 ± 48:4 48:6 ± 52:5 46:1 ± 49:2 50:2 ± 53:3 0.79

Total PSA (ng/mL) 2:3 ± 0:1 — 1:4 ± 0:8 1:4 ± 0:9 1:5 ± 1:0 0.24

CA125 (U/mL) 7:4 ± 1:6 — 7:6 ± 2:8 7:3 ± 1:4 6:5 ± 1:9 0.96

CA15.3 (U/mL) 8:2 ± 5:4 — 8:1 ± 6:1 8:9 ± 7:2 9:6 ± 6:1 0.31

CEA (ng/mL) 1:0 ± 0:6 — 0:9 ± 0:4 0:9 ± 0:5 1:1 ± 0:9 0.21

CA19.9 (U/mL) 17:1 ± 10:3 — 17:0 ± 9:0 15:0 ± 9:1 13:6 ± 11:0 0.06

AFP (ng/mL) 4:2 ± 2:3 — 4:2 ± 2:7 3:8 ± 2:2 4:3 ± 3:1 0.88

Vital signs

SBP (mmHg) 125 ± 14 120 ± 12 118 ± 17 131 ± 14 125 ± 11 0.16

DBP (mmHg) 75 ± 5 77 ± 5 74 ± 9 76 ± 9 77 ± 5 0.21

Heart rate (beats/min) 70 ± 5 70 ± 3 67 ± 5 71 ± 10 66 ± 2 0.39

Lung function tests

FEV1 (L) 2:4 ± 0:4 2:3 ± 0:1 — 2:3 ± 0:2 2:3 ± 0:2 0.79

FVC (L) 2:8 ± 0:3 2:7 ± 0:3 — 2:8 ± 0:3 2:8 ± 0:3 0.03∗

FEV1/FVC (%) 86 ± 7 84 ± 7 — 82 ± 4 83 ± 6 0.95

Biomarkers

IL-6 (pg/mL) 14 ± 4 13 ± 4 22 ± 7 — 23 ± 5 0.06

IL-10 (pg/mL) 258 ± 74 215 ± 39 307 ± 49 — 321 ± 27 0.13

PGE2 (pg/mL) 2523 ± 969 4987 ± 4059 3208 ± 853 — 3378 ± 691 0.19

IL1-RA (pg/mL) 436 ± 128 610 ± 176 615 ± 148 — 705 ± 160 0.03∗
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show any statistical significant mean changes from baseline
throughout themonitoring period. In the LD group, the serum
levels of IL-10, IL-1RA, IL-6, PGE2, and TNF-α did not show
any significant changes within group for each of the follow-up
visits as compared to baseline.

The serum cytokines levels at different time points were
also compared between LD and HD group (Figure 2). The
serum levels of anti-inflammatory factors IL1-RA (705 ± 160
vs. 306 ± 36 pg/mL; p = 0:02) and IL-10 (321 ± 27 vs. 251 ±
28 pg/mL; p = 0:02) were significantly greater at day 180 post-
infusion in HD group than in LD group. In addition, the
serum level of proinflammatory factor TNF-α was signifi-
cantly lower at day 2 (74 ± 23 vs. 115 ± 15 pg/mL; p = 0:04)
after infusion in the HD group compared to the LD group.
Meanwhile, the serum level of IL-6, which has both pro- and
anti-inflammatory properties, was significantly higher in HD
group at day 30 (22 ± 7 vs. 10 ± 4 pg/mL; p = 0:05) postinfu-
sion in relative to LD group, and similar trend was observed
as the follow-up continues at day 180 (23 ± 5 vs. 12 ± 4 pg/
mL; p = 0:02). Finally, there was no significant difference of
PGE2 level observed between both groups.

3.4. Albumin Globulin Ratio as a Marker of Anti-
Inflammatory State. In the HD group, albumin/globulin

(A/G) ratio (1:4 ± 0:2 vs. 1:6 ± 0:1; p = 0:01) was significantly
elevated, with a corresponding significant drop of globulin
(31:3 ± 1:6 vs. 27:8 ± 1:6 g/L; p = 0:01) level was observed
over 6 months period.When comparing between both groups,
the HD subjects have higher A/G ratio compared to the LD
subjects at 6 months (1:6 ± 0:1 vs. 1:4 ± 0:2; p = 0:04) post-
CLV-100 infusion as shown in Figure 3(a).

3.5. Hs-CRP as a Marker of Inflammation, Repair, and
Healing. In LD group, high-sensitivity C-reactive protein
(hs-CRP) reading was significantly elevated at 2 days postin-
fusion (0:6 ± 0:5 vs. 3:5 ± 3:2mg/L; p = 0:04) but dropped
continuously over 6 months follow-up (1:5 ± 1:8mg/L; p =
0:09). A similar trend was detected among HD subjects where
the hs-CRP value significantly raised at 2 days postinfusion
(1:6 ± 1:9 vs. 5:3 ± 4:5mg/L; p = 0:03) and subdued tremen-
dously at 6 months (1:8 ± 2:3mg/L; p = 0:04). The hs-CRP
serum level in both groups was depicted in Figure 3(b).

3.6. Change in Serum Growth Factors.When the growth fac-
tors level of the subjects in LD and HD groups collected sera
were measured via systemic biomarkers, all growth factors,
which are VEGF (Figure 3(c)), TGF-β (Figure 3(d)), and
HGF (Figure 3(e)), did not show any statistical significant
mean changes from baseline throughout the monitoring
period as well between both groups.

4. Discussion

The main objective of this clinical study was to determine the
safety of allogeneic intravenous CLV-100 infusion among
healthy volunteers with different doses. Based on the results,
there was no complication that occurred during the infusion
with no significant AE in both dosage groups during 6 months
follow-up, thus demonstrating that UCMSCs infusion was
safe among healthy subjects. These outcomes are consistent
with other UCMSCs treatment based studies where the group
reported that the administration of UCMSCs with the best
medical care was safe with reduced ejection fraction among
patients with stable heart failure [22]. In addition, UCMSCs
infusion posed no SAE among type 2 diabetes mellitus
(T2DM) patients with mild improvement in hemoglobin
A1c (HbA1c) and fasting blood sugar (FBS) [23].

Apart from assessing the safety of CLV-100 infusion, the
outcome of the routine blood tests, lung function tests, and
vital parameters in this Phase 1 study demonstrated MSCs’
tolerability in allogeneic treatment as it did not trigger or

Table 4: Continued.

Parameters Baseline day 0
Follow-up period

p valuea
Day 2 Day 30 Day 90 Day 180

TNF-α (pg/mL) 84 ± 30 74 ± 23 71 ± 15 — 67 ± 19 0.67

TGF-β (pg/mL) 37 ± 4 38 ± 5 34 ± 9 — 37 ± 8 0.42

VEGF (pg/mL) 556 ± 448 510 ± 134 599 ± 335 — 515 ± 297 0.58

HGF (pg/mL) 944 ± 368 1152 ± 436 1174 ± 539 — 1124 ± 628 0.58
aThe Friedman test. ∗Significant value at p < 0:05.
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Figure 1: Serum level of IL1-RA measured in every follow-up visits
for all subjects in the LD and HD group. The anti-inflammatory IL-
1RA was significantly elevated in HD subjects from day 2 to day 180
relative to baseline. Statistical significance of biomarkers between
each follow-up visits was assessed by using the Wilcoxon signed-
rank test. ∗Significant value at p < 0:05 when compared with
baseline.
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increase hypersensitivity reactions in both LD and HD groups,
which were maintained within the normal range throughout
the follow-up period. It has been reported that MSCs admin-
istered in patients with moderate-to-severe atopic dermatitis
(AD) could reduce allergic symptoms and inflammatory
parameters via reduction of serum immunoglobulin E (IgE)
levels and eosinophil count without the occurrence of serious
AE [24]. We did not demonstrate the decrease in IgE and total
white cell count. This is because our study involved healthy
volunteers, and it also reaffirms that while MSCs are immuno-
modulatory, they are not immunosuppressive.

In terms of safety and tolerability, our lung function tests
upon CLV-100 administration in both LD and HD groups
were consistent with the previous study where MSCs infusion
via endobronchial valve (EV) placement was well-tolerated
and appear to decrease systemic inflammation in patients with
compromised lung function due to severe chronic obstructive
pulmonary disease (COPD) without any occurrence of acute
administration-related toxicity, SAE, or death reported [25].

These results also proved where lung function test results,
gas exchange variables, and blood work obtained after MSCs
infusion have no significant alterations with those values
obtained before MSCs infusion among patients with bronchi-
olitis obliterans syndrome [26].

We also found that high-dose CLV-100 infusion provided
a significant increase in both hemoglobin level and MCV level
that falls within the normal range. Another study indicated
that MSCs maintained a better quality of hemoglobin as well
as the oxygen-carrying capacity [27] as more hemoglobin
helps in controlling the level of nitric oxide, thus expanding
the blood vessels for more blood flow. Hemoglobin is also
important for immunity where free hemoglobin serves as an
alarmmolecule that signals bleeding and tissue damage, which
drives macrophage production towards a protective, antioxi-
dative macrophage type, that halts lesion progression at later
stages of disease [28]. In recent studies, patients with anaemia
condition or with inflammatory diseases such as rheumatoid
arthritis (RA) frequently have a significant reduction in
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Figure 2: Evaluation of serum levels of cytokines, IL-1RA, IL-10, PGE2, IL-6, and TNF-α, for subjects between LD and HD group. Only
serum levels of cytokines IL-1RA, IL-10, IL-6, and TNF-α were found to have significant changes between both groups. Statistical
significance of biomarkers between LD and HD groups were assessed by using the Mann–Whitney test. ∗Significant value at p < 0:05.

9Stem Cells International



hemoglobin and MCV level as compared to healthy or nona-
naemic individuals [29, 30]; thus, these indirectly show the
importance of MSCs and hemoglobin level towards immunity.

C-reactive protein (CRP) is a nonspecific proinflamma-
tory marker that is commonly produced by the human body
under stress condition as a systemic response towards acute
infections, inflammatory conditions, and trauma. It plays a
role in the recruitment of monocytes, granulocytes, and cyto-
kines to the area of injury and infection to control the damage
and initiate repair. As the injury is contained and healing
begins, the hs-CRP starts to fall. Persistent hs-CRP, on the
other hand, would have indicated or resulted in impaired heal-
ing and scarring and may be a risk factor for cardiovascular
disease (CVD) [31]. Our results exhibited significant differ-
ences in hs-CRP level at different time points in both dosage
groups where it was elevated initially followed by gradual
declining trend within 6 months.

A similar finding was observed in another study where the
hs-CRP and other proinflammatory cytokines including TNF-
α and IL-6 raised at 7 days post-MSCs transplantation before
receding within 1 month follow-up ([32]). Besides, they

reported that the level of IL-10, an anti-inflammatory marker,
also peaked at 7 days post-MSCs transplantation which then
helped to reduce tissue inflammation after an injury caused
by the previously mentioned proinflammatory cytokines
[33]. Based on our results, the hs-CRP level was only peaked
at 2 days post-MSCs infusion, which later followed by the
raised level of IL-10, which peaked on the same day to ease
down the inflammation rate even it was not statistically signif-
icant. This outcome was also supported by Jiao and colleagues
where the levels of CRP and IL-10 were positively correlated
among patients with traumatic fracture of lower limb [34].

In addition, the biomarkers assessment results showed a
significant steady increase of cytokine IL-1RA level from
baseline up until 6 months of posttreatment in the HD
group. IL-1RA is a naturally occurring antagonist to the
proinflammatory cytokine IL-1 especially IL-1β [35]. It
has been reported that elevation in IL-1β activity triggered
the increasing level of hs-CRP synthesized in the liver,
making hs-CRP to become a surrogate biomarker for IL-
1β [36–38]. Hence, due to its anti-inflammatory property,
the increasing level of IL-1RA in this study could be
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Figure 3: Evaluation of serum levels of A/G ratio, hs-CRP as well as VEGF, TGF-β, and HGF for subjects between LD and HD group. Only
serum levels of A/G were found to have significant changes between both groups. Statistical significance of the biomarkers between LD and
HD groups were assessed by using the Mann–Whitney test. ∗Significant value at p < 0:05.
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interpreted as a result of the immunoregulatory properties
of MSCs to counter-regulate hs-CRP level which also found
to be increased in this study. The result is supported by the
previous study where hs-CRP and IL-1RA levels were
observed to be positively correlated with depressive symp-
toms in patients with type 2 diabetes (T2D) [39].

Our study clearly demonstrated a difference in immuno-
modulatory effect between the high dose and low dose. The
HD group showed a significantly greater reduction of proin-
flammatory cytokine TNF-α at day 2 of posttreatment as well
as an increased level of anti-inflammatory cytokines, which
are IL-6, IL1-RA, and IL-10 within 6 months follow-up in
relation to those in LD group. Hence, CLV-100 dosage of
130 million cells or two million MSCs per kilogram of body
weight represents the optimal dose level in overcoming
inflammatory conditions by displaying the best improvement
in all parameters tested, absence of side-effects, and SAE. Our
findings were consistent with another study which also con-
cluded UCMSCs dosage of 100 million cells as the optimal
dose level in treating frailty disease [40].

Moreover, the data collected in this study suggested that
the expression level of IL-6 can be considered as an anti-
inflammatory cytokine, because its expression’s pattern in
HD group is parallel with other anti-inflammatory cytokines,
IL-10 and IL-1RA. Although IL-6 possesses proinflammatory
properties and often correlates with disease severity, it is also
paradoxically linked to anti-inflammatory molecules via com-
plex auto-inhibitory feedback mechanisms where IL-6 plays a
protective role in ischemic events by reducing the level of pro-
inflammatory cytokine with the assistance of anti-inflamma-
tory compounds IL-10 in healthy individuals [41].

Lastly, this is the first study that reported the signifi-
cant changes of A/G ratio and globulin between visits with
readings still fall within a normal range in subjects receiv-
ing a higher dosage of UCMSCs infusion. Total serum
protein test is a common procedure to be included for a
health check-up to measure the amount of protein in the
body where albumins, globulin, and A/G ratio are the
main components to be tested. In this study, a significant
reduction of globulin was observed throughout the study.
Globulin plays an important role in immunity, and it is
known that increases in serum globulins are associated
with several immune-mediated diseases (such as rheuma-
toid diseases, chronic liver disease, nephrotic syndrome,
diabetes mellitus, and cancer) as well as related to chronic
inflammation [42–44]. Moreover, decrease in globulin level
in this study reflects the significant rising level of A/G
ratio, a combination of two independent prognostic fac-
tors: albumin and globulin. Other researchers examined
the relationship between the changes of A/G ratio value
with the incidence of chronic diseases in healthy popula-
tions, and their findings indicate that healthy subjects with
low A/G ratio (<1.1) were found to be at risk for not only
liver cancer or hematologic malignancies but all the other
common cancers [44]. Besides that, higher A/G ratio due
to lower level of globulin may indicate better nutrition,
lower inflammation, lower autoimmune disease, and infec-
tion and may have a positive effect to the overall survival
of patients with solid tumours [42].

5. Conclusion

In conclusion, intravenous allogeneic infusion of CLV-100
was safe, well-tolerated, and free from any concerning AE
toward all subjects in both LD and HD groups. Despite the
small numbers of subjects, we had demonstrated an initial
transient proinflammatory effect followed by a significant
and prolonged anti-inflammatory effect. This immunomod-
ulatory effect at high dose was accompanied by beneficial
increases in hemoglobin and A/G ratio and with no adverse
changes in vital parameters and tests of hypersensitivity.
Therefore, high doses of allogenic MSCs could help exert
beneficial effects of repair and healing.
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Background. Human bone marrow stromal/stem cells (hMSCs, also known as the skeletal stem cells or mesenchymal stem cells) are
being employed to study lineage fate determination to osteoblasts, adipocytes, and chondrocytes. However, mechanistic studies
employing hMSC have been hampered by the difficulty of deriving genetically modified cell lines due to the low and unstable
transfection efficiency. Methods. We infected hMSC with a CRISPR/Cas9 lentivirus system, with specific inducible dCas9-
coupled transcription activator or repressor: dCas9-KRAB or dCas9-VP64, respectively, and established two hMSC lines
(hMSC-CRISPRi and hMSC-CRISPRa) that can inhibit or activate gene expression, respectively. The two cell lines showed
similar cell morphology, cell growth kinetics, and similar lineage differentiation potentials as the parental hMSC line. The
expression of KRAB-dCas9 or VP64-dCas9 was controlled by the presence or absence of doxycycline (Dox) in the cell culturing
medium. To demonstrate the functionality of the dCas9-effector hMSC system, we tested controlled expression of alkaline
phosphatase (ALP) gene through transfection with the same single ALP sgRNA. Results. In the presence of Dox, the expression
of ALP showed 60-90% inhibition in hMSC-CRISPRi while ALP showed more than 20-fold increased expression in hMSC-
CRISPRa. As expected, the ALP was functionally active and the cells showed evidence for inhibition or enhancement of in vitro
osteoblast differentiation, respectively. Conclusion. hMSC-CRISPRi and hMSC-CRISPRa are useful resources to study genes and
genetic pathways regulating lineage-specific differentiation of hMSC.

1. Background

Human bone marrow stromal/stem cells (hMSCs, also
known as human skeletal or mesenchymal stem cells) are
clonal cells present within the bone marrow stroma and are
capable of differentiation into various mesoderm-type line-
age cells, e.g., osteoblasts, adipocytes and chondrocytes [1].
hMSC has been extensively employed to study the molecular
mechanisms of lineage commitment and differentiation and
to identify novel factors regulating differentiation processes
[2]. We have previously employed global methods of proteo-

mics and transcriptomics to identify specific factors and sig-
naling pathways controlling hMSC differentiation [3–6].
However, follow-up studies focusing on specific factors or a
signaling pathway have been hampered by the difficulty in
achieving stable hMSC lines that either are deficient or over-
express the target genes of interest at a specific time point of
differentiation stages. Moreover, conventional viral mediated
gene overexpression in hMSC is technically expensive and
time-consuming.

Type II CRISPR-Cas9 system (Clustered Regularly Inter-
spaced Palindromic Repeats–CRISPR-associated 9) is a novel
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and powerful technology to manipulate gene expression. It is
developed from the bacterial immune system for cleaving
foreign DNA [7] and is composed of Cas9 endonuclease
and a target-identifying CRISPR RNA (single guide RNA,
sgRNA). The sgRNA targets a 18-25 base pair sequence of
target gene and thus guides Cas9 to specific DNA sites where
it creates a blunt-ended double-stranded break (DSB) within
the sequence by its endonuclease activity [8, 9]. This DSB
induces the generation of mutations that may cause a frame-
shift in gene coding sequence [10, 11]. Alternatively, it can
supply a repair template with homology to the cut site and
facilitates targeted integration of mutation or insertion [12].

Besides the direct gene code editing, the CRISPR-Cas9
system can be employed for studying genetic and epigenetic
regulation. The Cas9-sgRNA complex can act as a scaffold
to recruit different transcription effectors to specific DNA
sequences, allowing gene transcription regulation with either
transcriptional activation (CRISPRa) or repression (CRIS-
PRi). This function requires disruption of Cas9 nuclease
activity by introducing mutations into two nuclease domains
(the RuvC and HNH domains) of Cas9 resulting in a
deactivated-Cas9 (dCas9) [13–15]. Artificial transcription
factors (effector) fused with dCas9 to form the dCas9-
effector and then paired with specific sgRNA can be used to
target different genes. Different effector proteins, such as
transcription activators or repressors fused to dCas9, can dif-
ferently activate (CRISPRa) or interfere (CRISPRi) in gene
expression. In addition, the CRISPR-dCas9 system can be
coupled with inducible systems allowing dynamic control of
gene transcription [16].

In the present study, we examined the possibility of
developing universal hMSC lines to be employed for studies
of specific gene activation or inhibition. We employed a sys-
tem where dCas9 is fused with two different transcription
effectors for either activation or inhibition of gene transcrip-
tion. One effector is the VP64 activator, an engineered tetra-
mer of the herpes simplex VP16 transcriptional activator
domain, which can activate silent genes or upregulate active
genes in mammalian cells [16–19]. The second effector is a
transcriptional repressor KRAB (Krüppel-associated box)
domain of Kox1, an efficient repressor of gene transcription
[20]. By infecting hMSC with dCas9-VP64 or dCas9-KRAB
lentiviral vectors, respectively, we selected and obtained two
hMSC lines to be employed for an easy and quick approach
for the activation or inhibition of targeted genes by transfect-
ing targeted sgRNA, and we also showed that the regulation
of gene expression is inducible by addition or removal of
doxycycline (Dox) in cell culture medium.

2. Methods

2.1. Cell Culture. As a model for primary hMSC, we
employed the telomerized hMSC line (hMSC-TERT) which
was developed in our lab [21]. The hMSC-TERT was created
from primary hMSC derived from the bone marrow sample
obtained from a young healthy donor, through stable overex-
pression of human telomerase reverse transcriptase gene
(hTERT). The hMSC-TERT cells express all known markers
of hMSC and “stemness” characteristics in vitro and in vivo

[21, 22]. For the rest of the manuscript, we will refer to the
cell line as hMSC. HEK293T is a human cell line, derived
from the HEK 293 cell line and expressing a mutant version
of the SV40 large T antigen, and was employed to produce
recombinant viruses. Cells were cultured in Minimum Essen-
tial Medium (MEM) with 10% fetal bovine serum (FBS) and
penicillin-streptomycin (P/S) (1%). All cell culture reagents
were purchased from Life Technologies (Taastrup, Den-
mark). All the remaining chemicals were purchased from
Sigma-Aldrich (Copenhagen, Denmark). Cells were incu-
bated in 5% CO2, at 37

°C with a humidity of 95%.

2.2. Lentiviral Vector Production. In order to create inducible
CRISPRa cell line, we employed Tet-regulable dCas9-VP64
lentiviral expression vector (pHAGE TRE dCas9-VP64-HA,
Addgene, plasmid #50916) [23]; and for inducible CRISPRi
cell line, Tet-regulable dCas9-KRAB lentiviral expression
vector was utilized (dCas9-TRE-KRAB-HA, Addgene, plas-
mid #50917) [23]. We also employed two plasmids that
express lentivirus envelope proteins for lentiviral packaging
and production (psPAX2 and pCMV-VSV-G, Addgene,
#12259 and #8454).

HEK293T packaging cells were cultured in MEM with
10% FBS with 1% P/S until 50-60% confluence. The culture
medium was changed to fresh prewarmed growth medium
(without P/S) 2 hours prior to transfection. We prepared
transfection DNA mixture containing dCas9-effector fusion
vector, psPAX2, and pCMV-VSV-G (ratio 4 : 3 : 1) in Opti-
mum Medium (Thermo Fisher Scientific, Roskilde, Den-
mark) and polyethyenimine (PEI) (1μg/μl in 1x PBS,
pH4.5) at a ratio of 4 : 1 of PEI :DNA. The mixture was
incubated for 5-10min at room temperature and added
gradually to the cells. The cells were incubated for 6-8
hours in 3.5% CO2 in a 37°C cell incubator. The medium
was then replaced with fresh growth medium (3% FBS,
with 25mM HEPES) and incubated for 10 hours and mixed
with sodium butyrate (10mM). The cells continue in
culture for 48 hours posttransfection.

Cell culture media were pooled from HEK293-
transfected cells and stored at 4°C as the 1st medium. Fresh
growth medium was added (with the addition of 25mM
HEPES), and the cells were incubated overnight (60-72 hours
posttransfection). The 2nd medium was collected and pooled
with the 1st medium. One μg DNase I and 1μl of 1M MgCl2
per ml of viral supernatant were added, and the mixture was
incubated at room temperature for 30min to digest any
carry-over plasmid DNA; this was followed by incubation
at 4°C for 2-4 hours. The supernatants were filtered through
a 0.45μm low protein binding filter and utilized in virus puri-
fication step. We employed the virus particle purification
steps as described in [24]. Briefly, viral particles were
obtained by ultracentrifugation; i.e., the collected medium
supernatants were centrifuged at 80,000 g for 2 hours at 4°C
using a 20% sucrose cushion. The supernatant was discarded
without disturbing the pellets. Fresh collected medium
supernatants were added, and a second centrifugation step
was performed. Finally, the viral pellet collected from
100ml conditioned medium, was suspended in 200μl of 1x
HBSS buffer.
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2.3. Lentiviral Transduction. hMSC line was transduced with
lentiviral particles according Addgene’s protocol (https://
www.addgene.org/protocols/generating-stable-cell-lines/).
Briefly, hMSCs were seeded and cultured until 70% conflu-
ence and infected using a range of multiplicities of infection
(MOIs) (5.0 to 10.0) of the lentivirus in MEM supplemented
with 8μg/ml polybrene. The cells were incubated for 48
hours, and the supernatant media was discarded to remove
excess virus particles. For selection, 400μg/ml G418 (Genet-
icin) was used for positive section of the infected hMSC and
this treatment continued for 5-7 days until all control cells
(un-transduced) died. The cells were then trypsinized, and
selection was continued for 2-3 weeks using culture in
medium containing G418 for in order to obtain stable and
pure transduced cell populations.

2.4. Alkaline Phosphatase (ALP) gRNA Design, Synthesis, and
Transfection.Human ALP gRNA for transcription regulation
was designed in an online CRISPR design tool (http://crispr
.mit.edu) based on ALP promoter sequence, from -200 bp
to +0 bp. The selected ALP gRNA oligo (TCGTGGCACGA
CCGGCCCGCGGG) and the universal tracrRNA oligo
(Alt-R® CRISPR-Cas9 tracrRNA) were synthesized at Inte-
grated DNA Technologies (Leuven, Belgium). The gRNA-
tracrRNA guide complex was mixed as a final duplex of
10μM in nuclease-free duplex buffer (Integrated DNA Tech-
nologies) and denatured by heating at 95°C for 5min and
then allowed to form the heteroduplexes by slowly cooling
to 23°C. hMSC-CRISPRi or hMSC-CRISPRa was transfected
with ALP crRNA-tracrRNA guide complex employing Dhar-
maFECT™ Transfection Reagent (Dharmacon Inc./VWR
International A/S, Søborg, Denmark) according to the man-
ufacturer’s instructions (http://dharmacon.gelifesciences
.com/uploadedFiles/Resources/basic-dharmafect-protocol
.pdf).

2.5. Lipofectamine 2000 Cell Transfection and Electroporation
Transfection. To compare the efficiency of gRNAs, siRNA
and plasmid inhibition or overexpression in hMSCs utilizing
Lipofectamine® 2000 or electroporation were performed to
compare with the sgRNA transfection in hMSC-CRISPRi or
hMSC-CRISPRa. Alkaline phosphatase (ALP) Silencer®
Select validated siRNA was purchased from Ambion (App.-
Bio) (#4390821); pcDNA3-Alkaline phosphatase (ALP) plas-
mid was purchased from PPL (Public Protein/Plasmid
Library, Jiangsu, China, #BC009647). siRNA transfection
was performed by Lipofectamine® 2000 (Thermo Fisher Sci-
entific, Roskilde, Denmark) as the manufacturer’s instruc-
tions suggested for siRNA transfection in cells (https://
assets.thermofisher.com/TFS-assets/LSG/manuals/
Lipofectamine_2000_Reag_protocol.pdf). The plasmid
transfection in hMSCs was performed by electroporation by
Nucleofector™ 2b Device (Lonza, BioNordika Denmark
A/S). Briefly, hMSCs were harvested and suspended with
Human MSC Nucleofector Solution (Lonza, #VAPE-1001)
at the concentration of 5 × 105 cells/100μl, mixed with 2μg
plasmid DNA, and transferred into the electroporation
chamber, using program U-23. This was immediately
followed by the addition of 500μl of the prewarmed culture

medium containing serum and supplements; cells were then
transferred into the prepared 6-well plates and, after 2 hours,
were changed to fresh cell culturing medium.

2.6. Osteoblastic Differentiation. hMSCs were cultured to
reach 80-90% confluence and then incubated in osteoblastic
induction medium (OIM) containing 10% FBS, 1% Pen–
Strep, 10mM β-glycerophosphate, 50μg/ml 2-phosphate
ascorbate, 10 nM dexamethasone, and 10nM 1,25-dihydrox-
yvitamin D3. OIM medium was replaced every 3 days.

2.7. Adipogenic Differentiation. hMSCs were cultured to
reach 95-100% confluence prior to adding adipogenic induc-
tion medium (AIM) containing MEM medium supple-
mented with 10% FBS, 10% horse serum, 1% Pen–Strep,
100 nM dexamethasone, 0.45mM isobutyl methyl xanthine,
3μg/ml insulin, and 1μM rosiglitazone (Cayman,
#BRL49653). The AIM medium was replaced every 2 days.

2.8. Chondrogenic Differentiation. For chondrogenesis in
hMSCs, 250,000 MSCs were centrifuged at 500 g, 7min in
15ml tubes to form pellets at high-density culture. Chondro-
genesis was induced for 18 days with MEM medium supple-
mented with 50μg/ml L-ascorbic acid-2-phosphate (Sigma-
Aldrich.), 1% ITS+1 (BD Bioscience), 10-7M dexamethasone
(Sigma-Aldrich), and 10ng/ml TGFb3 (R&D Systems, Wies-
baden, Germany). The aggregated cells were cultured in
tubes with 0.5-1ml medium/pellet at 37°C in a humidified
atmosphere containing 95% air and 5% CO2. The medium
was replaced every other day for 18 days [25].

2.9. Alkaline Phosphatase (ALP) Activity Assay. Cell viability
was determined on day 7 of osteoblastic differentiation by
Cell Titer-Blue cell viability assay according to the manufac-
turer’s instructions (Promega, Nacka, Sweden). Staining
intensity was measured at 579/584 by a FLUO star Omega
plate reader (BMG Laboratories, Germany). ALP activity
was determined by incubating the cells with 1mg/ml of p-
nitro phenyl phosphate in 50mMNaHCO3 and 1mMMgCl2
buffer (pH 9.6) at 37°C for 20min. The activity was stopped
by the addition of 3M NaOH. The reaction absorbance was
measured at 405nm by a FLUO star Omega plate reader,
and ALP activity was corrected for variation in cell number.

2.10. Alkaline Phosphatase Staining. Alkaline phosphatase
(ALP) staining was performed at day 7 postinduction.
The cells were rinsed with PBS and fixed in acetone/citrate
(1.5 : 1, vol : vol) buffer (pH4.2) for 5min at room temper-
ature. The cells were incubated for 1 hour at room tem-
perature with ALP staining substrate solution containing
0.2mg/ml naphthol AS-TR phosphate dissolved in distilled
water (1 : 5) and 0.417mg/ml Fast Red dissolved in 0.1M
Tris buffer.

2.11. Oil Red O Staining. Mature adipocyte formation was
visualized on day 12 of adipocytic differentiation by staining
lipid droplets with Oil Red O. Cells were washed with
phosphate-buffered saline (PBS), fixed with 4% paraformal-
dehyde for 10min, and then incubated with fresh-made
and filtered (0.45μM) Oil Red O in 60% isopropanol solution
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for 1 hour at room temperature. Images were acquired using
an inverted Zeiss microscope.

2.12. Alcian Blue Staining. To evaluate the synthesis of
cartilage-specific proteoglycans, sulfated glycosaminoglycans
(GAGs) were stained with Alcian blue. Cell pellets from day
18 chondrogenic differentiation were fixed and embedded
by paraffin; samples were deparaffinized and hydrated to dis-
tilled water, stained in 1% Alcian blue 8-GX (Sigma-Aldrich)
in 3% acetic acid in pH 2.5, and then rinsed in distilled water
as previously described [26]. The accumulation of GAGs was
assessed using microscopic examination.

2.13. Protein Sample Preparation and Western Blot Analysis.
For Western blot analysis, we used whole cell lysates. The
cells were washed in PBS and lysed in RIPA buffer (Thermo
Fisher Scientific) supplemented with a protease inhibitor
(Roche, Switzerland). Samples were centrifuged for 10min
at 13,000 rpm (4°C). Protein concentration was determined
with a BCA kit (Thermo Fisher Scientific), and equal
amounts of proteins were loaded on a polyacrylamide gel
(Thermo Fisher Scientific). Blotted nitrocellulose membranes
were incubated overnight with HA-tag primary antibody
(Santa Cruz Biotechnology). The blots were developed after
1-hour incubation with secondary anti-rabbit horseradish
peroxidase-conjugated antibody (Santa Cruz Biotechnology)
using an ECLWestern blotting kit (Thermo Fisher Scientific)
and Kodak films.

2.14. Quantitative Real-Time PCR (qRT-PCR). RNA from
cells was isolated at day 2 of osteoblastic differentiation by
TRIzol® according to the manufacturer’s instructions
(Thermo Fisher Scientific). The first strand complementary
DNA was synthesized from 1μg total RNA by Revert aid
cDNA kit (Sigma-Aldrich). RT-qPCR was performed by
ABI StepOne™ Real time PCR machine with SYBR green
(Thermo Fisher Scientific). The data was normalized to geo-
metric means of reference genes and analyzed by a compara-
tive CTmethod where Δ-CT is the difference between the CT
values of the target and geometric mean of reference genes.
PCR Primers for human ALP gene are as follows: ACGT
GGCTAAGAATGTCATC (forward) and ACGTGGCTA
AGAATGTCATC (reverse); and primers for GAPDH are
as follows: GGCGATGCTGGCGCTGAGTAC (forward)
and TGGTTCACACCCATGACGA (reverse).

2.15. Statistical Analysis. Data were collected from at least 3
independent experiments with each experiment comprising
duplicates or triplicates. A one-way analysis of variance
(AVOVA) test with the nonparametric Kruskal-Wallis test
was used to assess statistical differences in the groups by
GraphPad Prism 7.0. Data was expressed as the mean
and standard deviation (SD), and P < 0:05 was considered
as significant.

3. Results

3.1. Generation of Inducible CRISPRi or CRISPRa hMSC. As
shown in Figure 1(a), hMSCs were transduced with lentivirus
expressing dCas9-KRAB (CRISPRi) or dCas9-VP64 (CRIS-

PRa), which express the CRISPR-dCas9 fused with gene tran-
scription repressor (KRAB) or activator (VP64), respectively,
and the expression is driven from a doxycycline- (Dox-)
inducible promoter (TRE promoter) [23]. After lentiviral
transduction, cells were selected with G418 for 21-28 days
in order to obtain stable expression cells (Figure 1(a)). In
the absence of Dox, no expression of dCas9-KRAB or
dCas-VP64 was detectable in inducible CRISPRi hMSC or
CRISPRa hMSC, but when increasing concentrations of
Dox adding into the culture medium, there were rapid and
dose-dependent increases in their expression reaching a peak
at a concentration of 1000ng/ml (Figure 1(b)). To further
prove the dynamic control of dCas9 expression in both cell
lines, Dox was removed from culture medium after two-day
incubation which led to the disappearance of dCas9 protein
expression in both hMSC-CRISPRi and hMSC-CRISPRa
within 1-2 days (Figures 1(c) and 1(d)).

3.2. Characterization of Inducible CRISPRi and CRISPRa
hMSCs. In the presence of Dox, lentivirus-transduced
hMSC-CRISPRi and hMSC-CRISPRa retained spindle-
shaped fibroblast-like morphology of the parental hMSC line
(Figure 2(a)). We observed no difference in cell proliferation
rate between the cell lines in the presence or absence of Dox
in 12 days culturing, as evidenced by determination of cell
number and cell viability (Figure 2(b)). Following osteoblast
(OB) differentiation induction, hMSC-CRISPRi and hMSC-
CRISPRa maintained osteoblast differentiation capacity as
evidenced by positive staining for ALP and induction of
ALP activity (Figure 2(c)). Similarly, both cell lines differen-
tiated readily to adipocytes or chondrocytes as compared to
the parental cell line (Figures 2(d) and 2(e)).

3.3. Dynamic Inducible Control of ALP Transcription in
hMSC-CRISPRi or hMSC-CRISPRa. To test for regulating
gene expression of specific genes in hMSC-CRISPRi or
hMSC-CRISPRa, we chose alkaline phosphatase (ALP) gene
as a candidate for its known role in osteoblast (OB) differen-
tiation of hMSC [27]. One ALP gRNA was designed, and het-
eroduplexes were produced and transfected into hMSC-
CRISPRi or hMSC-CRISPRa, respectively. After delivery in
hMSC-CRISPRi, the expression level of ALP showed no
change in the absence of Dox; in the presence of increasing
concentrations of Dox, the gene expression of ALP exhibited
dose-dependent inhibition; this was also confirmed by ALP
staining (Figure 3(a)). Conversely, the expression levels of
ALP gene and ALP staining were significantly increased in
hMSC-CRISPRa in the presence of Dox in a dose-
dependent fashion (Figure 3(b)).

3.4. Regulation of Osteoblast Differentiation of hMSC by
Changes in ALP Gene Expression. To further validate the
functional relevance of gene regulation in hMSC-CRISPRi
or hMSC-CRISPRa, we compared the osteoblast differentia-
tion capacity in hMSC-CRISPRi or hMSC-CRISPRa follow-
ing transfection with ALP gRNA or negative gRNA
(control (Ctrl)). We observed that in the absence of Dox,
there were no differences at ALP activities in control gRNA
and ALP gRNA-transfected hMSC-CRISPRi or hMSC-
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CRISPRa (Figures 3(c) and 3(d)), while in presence of Dox,
the activity of ALP was significantly repressed in hMSC-
CRISPRi or increased in hMSC-CRISPRa, and this was asso-
ciated with decreased (Figures 3(c)) or increased
(Figure 3(d)) ALP staining.

3.5. High Efficiency of Gene Inhibition or Activation in
Inducible CRISPRi and CRISPRa hMSCs. To determine the
efficiency of specific gene inhibition or activation by gRNA
in hMSC-CRISPRi and hMSC-CRISPRa, we compared the
gene inhibition with traditional siRNA transfection by Lipo-
fectamine 2000 and the gene overexpression with traditional
plasmid transfection by electroporation that we had tested
before as the most efficient transient transfections in hMSCs.
As shown in Figure 4, both specific siRNA and gRNA trans-
fections in CRISPRi hMSC have significant gene inhibition
on day 2 (>90%) or day 7 (>75-85%) after cell transfection
(Figures 4(a) and 4(b)). On the other hand, the gene activa-
tion by gRNA in CRISPRa hMSC was shown to be much
stronger than traditional plasmid overexpression (31-fold
vs 2.5-fold on day 2 after transfection) (Figure 4(c)), and
the gene activation by gRNA in CRISPRa hMSCs also lasted
much longer: 7 days posttransfection, cells demonstrated 10

times overexpression while the plasmid-transfected overex-
pression effects disappeared (Figure 4(d)).

4. Discussion

Human bone marrow stromal/stem cells (hMSC) are multi-
potent cells with the ability to differentiate into osteogenic,
chondrogenic, and adipogenic lineages. The cells have been
utilized in molecular studies aimed at understanding the
molecular mechanisms controlling lineage fate determina-
tion through targeting specific genes or genetic pathways
[3, 5, 28]. Manipulating gene expression in hMSC by plasmid
transfection is the most common approach. However, this
approach requires specific expensive electroporation instru-
ments or employing relatively toxic chemical formulations,
and it usually exhibits low efficiency (usually <25% in our
laboratory). Conversely, viral gene delivery is the most effi-
cient way to attain stable gene expression in hMSC; however,
this method requires specific laboratory setup, with time-
consuming and technical difficulties.

In the present study, we employed CRISPR-dCas9 tech-
nology and created two universal hMSC lines to be utilized
in specific gene transcriptional inhibition or transcriptional
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Figure 1: Generation of inducible CRISPRi and CRISPRa hMSCs. (a) Illustration and flow chart for generating inducible CRISPRi using
dCAs9 TRE-KRAB and CRISPRa using dCas9 TRE-VP64. (b) Western blot analysis of expression of dCas9-KRAB-HA and dCas9-VP64-
HA in the presence of increasing concentrations of doxycycline (Dox) in CRISPRi-hMSC and CRISPRa-hMSC, separately. The effect of
the absence or presence of Dox on protein expression of dCas9-KRAB-HA (c) or dCas9-VP64-HA (d). CRISPRi-hMSC and CRISPRa-
hMSC were cultured in cell culturing medium with or without Dox (0 or 1000 ng/ml) for 2 days, then washed twice by PBS and changed
the cell culturing medium to the medium without Dox, with continuous culturing of the cells till day 6. Cell proteins were harvested on
days 2, 3, 4, and 6 and subjected to Western blots to test the expression of dCas9-KRAB and dCas9-VP64 by HA antibody.
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activation. We demonstrate that this technology did not
affect the growth rate or the functional characteristics of the
cells. Moreover, we demonstrated that regulation of gene
expression can be achieved by the presence Dox in culture
medium that acts as a “switch” to regulate gene expression.
To regulate gene expression, a simple transfection by one

sgRNA for targeting gene was enough to obtain either inhibi-
tion of target gene in hMSC-CRISPRi cells or overexpression
in hMSC-CRISPRa cells (summary as shown in Figure 5).

We employed one transcriptional repressor, KRAB
domain of Kox1, an efficient repressor of gene transcription
[20], to construct with dCas9 and make the hMSC-
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Figure 2: Characterization of inducible CRISPRi and CRISPRa human skeletal stem cells (hMSC). (a) The morphology of control hMSC,
inducible hMSC-CRISPRi, or hMSC-CRISPRa. (b) Short-term growth curve of control hMSC, hMSC-CRISPRi, or hMSC-CRISPRa. The
cells were seeded in a 96-well plate and cultured in the absence or presence of doxycycline; cell viability assay was performed at different
time points during 12 days in culture (D0–D12, D= day). (c–e) Control hMSC, hMSC-CRISPRi, and hMSC-CRISPRa were induced to
osteogenic, adipogenic, and chondrogenic differentiation. The cells were cultured for 7 days in osteoblast induction medium (OIM) (c), 12
days in adipocyte induction medium (AIM) (d), or 18 days in chondrogenic induction medium (CIM) (e) as described in Methods.
Alkaline phosphatase (ALP) activity and ALP staining (c), Oil Red O staining (d), or Alcian blue staining (e) were performed to visualize
different hMSC lineage-differentiated phenotype. Data are expressed as the means ± SD. Scale bar: 100μm.
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CRISPRi cells, and we obtained 60-99% inhibition efficiency
using only one sgRNA. To further enhance the inhibition
efficiency, previous studies have suggested a number of other
approaches, including screening of several sgRNAs to iden-
tify the most efficient sgRNA [20]; the pooling of several
designed sgRNAs of the targeting gene [16, 29]; or combining
several fusion transcriptional repressors with dCas9 in the
system, such as KRAB, the CS (chromoshadow) domain of
HP1a, the WPRW domain of Hes1, and four concatenated
copies of the mSin3 domain (SID4X) [14, 16]. We observed
that transfection of sgRNAs in CRISPRi cell system resulted
in similar levels of gene expression inhibition compared to
siRNA-mediated gene inhibition. This is expected as both
are small RNA molecules with high transfection efficiency
(usually >95% transfection efficiency got in hMSCs for small

RNA transfection in our laboratory). However, sgRNA-
CRISPRi has the important advantage of the ability to
control gene expression by Dox, allowing gene manipula-
tion at different time points at developmental stages of dif-
ferentiating hMSC.

We observed high efficiency for gene regulation by
CRISPR-dCas9 in CRISPRa our activation system. By simply
transfecting one small molecular sgRNA of the targeting
gene, we routinely obtained 5 to 20-fold overexpression for
the targeting genes in hMSCs. This method is much easier
than the traditional approaches for gene overexpression,
e.g., transfection or infection of gene open reading frame
(ORF) cloning plasmid or viral vectors, respectively. We have
utilized the VP64 activator in the CRISPRa cell system. Other
activator fusion proteins have the employed activation of
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Figure 3: Dynamic regulation of ALP expression during osteoblast differentiation in inducible CRISPRi or CRISPRa hMSC. Inducible CRISPRi
(a) or CRISPRa (b) hMSC were transfected with ALP gRNA oligo by DharmaFECT™ Transfection Reagent and cultured with increasing
concentrations of Dox. ALP expression was measured by RT-qPCR at day 2. Inducible CRISPRi (c) or CRISPRa (d) hMSC was transfected
with ALP gRNA oligo or negative control (Ctrl) and induced to OB differentiation in the absence or presence of Dox (1000ng/ml). ALP
activity and staining (bottom photomicrographs) were performed on day 7 in hMSC-CRISPRi or day 3 in hMSC-CRISPRa to show the most
evident change for inhibition or activation. Data are expressed as the means ± SD. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
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gene expression such as P65 activator, heat shock factor 1
(HSF1), and the viral replication and transcription activator
(RTA) [30]. Among these, VP64 infection was proven to
demonstrate more efficiency than other reported activities
[11]. In addition, several approaches have been described to
further enhance gene activation in CRISPRa system, e.g., fus-
ing multirepeats of one transcriptional activator with dCas9
[20, 31]; combining several different transcriptional activa-
tors together with dCas9 [32]; or using multiple sgRNAs
designed across the targeting gene promoter [19].

One of the most striking advantages for CRISPRi and
CRISPRa is the possibility for simultaneous multigene target-
ing [19, 20, 29]. Through single transfection with several

sgRNAs targeting different genes, the method can inhibit or
enhance multiple genes allowing examination of the com-
bined effects of multigene inhibition or activation. Moreover,
VP64-CRSIPRa and KRAB-CRISPRi hMSC lines can also be
employed in screening a large number of effectors by sgRNAs
libraries. Combing both CRISPRi and CRISPRa together to
study one or several targeting genes by loss-or-gain effects
can further help confirming the specific effects of targeting
factors and limit the bias of function study.

CRISPR/Cas9 technology is a powerful tool for creating
gene knock-ins and knock-outs; however, concerns need to
be addressed consequentially to mutations engendered at
gene sites other than the intended target site (off-target).
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Figure 4: Comparison of the efficiency of gene inhibition or gene activation in control hMSC, inducible CRISPRi hMSC, and CRISPRa
hMSC. (a, b) Control (Ctrl) hMSC and inducible CRISPRi were transfected with siRNA-Ctrl, siRNA-ALP, Ctrl gRNA, or ALP gRNA
oligo and for 2 or 7 days as described in Methods. ALP expression was measured by RT-qPCR at day 2 (a) or day 7 (b). (c, d) Control
(Ctrl) hMSC and inducible CRISPRa were transfected with pcDNA3 vector plasmid, pcDNA3-ALP plasmid by electroporation, or Ctrl
gRNA and ALP gRNA oligo by DharmaFECT™ Transfection Reagent as described in Methods. ALP expression was measured by RT-
qPCR at day 2 (c) and day 7 (d). Data are expressed as the means ± SD. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
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The selection and design of the sgRNA for specific target
genes are the key to control the specificity of targeting in
our system. We suggest initially selecting several highest
scored sgRNAs for the target gene that are designed by differ-
ent programs. Alternatively, commercially proved sgRNAs
(Thermo Fisher Scientific, Merck/Sigma, Takara et al.) are
now available. Pooling of several sgRNAs for one target gene
might improve the inhibition or activation efficiency of the
target gene; however, limiting the number of sgRNAs can
benefit the reduction of off-target effects. If one sgRNA has
a high enough efficiency, we suggest using one sgRNA target-
ing for one gene. Several different sgRNAs for one gene can
be used in different parallel experiments to obtain consistent
results and limit misleading the effects of off-targeted events.
Moreover, besides checking the specific target gene, testing
the several highest potential off-target genes by the gRNAs
can also help to confirm the targeting specificity in the
CRISPR cells.

5. Conclusion

The availability of inducible hMSC-CRISPRi and hMSC-
CRISPRa cell lines makes it possible to investigate the role
of specific genes and genetic pathways at a specific develop-
mental stage of hMSC differentiation and map the genetic
regulatory networks underlying lineage differentiation of
hMSC. These tools can help to enhance our understanding
of hMSC biology and are also relevant to regenerative medi-
cine applications for tissue regeneration.
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establish the inducible CRISPRi or CRISPRa cell lines. In these cells, with simply transfecting the small molecular guide RNAs (gRNAs)
that target different specific genes, it can easily inhibit or activate specific gene expressions with or without doxycycline (Dox) in cell
culturing mediums or differentiation induction medium.

9Stem Cells International



Additional Points

Highlight. (i) Using the principle of CRISPR technology, we
established two human stromal/stem cell lines: CRISPRi
and CRIPSRa. (ii) These two cells overcome the difficulty of
plasmid transfection in hMSCs and make gene transcription
inhibition and overexpression easily by only transfecting a
small guide RNA (gRNA). (iii) The inhibition and activation
of specific genes have been proved to be highly efficient in
both cell lines. (iv) The transcription regulation in both cell
lines can be controlled by Dox induction at different times
during differentiation.
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It has been suggested that mechanical strain may elicit cell differentiation in adult somatic cells through activation of epithelial
sodium channels (ENaC). However, such phenomenon has not been previously demonstrated in mesenchymal stromal cells
(MSCs). The present study was thus conducted to investigate the role of ENaC in human bone marrow-derived MSCs (hMSCs)
tenogenic differentiation during uniaxial tensile loading. Passaged-2 hMSCs were seeded onto silicone chambers coated with
collagen I and subjected to stretching at 1Hz frequency and 8% strain for 6, 24, 48, and 72 hours. Analyses at these time points
included cell morphology and alignment observation, immunocytochemistry and immunofluorescence staining (collagen I,
collagen III, fibronectin, and N-cadherin), and gene expression (ENaC subunits, and tenogenic markers). Unstrained cells at
similar time points served as the control group. To demonstrate the involvement of ENaC in the differentiation process, an
ENaC blocker (benzamil) was used and the results were compared to the noninhibited hMSCs. ENaC subunits’ (α, β, γ, and δ)
expression was observed in hMSCs, although only α subunit was significantly increased during stretching. An increase in
tenogenic genes’ (collagen1, collagen3, decorin, tenascin-c, scleraxis, and tenomodulin) and proteins’ (collagen I, collagen III,
fibronectin, and N-cadherin) expression suggests that hMSCs underwent tenogenic differentiation when subjected to uniaxial
loading. Inhibition of ENaC function resulted in decreased expression of these markers, thereby suggesting that ENaC plays a
vital role in tenogenic differentiation of hMSCs during mechanical loading.

1. Introduction

Ion channels have been regarded as an important mediator
for a multitude of physiological processes including muscle
contraction, synaptic transmission, immune regulation, and
many others [1, 2]. It is therefore not surprising that these
structures are also involved in specific cellular responses
including cell cycle regulation, cytoskeletal reorganization,
and apoptosis [3, 4]. Whilst many of the common ion chan-
nels have been extensively investigated, the role of the less
common ones has been underrated. This has led to the lack
of understanding of the mechanism regulating specific cellu-

lar function involving these channels such as the signalling
process in response to mechanical stimuli. Amongst the less
commonly studied ion channels is the epithelial sodium
channels (ENaC), which has been reported to have a main
role in facilitating movements of fluids across the cells mainly
in the lungs, kidneys, and skin [5, 6].

Several studies have reported that ion channels residing
in the plasma membrane of chondrocytes and osteoblasts
are involved in the transduction of mechanical signals
[7–9]. The existence of ENaC in load-bearing cells suggests
that ENaC has a mechanoactive role in cellular signalling.
Such signalling processes are deemed important for cellular
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differentiation to occur. Although the differentiation process
of adult somatic cells is thought to be mediated by ENaC, its
mechanoactive role in multipotent cells, such as those of
mesenchyme origin, has not been previously described. Fur-
thermore, whilst it has been shown that ENaC activation
occurs via mechanical stretching, the mechanism resulting
in the sequelae of events has never been fully understood.

It is suggested that ENaC functions as transmembrane
adhesion molecules that is linked directly to the cytoskeletal
microtubules as well as the extracellular matrix (ECM)
components such as collagen type IV [10]. As proposed by
Shakibaei and Mobasheri [11], ECM macromolecules (colla-
gen type II), β1-integrins, ENaC, and voltage activated cal-
cium channel (VACC) act as putative mechanosensitive
receptors that regulate subcellular signal transduction path-
ways through the perception of physical contact and stresses
from the ECM. It is also suggested that the ability of cells to
respond to mechanical stimuli is controlled by a series of
mechanosensitive receptors or structures that sense and con-
vert mechanical signals into biochemical signalling events.
This eventually leads to the control of cellular functions,
which include but not limited to cell proliferation, differenti-
ation, and apoptosis. This process, known as mechanotrans-
duction, is deemed to be mediated by sodium currents and
thus can be controlled through sodium channels [12]. ENaC
activity can be inhibited by potent pharmacological blockers
such as benzamil, which disrupts the mechanical transduc-
tion process and signalling pathways that would result in cel-
lular activity [13, 14]. Thus, the use of such inhibitor provides
an opportunity to study the functional role of ENaC in trans-
ducing mechanical stimuli into cell responses.

Mesenchymal stromal cells (MSCs), being undifferenti-
ated and having multipotent differentiation ability, have a
tremendous potential for various biomedical and therapeutic
applications in the field of regenerative medicine [15, 16].
The application of in vitro differentiation of MSCs into tissue
progenitors prior to transplantation circumvents the devel-
opment of ectopic tissue or tumour formation in vivo and,
in many studies, demonstrates superior tissue repair out-
comes [17]. Current strategies to direct tenogenic differenti-
ation of MSCs generally involve physical manipulations as
well as treatment with various biochemical factors; these
include mechanical stimulation, the use of scaffolds, adminis-
tration of growth and differentiation factors, gene transfec-
tion, and coculture with specific tissues or cells [18–20].
The use of mechanical loading provides a viable alternative
[21–23] to enhance cellular differentiation as it simulates
the natural stimuli the cells would be exposed to in vivo such
as the loading that occurs during load-bearing activities of
daily living [24]. Indeed, the application of mechanical stim-
uli with or without scaffolds or growth factors may be an
effective strategy to enhance the expression of tendon-
specific markers and induce stability of the tenogenic pheno-
type. However, the mechanisms regulating tenogenic differ-
entiation of MSC induced by mechanical loading remain
elusive. Several studies have suggested that ENaC may play
an important role in this. This knowledge is important, as
the control of ENaC function may lead to better regulation
of the tenogenic differentiation process and, indirectly, of

tendon regeneration. To establish this, we conducted a study
to investigate the mechanoactive role of ENaC in regulating
tenogenic differentiation of MSCs, using benzamil to inhibit
ENaC function. We hypothesise that ENaC regulates teno-
genic differentiation of MSCs and that the restriction of
sodium supply induced by ENaC inhibition during cyclical
tensile loading will affect the mechanical strain-induced
tenogenic differentiation of MSCs and the resultant ECM
production by the cells.

2. Materials and Methods

2.1. Harvesting Bone Marrow Specimens from Human.
Experiments using human bone marrow-derived mesenchy-
mal stromal cells (hMSCs) were conducted following the
approval from the Medical Ethics Committee in University
Malaya Medical Centre (reference number: 369.19). Two
assigned orthopaedic surgeons were tasked with the job of
harvesting bone marrow specimens from patients undergo-
ing knee replacement procedures using a large aspirator. This
was done after obtaining written informed consents from 10
patients (N = 10; mean age = 65:1 ± 3:07 years). Samples
were obtained from either the femur or tibia of these patients.

2.2. Culture of hMSCs.An equal volume of pH7.2 phosphate-
buffered saline (PBS) (Invitrogen-Gibco, Grand Island, NY,
USA) was added into bone marrow specimens and slowly
layered on top of the 3mL of the density of 1.077 g/mL
Ficoll-Paque PREMIUM (Amersham Biosciences, Uppsala,
Sweden). Centrifugation at 2,200 rpm for 25min was then
performed. The mononuclear cells (see Figure 1(a)) were
extracted and washed with low-glucose Dulbecco’s modified
Eagle’s medium (DMEM) (Invitrogen-Gibco, USA) and
underwent centrifugation at 1,600 rpm for 10min. The
supernatant was then discarded, and the cell pellet (see
Figure 1(b)) formed at the bottom was resuspended using
1mL of fetal bovine serum (FBS) (Invitrogen-Gibco, USA).
Cell count and viability test were performed. The mixture
of mononuclear cells was then cultured in cell culture
medium, which consisted of DMEM, 10% FBS, 1% Gluta-
MAX-1, and 1% penicillin-streptomycin (Invitrogen-Gibco,
USA). Cultures were maintained at 37°C in a humidified
atmosphere containing 5% CO2. Suspended cells were dis-
carded after 5 days of culture, and adherent cells were left
to grow on the flask surface. Culture medium was changed
every 3 days until the cultures became 75% to 80% confluent.
In order to obtain a sufficient number of hMSCs, the cells
were serially passaged and expanded up to passage-2 (see
Figures 1(c)–1(e)) before being used for experiment use.
The hMSCs used in our study were well-characterized by
flow cytometric analysis and induction of multilineage differ-
entiation assay, according to the previous protocols used in
our laboratory [25, 26].

2.3. Benzamil Treatment on hMSCs. A stock solution 10mM
of benzamil (Sigma, USA) was prepared in 100% methanol.
To optimize the concentration of benzamil to be used in
this study, benzamil at various concentrations (1μM,
10μM, 25μM, 50μM, and 100μM) was diluted with culture
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Figure 1: Photomicrographs of human bone marrow-derived MSCs. (a) Mononuclear cells were extracted after density centrifugation. (b)
The cell pellet which contains hMSCs was formed and cultured. (c) The primary cultures of the passaged-0 cells contained fibroblastic
cells at day 9. (d) Passaged-1 hMSC morphology at day 12. (e) Passaged-2 hMSC morphology at day 14.
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medium immediately before the treatment on hMSCs was
performed. The cell morphology was observed, and images
captured after 72 h were being treated with benzamil.

2.4. Cell Seeding and Application of Mechanical Stretching.
hMSCs from the second passage in culture were harvested
and counted, and an overall viability of more than 90% was
observed using a trypan blue (Invitrogen-Gibco, USA) exclu-
sion test. A total of 105 hMSCs were plated on each collagen
type I-coated (Sigma, USA) silicone chamber (STREX,
Japan). After 48h of culture, the concentration of FBS was
reduced to 1% for 24h in order to align most cells into the
G0 phase of the cell cycle and changed to growth medium
with or without 10μM benzamil, before assembling into a
uniaxial strain device. A commercial instrument (Model
ST-140, STREX Co., Ltd., Osaka, Japan) was used to conduct
experiments to determine the effects of cyclic uniaxial
strained on hMSCs. Uniaxial strain was applied in order to
imitate the physiological stretching conditions for tendons
and ligaments in vivo. Uniaxial cyclic stretching at a fre-
quency of 1Hz and a magnitude of 8% was applied. This
setting was used based on our previous findings which dem-
onstrated an enhanced collagen synthesis or tenogenesis gene
expression [23]. Cells in the control group also were cultured
on a silicone chamber and maintained in the same incubator
but without stretching. The cells were harvested after 6, 24,
48, and 72h of cyclic loading for downstream experiments,
including microscopy of cells, immunostaining (72 h), and
gene expression assay.

2.5. Collagen Immunohistochemistry. Collagen staining was
performed according to the manufacturer’s recommendation
(Dako, Denmark). The methanol-fixed unstrained and
strained cells were applied using hydrogen peroxidase to
reduce nonspecific background for 5min. Primary antibod-
ies, i.e., rabbit anti-collagen type I or rat anti-collagen type
III (Merck, USA), were diluted at 1 : 100 and were applied
to each specimen and incubated for 30min. Subsequently,
the specimens were incubated with streptavidin-peroxidase
secondary antibody (Dako, Denmark) for 30min. For signal
detection, 3,3′-diaminobenzidine tetrahydrochloride chro-
mogen substrate was applied for 5min and examined under
light microscopy (Nikon Eclipse TE2000-S; Nikon Corpora-
tion, Japan).

2.6. N-Cadherin and Fibronectin Immunofluorescence Staining.
hMSCs were fixed with 3.7% paraformaldehyde in PBS,
followed by permeabilization with -20°C acetone, and incu-
bated with 1% bovine serum albumin to block nonspecific
binding of antibodies. For N-cadherin and fibronectin stain-
ing, the specimens were incubated with respective primary
antibodies (Abcam, UK) diluted at 1 : 300 for 1 h and with
appropriate FITC secondary antibodies (Abcam, UK) diluted
at 1 : 600 for 1 h. Nuclei were stained by Hoechst (Molecular
Probes, USA) in blue. The fluorescently stained samples were
imaged by using a laser scanning confocal microscopy system
(Leica TCL SL, Germany).

2.7. RNA Isolation and Multiplex Gene Expression Assay. To
determine the correlation between the effects of hMSCs by

mechanical stimulation and ENaC blocking activity, we used
multiplex gene expression assay. Total RNA was extracted
from unstrained and strained hMSCs using the RNeasy mini
kit (Qiagen, Canada). RNA concentration and purity were
assessed using a NanoDrop Spectrophotometer (ND-1000,
NanoDrop Technologies, Wilmington, DE), and RNA integ-
rity was assessed with a BioAnalyzer (Model 2100, Agilent
Technologies). Only samples with high quality were selected
for microsphere-based multiplex branched DNA down-
stream analysis. The mRNA expression of tenogenic lineages
and ENaC subunits (see Table 1) was quantified by the Quan-
tiGene 2.0 Plex assay (2.0 plex set 12082, Panomics/Affyme-
trix Inc., Fremont, CA, USA). The housekeeping gene was
PGK1 (phosphoglycerate kinase 1), which has been observed
in our previous pilot study [26].

2.8. Statistical Analysis. The assays were carried out with a
minimum number of technical triplicates (n = 3) per experi-
mental run, using six independent samples from different
donors (N = 6) for each group of the experiment. Data were
presented as the mean ± standard deviation (SD). Statistical
significance was analysed using one-way analysis of variance
(ANOVA). A probability value (p value) of less than 0.5 was
deemed to be statistically significant.

3. Results

3.1. Baseline Expression of ENaC Subunits in hMSCs. Semi-
quantitative PCR was performed to identify the presence of
α, β, γ, and δ subunits of ENaC, and it was found that all four
subunits are expressed in hMSCs (see Figure 2(a)). On using
different strain magnitudes, it was observed that 8% strained
cells expressed higher α subunit expressions as compared to
4% and 12% strain (see Figure 2(b)). Upon subjecting the
cells to stretching at 1Hz + 8%, the expression of α subunit
increased significantly over time. However, there were no
changes in the genes expression of the β, γ, and δ subunits
(see Figure 2(c)).

3.2. Morphology of ENaC-Inhibited hMSCs after Mechanical
Stimulation. Unstrained hMSCs were treated with different
concentrations of benzamil (1, 10, 25, 50, and 100μM) to
identify the optimal concentration of benzamil that can be
used in the study without causing morphological changes
or cell detachment (see Figure 3(a)). Cells treated at the con-
centration of 1μM and 10μM showed normal fibroblastic
appearance of MSCs with a similar cell number to that of
the untreated cells. Cells treated with concentration above
10μM showed apparent changes in the fibroblastic morphol-
ogy and reduced cell number. Changes at higher concentra-
tions may have been due to cell death and/or cell
detachment (see Figure 3(a)). Based on these observations,
10μM concentration of benzamil was thus selected for our
experiments. The unstrained cells grew in random arrange-
ments on silicone chambers, whilst the strained cells
appeared elongated and aligned perpendicular to direction
of stretch (see Figure 3(b)). There were no obvious morpho-
logical differences observed in ENaC-inhibited hMSCs or
non-ENaC-inhibited hMSCs.
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3.3. Changes in ECM Production during Stretching. Figure 4
shows the expression of collagen I, collagen III, fibronectin,
and N-cadherin following immunostaining of the cells in
both unstrained and strained cells treated with or without
benzamil. Expression of collagen and especially collagen III
was found to be slightly decreased in both unstrained and
strained cells treated with benzamil as compared to cells
without benzamil treatment. The expression of fibronectin
and N-cadherin was increased in strained cells compared to
unstrained cells; however, their expressions were reduced
when treated with benzamil.

3.4. Influence of ENaC Inhibition on Tenogenic Differentiation.
Our previous study shows that mechanical stimulation can
trigger tenogenic differentiation of hMSCs [26]. From 6 hours
to 72 hours, the expression of tenogenic markers appeared to
be upregulated, with the exception of scleraxis, which was
present at a higher level at 24 hours but decreased at later time
points (see Figure 5(a)). The correlation between α-ENaC and
hMSC tenogenic differentiation through mechanical stretch-
ing is analysed and presented in Table 2. Regression analysis
showed that there was a strong positive correlation between
α-ENaC expressions with tenogenic markers (with time),
except for SCX. We then evaluated the effect of ENaC inhibi-
tion on mechanical strain-mediated tenogenic differentiation
of hMSCs.

Blocking ENaC in cells subjected to mechanical loading
resulted in a significant decrease in the expression of teno-
genic markers (see Figure 5(b)). Although the expression of
ECM components such as DCN, COL1, and COL3 appeared
to be increased during the earlier time points, these effects
were diminished over time. The expressions of tenogenic
markers were consistent with the immunostaining results
of collagen (see Figure 4). α-ENaC gene (SCNN1A) was
downregulated following ENaC inhibition. A drop in spe-
cific tenogenic gene expression including TNC, SCX, and

TNMD was also observed. These observations support
our hypothesis that ENaC (or more specifically α-ENaC)
plays a vital role in the tenogenic differentiation processes
following mechanical loading.

4. Discussion

ENaC, as an ion channel, has been shown to be a potent
mechanotransducer in various cell types [27–29], and the
mechanoactive role of ENaC particularly on the terminally
differentiated cells appears to be well-established [7, 30, 31].
However, to the best of our knowledge, there have not been
previous studies demonstrating the role of ENaC in regulat-
ing the mechanical strain-mediated tenogenic differentiation
of hMSCs. This study is potentially the first to provide
evidence of the involvement of ENaC on the mechanotrans-
duction process that underpins the progression of hMSC
differentiation in response to mechanical strain.

Previous studies have indicated the existence of four
subunits (α, β, γ, and δ) of ENaC in human tissue or cells
[32, 33]. Although all subunits were expressed in hMSCs,
only α-ENaC appears to be related to the effects of stretch-
ing in hMSCs. From previous studies, β- and γ-ENaC have
been shown to play an important role in mechanotransduc-
tion only in neurons innervating the aortic arch and vascu-
lar smooth muscle; and therefore, the lack of expression of
these subunits in hMSCs is not unexpected [34]. Neverthe-
less, chondrocytes being cells of mesenchyme origin appears
to response to mechanical signals through the propagation
of signalling cascades initiated by the influx of sodium
through mechanosensitive α-ENaC channels [11]. Hence,
our finding of α-ENaC changes in hMSCs being responsive
to stretching correlates well to the observations made in pre-
vious studies [35, 36].

We found that during mechanical stimulation, the
expression of the functional subunit of α-ENaC increases in
tandem with the increase in the expression of tenogenic dif-
ferentiation markers. This apparent change in ENaC subunit
stoichiometry during differentiation may suggest a specific
role for the α-subunit of ENaC in the initiation and propaga-
tion of tenogenesis in hMSCs. Nevertheless, this does not
indicate the lack of importance of the other subunits in this
process. It merely suggests that α-ENaC is highly expressed
during cell stretching; and based on previous studies, extra-
cellular loops of other ENaC subunits may function as the
sensors of mechanical loading that transmit the signal to
the channel gating region, thereby enabling α-ENaC to
function effectively [37, 38]. This complex interaction of the
carboxyl terminal region of the α-ENaC to the actin cytoskel-
eton is thus necessary to propagate ENaC function, i.e., acti-
vating and proliferating the tenogenic differentiation process
[38]. It is also worth noting that the subunits of ENaCmay be
enhanced by actin-disrupting agents or by addition of short
actin filaments in vitro [37].

Another point worth mentioning is the fact that other
studies suggest that certain ENaC subunits appear irrelevant
for cellular function [39, 40]. Although it is reported that all
subunits of ENaC contribute to the formation of functional
channels [41], the existence of homomeric channels of α-

Table 1: The genes of interest determined in this study.

Related marker Gene name Abbreviation

ENaC subunit

Sodium channel,
nonvoltage-gated 1, alpha

SCNN1A

Sodium channel,
nonvoltage-gated 1, beta

(Liddle syndrome)
SCNN1B

Sodium channel,
nonvoltage-gated 1, delta

SCNN1D

Sodium channel,
nonvoltage-gated 1, gamma

SCNN1G

ECM component

Collagen type I, α1 COL1

Collagen type III, α1 COL3

Decorin DCN

Tendon lineage

Tenascin C TNC

Scleraxis homolog A SCX

Tenomodulin TNMD

Housekeeping gene Phosphoglycerate kinase 1 PGK1
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ENaC alone with distinct properties was also found in some
studies [33, 42]. In fact, similar studies appear to show a sin-
gle upscaling of this subunit to produce a small amount of
amiloride-sensitive currents suggesting the functionality of
homomeric α-ENaC [43]. In a study expressing recombinant
α-ENaC in stretch-activated cation channel, null cells of
human primary osteoblast demonstrated increased nonselec-
tive cation channel activity, with an increase in channels per-
meable to calcium ions [44].

We can therefore conclude that although the other sub-
units may not have a direct role in tenogenic expressions
observed, its presence is necessary for the tenogenic process
to be initiated and propagated. Using the ENaC inhibitor
benzamil, we were able to demonstrate this apparent obser-
vation, albeit benzamil is not a specific blocker of a specific
ENaC subunit. Thus, the use of benzamil itself is insufficient
to prove that α-ENaC is completely involved in the tenogenic
process occurring during mechanical stretching. Further-
more, sodium channel blockers had demonstrated the inhib-

itory effect on collagen accumulation in extracellular matrix
[45]. This may explain the observed decrease in collagen in
our experiments on treatment with benzamil. With ENaC
blocking and reduced Na+ influx, the expression of tenogenic
markers was also reduced dramatically.

In the present study, the use of benzamil, a specific inhib-
itor to ENaC but not of its subunits, was chosen instead of
amiloride. This was so since it has been suggested, albeit with
some sense of lack of conviction, that benzamil is more effec-
tive in limiting the adverse effect of ENaC blockage on cell
viability [46]. The blocking effect of benzamil appears to
result from the benzene ring at the guanidino end of the mol-
ecule (see Figure 6(a)) [47], which is deemed to be molecule
specific. Furthermore, amiloride has been shown to interfere
with several cellular pathway processes, including inhibiting
the Na+/H+ exchanger mechanisms [48]. Benzamil on the
other hand is more stable and has a very high affinity for
the Na+ channel without affecting other major channels
including K+ channels [49, 50]. It has been suggested that
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Figure 2: The expression of the α-, β-, γ-, and δ-ENaC mRNA in unstrained and strained hMSCs. (a) Analysis of RT-PCR products from
hMSCs indicating the presence of the ENaC subunits. (b) mRNA expression of hMSCs shows α-ENaC expressed highest in 8% strained
compared with 4% and 12% strained. (c) Expression of ENaC subunits at 8% strained at 1Hz. Fold changes of expression were counted by
normalizing to the relative expression amount of corresponding control groups (unstrained groups). Statistical significance (p < 0:05) was
represented by ∗ which compared to unstrained. Error bars represent the SD of the mean of six biological replicates.
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Figure 3: Morphology of hMSCs after treatment with benzamil. (a) Morphological changes of hMSC cell culture after 72-hour incubation
with benzamil. Increasing concentration of benzamil resulted in the appearance of small vesicles (probably apoptotic bodies, see arrow).
(b) Morphology of the unstrained and strained cells at 1Hz, 8%, at different durations of exposure to mechanical stretching, with or
without administration of 10μM benzamil, respectively.

7Stem Cells International



the ionic channel block using benzamil at 1μmol L-1 results
in a complete halt of cellular function and can only be par-
tially reversed. Hence, in minimal amounts, the effect of
ENaC blocking can be better appreciated without the need
to change the volume of the culture media.

There are several studies using inhibition of certain gene
expression with siRNA (small interfering RNA) approach.
Whilst the use siRNAs is an option for gene knockdown
experiment, it has several issues which need to be taken into
consideration such as nonspecific and incomplete silencing.
In addition, it has been reported that the transfection ability
of the primary cells is limited as compared to cancer cells,
and the RNases will be actively engaged in degrading and
eliminating the transfected siRNA. This will result in transient
inhibition of the siRNA effect as the molecule is active only
for a short time [51]. Besides, the transcripts with high turn-
over are sometimes difficult to silence. Thus, the use of this
technique may not be the best choice in this present study.

It has been demonstrated that there are three possibilities
as to how ENaC channels can be activated or blocked [52,
53]: (1) by controlling the bilayer tension or curvature
directly activating the channel; (2) by controlling the release
of another molecule from a cell that in turn activates the
channel, for example, in the case of the present study where
benzamil works by preventing sodium frommoving intracel-
lularly and competitively inhibiting sodium influx; and (3) by
activating a tethering mechanism in which the ion channel
binds either to the cytoskeleton or to the extracellular matrix.
It has also been suggested that ENaC may perform other
functions in MSCs, just like those of degenerins [54]. In our
study, it was mostly the unstrained hMSCs that express low
levels of ENaC. A rise in intracellular sodium activates C-
Jun NH2-terminal kinase/stress-activated protein kinase
(JNK), a member of the mitogen-activated protein kinase
(MAPK) family, and the stress-activated protein kinase
(SEK1) [55]. SEK1 can phosphorylate and activate JNK,
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Figure 4: Immunostaining and immunofluorescence images of unstained and strained hMSCs cultured with or without benzamil. The
cells were stained with immunostaining antibody collagen I and collagen III. Immunofluorescence was assessed on antibody fibronectin
and N-cadherin. Each cell was stained with Hoechst (blue) to reveal the nucleus, and the images weremerged with the corresponding fibronectin
or N-cadherin (green). S-: no mechanical stimulation; S+: cyclic stretching applied; B-: no benzamil; B+: with ENaC inhibitor, benzamil.
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which in turn phosphorylates C-Jun leading to an increased
transcriptional activity. Thus, alterations in intracellular
sodium concentration could trigger a cascade of transduction
signals ultimately interfering with tenocyte-specific transcrip-
tion factors. In contrast, if the ENaC of the cells is inhibited,
there is no balance between extracellular and intracellular
sodium concentration thus activating the signalling pathways
and influencing tenogenesis expression. This process is illus-
trated in Figure 6.

Although the current study is robust in its design and
provides us with a valuable insight into the role of α-ENaC
in hMSC differentiation, there were limitations which were
unavoidable but are worth highlighting. To directly investi-
gate elevated ENaC activity, the strained and unstrained
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Figure 5: mRNA expression of tenogenic lineage genes and α-ENaC gene subjected to cyclic tensile loading. (a) Tenogenic differentiation of
hMSCs is triggered by mechanical stimulation (1Hz and 8% strain). The expression level of each gene was normalized with the level of
housekeeping gene. Fold changes of expression were counted by normalizing to the relative expression amount of corresponding control
groups (unstrained groups). Statistical significance (p < 0:05) was represented by ∗ compared to unstrained. (b) Tenogenic lineage genes’
(DCN, COL1, COL3, TNC, SCX, and TNMD) expression was influenced after adding benzamil to the strained cells. The value of fold
change was presented as the ratio of the strained group treated with benzamil to the strained group without benzamil. Statistical
significance (p < 0:05) was represented by ∗ compared to the strained group without treatment. Error bars represent the SD of the mean
of six biological replicates.

Table 2: Regression analysis of the relationship of α-ENaC with
different cell lineage genes after mechanical strain.

Gene Positive or negative correlation (R2)

COL1 +0.8762

COL3 +0.8761

DCN +0.9557

TNC +0.7843

SCX -0.0253

TNMD +0.8318
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hMSCs (either block by benzamil or not) should be sub-
jected to whole-cell patch clamp recordings to analyse the
benzamil-sensitive currents. We hope that by implementing
this technique in the future, we will able to demonstrate that
the ENaC/degenerin family of proteins is capable of mediat-
ing both transepithelial sodium transport and is directly
responsible for the process of mechanotransduction. Sec-
ondly, the present study also did not study the involvement
of other ionic fluxes, which, as many would concur, is a
dynamic process of interrelated ionic interaction that may
contribute to the tenogenic differentiation process.

The findings in this study nevertheless elucidate the roles
of biomechanical stimulation and ion channel on hMSC
differentiation towards a tendon fibroblast phenotype. As
stated earlier, experimental control over progenitor cell line-
age specification can be achieved by modulating properties
of the cellular microenvironment. Understanding the micro-
environments in which the MSCs reside and differentiate
in vivo and trying to recapitulate these in vitro to further
control stem cell differentiation has become an increasingly

important area of stem cell research. Besides mechanical
stimulation, other strategies including the use of soluble
factors, ECM proteins, and biomaterials may also play an
important role in hMSC differentiation. Several studies have
shown that scaffolds (e.g., bioactive nanofibers and rope-like
silk scaffolds) and growth factors (e.g., GDF5 and GDF7)
can activate multiple signalling cascades, including MAPK,
ERK, and Rho/ROCK, ultimately leading to the MSC teno-
genic differentiation [56, 57]. Therefore, the application of
growth factors and scaffolds in combination with mechani-
cal stimuli may synergistically enhance tenogenic differenti-
ation of hMSCs through amplification of the signalling
pathways. However, the interactions between biochemical
and mechanical cues in directing hMSC differentiation
towards tenogenic lineage are still not fully understood and
remain to be explored. Therefore, the focus of future studies
could be directed in investigating the mechanisms underly-
ing the synergistic effect of the biochemical and mechanical
signals in influencing cell fate. With a better understanding
of this process, incorporation of growth factors and/or
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Figure 6: Proposed mechanism for the regulation of hMSCs tenogenic differentiation signaling pathways by ion channel ENaC. (b) ENaC
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scaffold in combination with mechanotransduction may con-
stitute a novel approach to achieve successful tendon tissue
engineering via effective regulation of cellular differentiation.

5. Conclusions

The present study demonstrated that (1) although α, β, γ,
and δ subunits of ENaC were expressed in hMSCs, only the
expression of the functional α subunit is higher during stretch-
ing at 1Hz and 8% strain, thus suggesting that α-ENaC is the
main mechanosensitive ion channel that influences tenogenic
differentiation of hMSCs, (2) uniaxial strains at 8% is required
to elicit significant tenogenic expressions, and (3) there is a
positive correlation between the α-ENaC expression and
tenogenic marker expressions which is altered in the pres-
ence of ENaC blocker benzamil, thus strengthening our
hypothesis that ENaC (and more specifically the α-ENaC
subunit) may be implicated in regulating the tenogenic dif-
ferentiation process of hMSCs during cell stretching.
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The use of cell secreted factors in clinical settings could be an alternative to conventional cell therapy, with the advantage of limiting
concerns generally associated with traditional cell transplantation, such as tumorigenicity, immunoreactivity, and carrying of
infections. Based on our published data, we predict a potential role for extracellular vesicles (EVs) in contributing to the
proangiogenic activity of human fetal dermal cell secretome. Depletion of nanosized EVs from secretome significantly impaired
its ability to induce formation of mesh-like structures in vitro. The isolated EVs were characterized for size and concentration by
nanoparticle tracking analysis, and for protein markers (Rab5+, Alix+, CD63+, and calnexin-). The microRNA profile of EVs
revealed 87 microRNAs significantly upregulated (≥15-fold increase) in fetal compared to adult dermal cell-derived EVs.
Interestingly, these upregulated microRNAs included microRNAs with a validated role in angiogenesis according to literature.
Moreover, the DIANA-TarBase v7.0 analysis confirmed enrichment in the KEGG signaling pathways associated with
angiogenesis and wound healing, with the identification of putative target genes including thrombospondin 1. To validate the in
silico data, EVs were also characterized for total protein contents. When tested in in vitro angiogenesis, fetal dermal cell-derived
EVs were more effective than their adult counterpart in inducing formation of complete mesh-like structures. Furthermore,
treatment of fibroblasts with fetal dermal-derived EVs determined a 4-fold increase of thrombospondin 1 protein amounts
compared with the untreated fibroblasts. Finally, visualization of CSFE-labeled EVs in the cytosol of target cells suggested a
successful uptake of these particles at 4-8 hours of incubation. We conclude that EVs are important contributors of the
proangiogenic effect of fetal dermal cell secretome. Hence, EVs could also serve as vehicle for a successful delivery of
microRNAs or other molecules of therapeutic interest to target cells.

1. Introduction

The list of clinical conditions related to insufficient angiogen-
esis is wide, ranging from cardiovascular diseases to impaired
wound healing [1]. Therefore, there is a great interest in
developing clinical strategies ensuring vasculature formation,
such as delivery of different cell populations, or administra-

tion of proangiogenic growth factors. Among the cell-based
therapies, the use of mesenchymal stromal cells (MSCs),
which are closely related to pericytes and produce diverse
proangiogenic factors, is a promising approach with the
potential to stimulate vasculature tissue development [2].

MSC-based therapy applied to regenerative medicine
counts hundreds of registered clinical trials with excellent
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records of safety and efficacy (http://www.clinicaltrials.gov
and http://www.clinicaltrialsregister.eu). Despite earlier
works ascribing the therapeutic effects of MSCs to their abil-
ity to engraft and differentiate to form new permanent tis-
sues, the current consensus view is that MSCs are short-
lived after delivery and exert therapeutic benefits through
secretion of bioactive factors [3]. In support of MSC para-
crine activity, animal studies have shown that administration
of MSC-derived soluble factors recapitulates the effects of
cell-based therapy [4]. Consequently, the attention has been
brought to the vast array of molecules produced by MSCs
[5, 6]. The mixture of growth factors, cytokines, chemokines,
and extracellular vesicles (EVs) released by cells is known as
secretome and can be collected as cell culture conditioned
medium (CM).

Human fetal skin cell therapy has been used to replace
older skin cell therapy to treat patients with skin ulcers
[7, 8], as well as burns [9, 10], thus resulting in a safe
and more efficacious procedure. At that time, the authors
suggested the differential gene expression profiling observed
in fetal versus adult skin cells as responsible for the efficacy
of fetal skin cell therapy [8]. Moreover, since no trace of
fetal skin cells was found in recipient biopsies, a paracrine
mechanism of healing was suggested [10]. Although an
extensive characterization of cell phenotype and secreted
factors was missing, those studies open up new research
perspectives on the use of cell secretome for regenerative
medicine applications.

In a previous study [11], we isolated human fetal dermal
cells, which we namedmultipotent fetal dermal cells based on
in vitro characteristics, such as the MSC-like immunopheno-
type, the multilineage differentiation potential, and the low
immunogenicity. We also confirmed the practical advantages
of culturing fetal skin cells in comparison to adult skin cells
described by others [7, 9, 10], including faster isolation tech-
nique and higher proliferative capacity of fetal cells. More
recently [12], we used liquid chromatography and tandem
mass spectrometry (LC-MS/MS) to show a set of proteins
related to angiogenesis and wound healing, which were sig-
nificantly upregulated in fetal dermal cell secretome com-
pared to adult dermal cell secretome. Proteome finding was
corroborated by the remarkable in vitro proangiogenic
capacity of fetal dermal cell secretome compared to its adult
counterpart.

In the present study, we investigated whether the pres-
ence of EVs could contribute to the biological functions of
fetal dermal cell secretome. EVs are released by several cell
types and are essential for cell-to-cell communication [13].
These particles are internalized by target cells [14] and once
in the cytosol, discharge their material such as proteins,
mRNAs, and microRNAs (miRNAs). Administration of
MSC-derived EVs has been shown to have beneficial effects
in various animal models of organ injury by regulating
angiogenesis, cell proliferation, cell migration, and colla-
gen synthesis [15, 16]. Nevertheless, EV-based therapy
for skin repair consists only of one registered clinical trial
aims at studying the effects of plasma-derived exosomes
on cutaneous wound healing (http://www.clinicaltrials.gov,
NCT02565264).

Herein, EVs were isolated from secretome of fetal and
adult dermal cells and characterized for size and concentra-
tion by nanoparticle tracking analysis (NTA). Then, we
tested the capacity of EV-depleted secretome in inducing
in vitro angiogenesis and migration of target cells such as
human umbilical vein endothelial cells (HUVECs) and fibro-
blasts. The miRNA expression profile of fetal dermal cell- vs.
adult dermal cell-derived EVs was also analyzed, and a bioin-
formatics approach was used to identify the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) signaling pathways
most likely affected by these miRNAs. The predicted angio-
genic/wound healing-related effects of fetal dermal cell-
derived EVs were further validated in in vitro cell-based
assays of angiogenesis and cell migration by preconditioning
of target cells with different concentrations of EV prepara-
tions. Finally, we investigated whether carboxyfluorescein
succinimidyl ester- (CSFE-) labeled EVs from fetal dermal
cells might be taken up by target cells.

2. Materials and Methods

2.1. Cell Procurement. Fetal skin biopsies were taken from
20- to 22-gestational-week human fetuses obtained from
therapeutic abortions, according to a protocol approved
by ISMETT’s Institutional Research Review Board
(IRRB/00/2015) and Ethics Committee. Signed informed
consent form was obtained from each donor. Fetal dermal
cells were isolated and characterized as previously described
[11]. Adult skin biopsies (45–55-year-old donors) were pro-
vided by Istituto Humanitas (Rozzano, Milan). Fetal and
adult dermal cells were isolated under the same conditions.
Normal dermal fibroblasts and HUVECs were purchased
from Thermo Fisher Scientific (Waltham, MA, USA) and
used as target cells in in vitro cell-based assays.

2.2. Cell Cultures, CM Collection, Isolation, and Storage of
EVs. Fetal dermal cells and adult dermal cells, previously
cryopreserved in Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma-Aldrich, St. Louis, MO, USA) supple-
mented with 10% dimethyl sulfoxide (DMSO) (CryoSure,
WAK-Chemie Medical GmbH, Steinbach, Germany) and
30% fetal bovine serum (FBS), were grown in 75 cm2 tissue
flasks (SARSTEDT, Numbrecht, Germany) as previously
described [11]. For CM collection, serum-free alpha-
minimum essential medium (MEM) (Gibco, Thermo Fisher
Scientific) was added to 80% confluent cells and collected
24 hours later. EVs were isolated by differential ultracentrifu-
gation of CM according to a protocol [17] and as previously
described [18]. In brief, CM was centrifuged at 1800 × g for
10 minutes to remove cell debris, centrifuged again at
17000 × g for 15 minutes, and then at 160000 × g for 1 hour
in the ultracentrifuge (Optima MAX-XP, Beckman Coulter
Inc., Irving, TX, USA). All centrifugation steps were done
at 4°C. The pellet was resuspended in phosphate-buffered
saline (PBS) without Ca2+/Mg2+ (Sigma-Aldrich) or sub-
jected to total protein extraction or total RNA extraction.

2.3. Characterization of EVs by Nanoparticle Tracking
Analysis. Pellet particles resuspended in PBS (three fetal
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and three adult samples) were analyzed for size and concen-
tration by nanoparticle tracking analysis (NTA) [19] using
the NanoSight (NS300, Malvern Instruments, Westborough,
MA, USA). Briefly, samples were diluted in PBS, 300μl of
sample was loaded into the chamber, and five videos for each
sample were recorded. Data analysis was performed with the
NTA software and data were presented as the mean ±
standard deviation (SD) of the five videos.

2.4. Extraction of Total RNA from EVs, Reverse Transcription
(RT), qPCR, and TaqMan Low-Density Arrays (TLDA) for
miRNA Profiling. Total RNA was extracted from EVs of fetal
and adult dermal cells using the miRNeasy Mini Kit (Qiagen,
Hilden, Germany), according to manufacturer’s instructions.
The purity of isolated RNA was determined by OD260/280
using a NanoDrop (ND-1000, Thermo Fisher Scientific).
Reverse transcription (RT) and preamplification were done
using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Thermo Fisher Scientific) according
to manufacturer’s instructions. The kit includes the Mega-
plex PreAmp Primers Human Pool A v2.1 and the Megaplex
PreAmp Primers Human Pool B v3.0 (both primers from
Applied Biosystems, Thermo Fisher Scientific). miRNA pro-
filing of three fetal vs. three adult EV preparations was done
with TaqMan Array Human MicroRNA A+B Cards (Life
Technologies, Carlsbad, CA, USA), which analyzes 754
human miRNAs. PCR was done with the Applied Biosystems
7900 HT Real-Time PCR system. The expression level of
each miRNA was determined by equation 2-ΔΔCT. Student’s
t-test was used to calculate the p value, and the threshold
was set at ≤0.05. Data were considered significant at a fold
change > 15. Furthermore, significantly upregulated miR-
NAs in fetal vs. adult samples were screened out with the
online prediction software program DIANA-miRPath v.3
[20]. We selected DIANA-TarBase v7.0 for analysis and set
the p value ≤ 0.05 to analyze miRNAs and their target genes.
KEGG enrichment analysis was used to identify signaling
pathways most enriched by our miRNAs. In order to identify
single genes targeted by multiple miRNAs, KEGG analysis
was performed with the “genes intersection” option.

2.5. Quantification of EV Total Protein Contents. Total pro-
tein extraction from EVs was done with radioimmunopreci-
pitation assay (RIPA) buffer (Thermo Fisher Scientific)
supplemented with halt protease and phosphatase inhibitors
cocktail (Thermo Fisher Scientific). Tissue extracts were cen-
trifuged at 12000 × g for 15 minutes at 4°C. Total protein
contents were quantified with the bicinchoninic acid (BCA)
assay (Thermo Fisher Scientific) by using the Tecan Spark
10M microplate reader (BioExpress, VWR, Radnor, PA,
USA). Both freshly isolated and frozen EV preparations were
used in functional assays.

2.6. Western Blot Analysis. For biochemical characterization
of EVs, 30μg/lane of total protein extracts was separated by
sodium dodecyl sulfate- (SDS-) polyacrylamide gel electro-
phoresis and transferred to nitrocellulose membranes (Bio-
Rad Laboratories, Richmond, CA, USA). The membranes
were blocked with 5% nonfat milk in T-TBS (50mmol/l Tris

pH 7.5, 0.9% NaCl, and 0.1% Tween-20) (all from Sigma-
Aldrich) overnight at 4°C and incubated 1 hour at room tem-
perature with the following primary antibodies: mouse
monoclonal antibody raised against recombinant human
Rab5 (F-9, sc-373725, Santa Cruz Biotechnology, Santa Cruz,
CA, USA; 1 : 500 dilution), mouse monoclonal antibody
against Alix (3A9, 2171, Cell Signaling Technology, Danvers,
MA, USA; 1 : 1000 dilution), and mouse monoclonal anti-
body against CD63 (MX-49.129.5, sc-5275, Santa Cruz Bio-
technology; 1 : 200 dilution). As a negative marker of EVs, a
rabbit monoclonal antibody against calnexin (C5C9, 2679,
Cell Signaling; 1 : 1000 dilution) was used. For this latter, total
protein extracts from cells were also included in the analysis.

For validation of the in silico analysis, fibroblasts were
treated with 10μg/ml of fetal-derived EVs for 24, 48, and
72 hours. 30μg/lane of fibroblast total protein extracts
was separated by SDS polyacrylamide gel electrophoresis
and transferred to nitrocellulose membranes (Bio-Rad
Laboratories). The membranes were incubated 1 hour at
room temperature with a rabbit monoclonal antibody
against recombinant human thrombospondin 1 (THBS1)
(ab267388, Abcam, Cambridge, UK; 1 : 1000 dilution). Beta-
actin was used as an internal loading control (sc-81178, Santa
Cruz Biotechnology; 1 : 1000 dilution). After three washings
with T-TBS, the membranes were incubated for 1 hour at
room temperature with horseradish peroxidase-conjugated
secondary antibodies (Santa Cruz Biotechnology; 1 : 10000
dilution). After washing, the signal was detected with an
enhanced chemiluminescence reagent (ECL; Amersham,
Arlington Heights, IL, USA). Densitometric analysis of
Western blot analysis was done with the Image Lab software,
version 6.0.1 (Bio-Rad Laboratories).

2.7. EV/CM-Induced In Vitro Angiogenesis. Serum-starved
HUVECs were resuspended in serum-free culture medium
supplemented with different concentrations of EVs (100,
50, 10, or 5μg/ml) from fetal and adult dermal cells. Approx-
imately 10000 cells/well were plated in triplicate onto Matri-
gel from the in vitro angiogenesis assay kit (Millipore,
Billerica, MA, USA) in flat bottom 96-well plastic plates
(Costar Corning Inc., Costar, NY, USA). HUVECs plated in
fetal dermal cell CM or in serum-free culture medium were
used as positive and negative control, respectively. Plates
were incubated at 37°C in a humidified atmosphere with
5% CO2. Formation of mesh-like structures was monitored
for 24 hours with an inverted microscope (Olympus
CKX41, Tokyo, Japan) coupled with a camera (Olympus U-
TV0.5XC-3) for image acquisition. Numerical values (score
from 0 to 5) were assigned to each pattern according to man-
ufacturer’s specifications (Millipore) and as previously
described [12]. Formation of mesh-like structures was quan-
tified by calculating the number of junctions, nodes, total
mesh area, and total segments length, with ImageJ software
of the Angiogenesis Analyzer plugin (https://imagej.nih
.gov/ij/).

2.8. In Vitro EV/CM-Induced Cell Migration. Cell migration
was monitored by using the Cellular Invasion/Migration
(CIM) Plate 16 with the XCELLigence Real-Time Cell
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Analyzer (RTCA) dual purpose (DP) instrument (Acea Bio-
sciences Inc., San Diego, CA, USA), which detects the real-
timemigration of cells [21]. Briefly, serum-starved fibroblasts
were resuspended in culture medium supplemented with
100, 50, 10, or 5μg/ml EVs from fetal and adult dermal cells
or in culture medium without EVs, and added to the upper
chamber (30000 cells/chamber) of the CIM plate. Culture
medium 0.5% FBS was used as chemoattractant and loaded
to the lower chamber. The CIM plates were assembled into
the RTCA-DP instrument and placed in the incubator at
37°C in a humidified atmosphere with 5% CO2. Cell migra-
tion was recorded every 15 minutes for 7 hours. Each time
point was calculated from duplicate values, and cell migra-
tion was expressed as cell index (CI) at a 7-hour time point.
Analysis was performed with the RTCA Software 1.2 of the
xCELLigence system.

2.9. Quantitative Analysis of EV-Depleted CM by Luminex
Technology. EV-depleted CM from fetal dermal cells was
subjected to quantitative evaluation by Luminex xMAP tech-
nology (Luminex 200; Luminex Corp., Austin, TX, USA),
enabling the simultaneous detection of analytes. The ana-
lyzed soluble factors included human growth factors such
as VEGF-A and HGF, and chemokines with a documented
role in angiogenesis and wound healing, such SDF-1 alpha,
MCP-1, IL-8, and GRO-alpha. These factors were included
in a customized panel (ProcartaPlex, Thermo Fisher Scien-
tific). Briefly, undiluted or 1 : 10 diluted CM was loaded into
the multiplex and processed according to manufacturer’s
instructions. Concentration of soluble factors was calculated
by using software provided by the manufacturer, and the
results normalized to the total number of attached cells.
The concentration of soluble factors was expressed as pg/ml
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Figure 1: Physical characterization of EVs by NTA and protein expression. (a) Representative histogram of EVs isolated from secretome of
fetal dermal cells showing a peak corresponding to a mode value of 77:5 ± 0:8 nm size and a concentration of 2:59 × 1012 particles/ml. (b)
Representative histogram of EVs isolated from secretome of adult dermal cells showing a peak corresponding to a mode value of 87:2 ±
2:8 nm size and a concentration of 1:12 × 1011 particles/ml. The results shown are representative of three independent experiments. (c)
Representative Western blot analysis of two fetal dermal-derived EV samples showing expression of EV markers Rab5, Alix, and CD63 in
total protein extracts of pellet particles. Negative control, calnexin in cell protein extracts, and pellet particles are also shown. NTA:
nanoparticle tracking analysis; EVs: extracellular vesicles; cells: total protein extracts of human fetal dermal cells; EV#1: sample 1; EV#2:
sample 2.
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Table 1: EV-derived miRNAs found highly expressed in fetal samples (Ct values ≤ 26), which were also upregulated compared to adult
samples (see also Supplemental Material S1).

miRNA name Role in angiogenesis/tissue regeneration References
Fold increase in fetal
vs. adult samples

p value

hsa-let-7b-5p It targets VEGF gene; validated role in angiogenesis
Hua et al., 2006 [36];

Landskroner-Eiger et al., 2013
[34]

26.2091 0.0074

hsa-let-7g-5p Validated role in angiogenesis
Landskroner-Eiger et al., 2013

[34]
175.3585 0.021

hsa-miR-10a-5p
Validated role in angiogenesis; angiogenesis

influencer
Landskroner-Eiger et al., 2013

[34]
242.9505 0.03

hsa-miR-10b-3p 17.9198 0.0346

hsa-miR-15b-5p
Angiogenesis regulator; delivered in regenerative

medicine for cardiac repair
Curtin et al., 2018 [29];

Wang & Olson, 2009 [39]
2624.268 0.0003

hsa-miR-16-5p
Angiogenesis regulator; it targets VEGF gene;

regulator of angiogenesis; induces tube formation of
HUVECs

Hua et al., 2006 [36];
Poliseno et al., 2006 [78];
Suarez & Sessa, 2009 [38];
Wang & Olson, 2009 [39]

149.6445 0.0183

hsa-miR-17-5p Angiogenesis regulator; it targets VEGF gene
Caporali & Emanueli, 2011 [33];

Hua et al., 2006 [36],
Wang & Olson, 2009 [39]

133.7475 0.0032

hsa-miR-19a-3p Validated role in angiogenesis
Landskroner-Eiger et al., 2013
[34]; Wang & Olson, 2009 [39]

51.8807 0.0114

hsa-miR-19b-3p Angiogenesis regulator
Caporali & Emanueli, 2011 [33];

Wang & Olson, 2009 [39]
109.3557 0.0044

hsa-miR-20a-5p It targets VEGF gene; validated role in angiogenesis
Hua et al., 2006 [36];

Landskroner-Eiger et al., 2013
[34]; Wang & Olson, 2009 [39]

56.7629 0.0004

hsa-miR-21-5p Angiogenesis regulator; wound healing regulator
Wang & Olson, 2009 [39]; Wang

et al., 2012 [32]
157.6826 0.0046

hsa-miR-24-3p Highly expressed by endothelial cells
Suarez & Sessa, 2009 [38];
Zhou et al., 2011 [40]

25.4984 0.0059

hsa-miR-26a-5p
Proregenerative (it promotes osteogenesis-

angiogenesis in mouse)
Li et al., 2013 [47] 132.6638 0.0122

hsa-miR-26b-5p Tissue repair; remodeling in wound healing
Banerjee & Sen, 2013 [31];

Sen et al., 2015 [30]
95.4933 0.0183

hsa-miR-27b-3p It targets VEGF gene; validated role in angiogenesis

Hua et al., 2006 [36];
Landskroner-Eiger et al., 2013
[34]; Wang & Olson, 2009 [39];

Zhou et al., 2011 [40]

950.021 0.0096

hsa-miR-28-3p 49.9995 0.0082

hsa-miR-29b-3p
Regulator of tissue regeneration; proregenerative

(delivered for ECM remodeling in fibrosis
treatment)

Monaghan et al., 2014 [42];
van Rooij et al., 2008 [43]

61.9175 0.0105

hsa-miR-30a-3p It targets VEGF gene; endothelial cell modulator
Bridge et al., 2012 [35];
Hua et al., 2006 [36]

185.51 0.0099

hsa-miR-30b-5p
Angiogenesis regulator; endothelial cell modulators;

it targets VEGF gene
Bridge et al., 2012 [35];
Hua et al., 2006 [36]

32.3336 0.0004

hsa-miR-30c-5p Endothelial cell modulator Bridge et al., 2012 [35] 30.1373 0.0002

hsa-miR-30e-3p Endothelial cell modulator Bridge et al., 2012 [35] 41.2049 0.0041

hsa-miR-31-5p Angiogenesis regulator; wound healing
Li et al., 2015 [79];

Wang et al., 2012 [32]
60.803 0.0027

hsa-miR-31-3p Angiogenesis regulator; wound healing
Li et al., 2015 [79];

Wang et al., 2012 [32]
229.5474 0.0097

hsa-miR-34a-5p It targets VEGF gene 2254.5936 0
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Table 1: Continued.

miRNA name Role in angiogenesis/tissue regeneration References
Fold increase in fetal
vs. adult samples

p value

hsa-miR-92a-3p Validated role in angiogenesis
Curtin et al., 2018 [29];

Landskroner-Eiger et al., 2013
[34]; Wang & Olson, 2009 [39]

32.781 0.0001

hsa-miR-93-3p 149.3753 0.0065

hsa-miR-99b-3p Angiogenesis promoter Kane et al., 2012 [37] 37.2967 0.0134

hsa-miR-99b-5p Angiogenesis promoter Kane et al., 2012 [37] 41.1216 0.0031

hsa-miR-103a-3p 809.2304 0.008

hsa-miR-106a-5p It targets VEGF gene; regulator of angiogenesis Hua et al., 2006 [36] 67.8178 0.0047

hsa-miR-106b-5p It targets VEGF gene; regulator of angiogenesis
Hua et al., 2006 [36];

Landskroner-Eiger et al., 2013
[34]

56.2099 0.0084

hsa-miR-125a-5p Tube formation of HUVECs; it targets VEGF gene
Hua et al., 2006 [36];

Poliseno et al., 2006 [78]
128.8981 0.0061

hsa-miR-125b-5p Angiogenesis regulator; tube formation of HUVECs
Poliseno et al., 2006 [78];
Zhou et al., 2015 [80]

18.6552 0.0041

hsa-miR-127-3p 19.2386 0.0001

hsa-miR-132-3p
Validated role in angiogenesis during chronic
wound healing; proregenerative (it promotes

angiogenesis in myocardial infarction)

Landskroner-Eiger et al., 2013
[34]; Li et al., 2017 [81]; Ma et al.,

2018 [44]
3664.7066 0.0034

hsa-miR-136-3p 164.0836 0.0268

hsa-miR-138-5p 52.6792 0.0162

hsa-miR-145-5p Angiogenesis regulator Fan et al., 2012 [82] 42.2841 0.0067

hsa-miR-146a-3p Wound healing (inflammatory phase) Banerjee & Sen, 2013 [31] 172.0832 0.0135

hsa-miR-146b-3p
Wound healing (inflammatory phase); angiogenesis

promoter
Ahn et al., 2013 [83];

Banerjee & Sen, 2013 [31]
203.771 0.0161

hsa-miR-149-5p Scarless wound healing Lang et al., 2017 [84] 37.5122 0.0102

hsa-miR-151a-5p 126.8167 0.005

hsa-miR-151a-3p 17.732 0.0246

hsa-miR-152-3p 20.0452 0.0097

hsa-miR-155-5p
Wound healing (inflammatory phase); amyotrophic

lateral sclerosis; anti-inflammatory action;
angiogenesis regulator

Banerjee & Sen, 2015 [31]; Curtin
et al., 2018 [29]; Suarez & Sessa,

2009 [38]
32.5772 0.04

hsa-miR-181a-5p Angiogenesis promoter Kane et al., 2012 [37] 112.4827 0.0011

hsa-miR-186-5p 78.0074 0.0165

hsa-miR-191-5p It may regulate the angiogenic actions of VEGF
Landskroner-Eiger et al., 2013

[34]
66.0569 0.0121

hsa-miR-193a-5p It targets VEGF gene Hua et al., 2006 [36] 108.2673 0.0061

hsa-miR-193b-3p Proregenerative (chondrogenesis) Meng et al., 2018 [45] 16.6788 0.0057

hsa-miR-197-3p 47.9232 0.01

hsa-miR-199a-3p
It targets VEGF gene; proregenerative (cardiac

regeneration)
Hua et al., 2006 [36]; Lesizza et al.,

2017 [46]
79.9505 0.0112

hsa-miR-214-3p 34.8695 0.0131

hsa-miR-214-5p It targets VEGF gene Hua et al., 2006 [36] 493.6614 0.0151

hsa-miR-218-5p Validated role in angiogenesis
Landskroner-Eiger et al.,

2013 [34]
32.9227 0.0092

hsa-miR-221-3p Validated role in angiogenesis
Landskroner-Eiger et al.,

2013 [34]
27.5391 0.0003

hsa-miR-222-3p
Angiogenesis in wound healing; validated role in

angiogenesis

Banerjee & Sen, 2015 [31];
Landskroner-Eiger et al.,

2013 [34]
38.7974 0.0103

hsa-miR-224-5p 21.5539 0.0039
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/1:5 × 106 cells/24 hours. Data from EV-depleted CM were
compared with those from whole CM.

2.10. EV Labeling and Cellular Uptake Assay. EVs from fetal
dermal cells were labeled with CSFE (Thermo Fisher Scien-
tific) according to manufacturer’s instructions with minor
modifications. Briefly, 1 : 1000 diluted CSFE was added to
10μg of EV preparation and incubated at 37°C for 15
minutes. 1ml of 1% bovine serum albumin (BSA) (Sigma-
Aldrich) was added to stop the labeling, and the mixture
was ultracentrifuged at 100000 × g for 70 minutes at 4°C.
The supernatant was discharged, the pellet resuspended in
serum-free DMEM, and EV labeling was verified by flow
cytometry with a FACS Canto II (Becton Dickinson, BD,
Franklin Lake, NJ, USA) in a log range by using 50nm diam-
eter reference beads as size standard (MicroBeads, Miltenyi,
Bergisch Gladbach, Germany), as previously described [22].

Fibroblasts and HUVECs previously grown to 60% conflu-
ence in 4-well glass chamber slides were incubated with
DMEM containing CSFE-labeled EVs at a ratio 1μg EVs
per 10000 adherent cells. At the end of incubation time (2,
4, and 8 hours), cells were washed twice with PBS and fixed
with 4% paraformaldehyde/PBS for 10 minutes at room tem-
perature. Nuclei were stained with DAPI (Sigma-Aldrich)
and then mounted with Permafluor and a coverslip (Thermo
Fisher Scientific). Cellular uptake of EVs was visualized
under a Leica confocal station (Leica SP5 confocal system)
mounted on a Leica DM6000 inverted microscope (Leica
Microsystems Inc., Buffalo Grove, IL, USA).

2.11. Statistical Analysis. For NTA and miRNAs analysis,
three fetal-derived and three adult-derived EV samples were
analyzed. For in vitro angiogenesis, four different samples
corresponding to treatment with fetal-derived EVs and three

Table 1: Continued.

miRNA name Role in angiogenesis/tissue regeneration References
Fold increase in fetal
vs. adult samples

p value

hsa-miR-320a It targets VEGF gene; validated role in angiogenesis
Hua et al., 2006 [36];

Landskroner-Eiger et al.,
2013 [34]

56.2268 0.0086

hsa-miR-323a-3p 686.8069 0.0163

hsa-miR-324-3p 137.7004 0.0144

hsa-miR-331-3p It targets VEGF gene Hua et al., 2006 [36] 43.6136 0.0043

hsa-miR-342-3p 169.8914 0.0114

hsa-miR-345-5p 200.3964 0.0134

hsa-miR-365a-3p 526.7213 0.0115

hsa-miR-370-3p 99.3169 0.0081

hsa-miR-374a-5p 44.7501 0.0225

hsa-miR-376a-3p 216.5826 0.0246

hsa-miR-376c-3p 216.5826 0.0246

hsa-miR-382-5p 6102.4887 0.0009

hsa-miR-409-3p 173.9373 0.0097

hsa-miR-411-5p 99.6678 0.0353

hsa-miR-424-3p 482.6326 0.0137

hsa-miR-432-5p 125.5471 0.0385

hsa-miR-433-3p 778.7489 0.0057

hsa-miR-455-5p 611.2326 0.0122

hsa-miR-484 85.625 0.0066

hsa-miR-487b-3p 131.5413 0.0028

hsa-miR-493-3p 1303.6278 0.0053

hsa-miR-532-3p 42.572 0.0015

hsa-miR-532-5p Angiogenesis Slater et al., 2018 [85] 1363.2918 0.0072

hsa-miR-539-5p 350.9595 0.0063

hsa-miR-574-3p 59.5134 0.0121

hsa-miR-625-3p 77.7476 0.002

hsa-miR-708-5p 59.2604 0.0013

hsa-miR-766-3p 1533.4818 0.016

hsa-miR-886-5p 75.0277 0.0048

hsa-miR-1290 24.3418 0.0021

Plotted values (mean ± SD) represent fetal samples (n = 3) compared to adult samples (n = 3).
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different samples corresponding to the remaining treatments
(adult-derived EVs, fetal-derived CM, and the corresponding
EV-depleted CM) were analyzed. For cell migration assay,
three different samples of each condition were analyzed
(fetal-derived EVs, adult-derived EVs, fetal CM, and the cor-
responding EV-depleted CM). For quantitative analysis by
Luminex of whole CM vs. EV-depleted CM, ten fetal CM
samples were analyzed. Data were analyzed with R [23] and
expressed as the mean ± SD. Data from two different groups
were compared with Student’s t-test. Differences between the
groups were considered significant at a p value of ≤ 0.05.

Angiogenesis data were analyzed with GraphPad Prism
8.4.2 and expressed as themean ± SD. Data from each condi-
tion were compared to treatment with fetal-derived EVs with
the one-way ANOVA.

3. Results

3.1. Characterization of EVs by Nanoparticle Tracking
Analysis and Protein Marker Expression. The NTA of pellet
preparations obtained by differential ultracentrifugation of
CM from fetal and adult dermal cells indicated a “mode”
diameter size (representing the size of the most abundant
particles in a sample preparation) consistent with that of
“small EVs” (<200nm [24]). The mode sizes of a representa-
tive fetal sample (77:5 ± 0:8 nm) and that of a representative
adult sample (87:2 ± 2:8 nm) are shown in Figure 1(a) and
Figure 1(b), respectively. The concentration of EVs from

both fetal and adult cells was in a range of 1011-1012 parti-
cles/ml. Moreover, characterization by Western blot analysis
revealed that pellet particles expressed Rab5, Alix, and CD63
proteins, and while were negative for calnexin protein, this
latter found in total protein extracts from human fetal dermal
cells (Figure 1(c)).

3.2. Differential Expression of EV miRNAs and Their
Association with Signaling Pathways Related to Angiogenesis
and Wound Healing.We found 87 highly expressed miRNAs
(Ct values ≤ 26) in fetal dermal cell-derived EVs. These
highly expressed miRNAs were also considered significantly
upregulated in fetal compared to adult dermal cell-derived
EVs (Table 1; Supplemental Material S1). In addition, 21
miRNAs had a validated role in angiogenesis according to lit-
erature (Table 1; Supplemental Material S1).

KEGG analysis with DIANA-TarBase of these 87 miR-
NAs evidenced 85 signaling pathways, 15 of which related
to angiogenesis/wound healing (Table 2; Supplemental Mate-
rial S2), (Figure 2). By setting 29 as a threshold (genes inter-
section) [20], we selected 4 signaling pathways associated
with angiogenesis and wound healing from the obtained list
(Figure 3; Supplemental Material S3). In particular, we found
46 out of 87 miRNAs enriched in ECM-receptor interaction
signaling pathway, with two putative target genes, THBS1
and fibronectin (FN1) (Supplemental Material S3); 69 miR-
NAs enriched in the p53 signaling pathway with the target
genes THBS1, cyclin D1 (CCND1), cyclin D2 (CCND2),

Table 2: KEGG signaling pathways and their association with angiogenesis and wound healing.

KEGG signaling pathway Role in angiogenesis/wound healing References log10 (p value)

Adherens junction Wound closure Fenteany et al., 2000 [47] 5:10E − 07

HIPPO Organ regeneration
Juan & Hong, 2016 [48]; Lee et al., 2014
[49]; Zhao et al., 2011 [51]; Wang et al.,

2017 [50]
3:73E − 06

p53 Promotes VEGF expression and angiogenesis Farhang Ghahremani et al., 2013 [52] 9:63E − 06

TGF-beta Skin wound healing
Finnson et al., 2013 [53]; Ramirez et al.,

2014 [54]
2:39E − 05

ECM-receptor interaction Wound repair Olczyk et al., 2014 [55] 4:53E − 05
Focal adhesion Cell migration; angiogenesis Zhao & Guan, 2011 [56] 0.000175201

mTOR
Interconnected to PI3K-Akt pathway to accelerate

epithelial wound healing; angiogenesis
Castilho et al., 2013 [56]; Karar &

Maity, 2011 [59]
0.000176029

HIF-1
Accelerating wound healing by enhancing

angiogenesis
Hong et al., 2014 [60] 0.000538735

ErbB
Mediates proliferation and migration of keratinocytes

in wound healing (ErbB1)
Pastore et al., 2008 [61] 0.001490837

FoxO
Upstream in the activation of both TGF-beta and

PI3K-Akt signaling pathways
0.002880647

Wnt Participates to each stage of the healing process Whyte et al., 2012 [62] 0.00326995

Notch
Angiogenesis and endothelial cell formation; essential
in organ regeneration; vasculature repair after brain

trauma and wound healing

Carlson et al., 2007 [63]; Raya et al.,
2003 [66]; Ran et al., 2015 [65];
Chigurupati et al., 2007 [64]

0.004876559

Neurotrophin Novel regulator of angiogenesis Kraemer & Hempstead, 2003 [67] 0.009582793

MAPK Skin reepithelialization Deng et al., 2006 [68] 0.008652606

Insulin Upstream to PI3k/Akt and mTOR Karar & Maity, 2011 [59] 0.014139516

DIANA tool analysis of the 87 miRNAs considered significantly upregulated in fetal vs. adult dermal cell-derived EVs.
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cyclin-dependent kinase inhibitor 1 (CDKN1A), cell division
protein kinase 6 (CDK6), TNF receptor superfamily member
10b (TNFRSF10B), and mouse double minute 2 homolog
(MDM2) (S3); 73 miRNAs enriched in the PIK3/Akt signal-
ing pathway with putative target genes THBS1, FN1,
CCND2, CCND1, CDKN1A, CDK6, MDM2, insulin-like
growth factor 1 receptor (IGF1R), and MCL1 (S3); 64 miR-
NAs enriched in the FoxO signaling pathway with the target
genes CCND2, CCND1, MDM2, and IGF1R (S3).

3.3. Validation of the In Silico Analysis by Western Blot. The
amount of THBS1 protein in fibroblasts treated for 72 hours
with 10μg/ml of fetal-derived EVs was higher than the
amount of THBS1 protein in both untreated fibroblasts
(Figure 4(a)) and the earlier time points of treatment (24
and 48 hours, data not shown). The amount of THBS1 pro-
tein in fibroblasts following a 72-hour treatment with fetal-
derived EVs was approximately 4-fold higher than the
amount of THBS1 protein in untreated fibroblasts at the
same time point (Figure 4(b)).

3.4. EV/CM-Induced Mesh-Like Organization of HUVECs In
Vitro. HUVECs cultured in culture medium supplemented
with 100, 50, or 10μg/ml of fetal dermal cell-derived EVs
achieved the “complete mesh-like structures” pattern (maxi-
mum score 5) 8 hours after plating on Matrigel (Figure 5(a)
obtained with 10μg/ml EVs), while only achieved the
“sprouting of new capillary tubes” pattern (score 3) when

cultured in the presence of 10μg/ml of adult dermal cell-
derived EVs (Figure 5(b); Supplemental Material S4). The
score 5 was achieved faster (approximately 3 hours) when
cells were cultured in serum-free CM than in EVs of fetal
dermal cells (Figure 5(c)). Interestingly, culturing HUVECs
in EV-depleted CM only determined the achievement of
score 3 (Figure 5(d)). Negative control HUVECs cultured
in the absence of EVs maintained the “individual cells” pat-
tern (score 0) for all the duration of the experiment
(Figure 5(e)) (Table 3). Lower doses of fetal dermal cell-
derived EVs (≤5μg/ml) were ineffective in inducing forma-
tion of mesh-like structures (data not shown). The results
were confirmed by angiogenesis parameters quantified on
images (n = 4 for treatment with fetal-derived EVs; n = 3
for the other treatments). In the case of HUVECs cultured
in the presence of 10μg/ml of adult dermal cell-derived
EVs, histograms were lower to those of HUVECs cultured
in the presence of fetal cell-derived EVs, but differences
were not statistically significant, probably due to the high
SD values. Data were expressed as total mesh area
(Figure 6(a)), number of junctions (Figure 6(b)), number
of nodes (Figure 6(c)), number of segments (Figure 6(d)),
and total length of segments (Figure 6(e)) (∗p value ≤ 0.05;
∗∗p value ≤ 0.001).

3.5. EV/CM-Induced Migration of Fibroblasts In Vitro. Fibro-
blasts in the presence of 100, 50, or 10μg/ml of fetal dermal
cell-derived EVs (green, red, and dark blue curves,

KEGG signaling pathway related to angiogenesis and wound healing

Insulin signaling pathway

MAPK signaling pathway

Neurotrophin signaling pathway

Notch signaling pathway

Wnt signaling pathway

FoxO signaling pathway

ErbB signaling pathway

HIF-1 signaling pathway

mTOR signaling pathway

Focal adhesion

ECM-receptor interaction

TGF-beta signaling pathway

p53 signaling pathway

Hippo signaling pathway

Adherens junction

0 50

miRNAs
Genes
Log10 (p value)

100 150 200 250

Figure 2: KEGG signaling pathways related to angiogenesis and wound healing obtained by screening out the 87 miRNAs considered
significantly upregulated in fetal cell- vs. adult cell-derived EVs with the DIANA-miRPath v.3 software. The figure shows log10 (p value)
(blue bars) associated with the number of miRNAs (red bars) targeting specific genes (green bars) within each pathway.
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respectively) migrated toward the lower chamber (containing
culture medium 0.5% FBS as chemoattractant) with similar
CI values. A lower concentration of EVs (5μg/ml) (light blue
curve) resulted in the absence of migration, and CI values
similar to those of negative control fibroblasts seeded in the
absence of EVs (pink curve) (Figure 7). The CI values of cell
migration induced by 10μg/ml of adult-derived EVs were
similar to those induced by EVs of fetal origin (dark blue
and orange curves, respectively) (data not shown).

3.6. Amount of Growth Factors and Chemokines in EV-
Depleted CM. The levels of growth factors and chemokines

in EV-depleted CM were similar to the levels in whole fetal
dermal cell CM. The growth factor detected with the highest
amount was VEGF-A, while the chemokine detected with the
highest amount was SDF-1-alpha (Table 4).

3.7. Cellular Uptake of EVs. Labeling of fetal dermal cell-
derived EVs with CSFE was successfully verified by flow
cytometry.We clearly identified a discrete population of fluo-
rescent particles in the range of small EVs compared to con-
trol, unlabeled EVs (Figure 8(a)). The fluorescent signal of
CSFE-labeled EVs was visualized into the cytosol starting
from 4 hours of incubation (Figure 8(b)), while at later time

UN TR

THBS1

Beta-actin

(a)

RI
U

4

3
3.5

2.5
2

1.5
1

0.5
0

UN 72 hrs

Densitometric analysis

TR 72 hrs

(b)

Figure 4: Validation of the in silico data. (a) Representative Western blot of THBS1 protein in total protein extracts of fibroblasts, untreated
or treated with 10 μg/ml of fetal-derived EVs for 72 hours. Beta-actin was used as internal loading control. (b) Densitometric analysis of the
72-hour time point. UN: untreated; TR: treated; THBS1: thrombospondin 1; EV: extracellular vesicle; RIU: relative intensity unit.

FoxO signaling pathway

CCND2, CCND1, CDKN1A, MDM2, IGF1R

THBS1, FN1, CCND2, CCND1, CDKN1A, CDK6, MDM2, IGF1R, MCL1

THBS1, CCND2, CCND1, CDKN1A, CDK6, TNFRSF10B, MDM2

THBS1, FN1

KEGG pathways with genes instersection 29: single genes targeted by multiple miRNAs

PI3K-Akt signaling pathway

p53 signaling pathway

ECM-receptor interaction

0 10 20 30 40 50 60 70 80

miRNA
Genes

Log10 p value

Figure 3: KEGG signaling pathways related to angiogenesis and wound healing obtained with genes intersection 29 to show putative genes
targeted by multiple miRNAs within each pathway. DIANA tool was performed with the 87 miRNAs considered significantly upregulated in
fetal dermal cell-derived EVs compared to adult dermal cell-derived EVs.
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points (8 hours of incubation; Figure 8(c)), the signal was
mainly detected in the perinuclear region of target cells. No
differences were found when using targeted HUVECs or
fibroblasts (data not shown).

4. Discussion

As a continuation of the previous study [12] and in search for
the molecules contributing to functional activity of secre-
tome, we herein focused on isolation and characterization
of EVs from secretome of human fetal dermal cells. We used
equal numbers of cultured cells and collected equal volumes
of secretome at the same time, in the attempt to standardize
the EV source. We followed the updated guidelines of the
International Society for Extracellular Vesicles (ISEV), which

(a) (b)

(c) (d)

(e)

Figure 5: Effect of EVs on formation of mesh-like structures of HUVECs in vitro. (a) HUVECs in culture medium supplemented with
10μg/ml of fetal dermal cell-derived EVs 8 hours after plating on Matrigel. (b) HUVECs in culture medium supplemented with 10μg/ml
of adult dermal cell-derived EVs 8 hours after plating. (c) HUVECs in fetal dermal cell-derived CM 3 hours after plating. (d) HUVECs in
EV-depleted CM of fetal dermal cells 3 hours after plating. Negative control HUVECs in serum-free culture medium 8 hours after plating.
Scale bars: 100μm (a, c, d, e) and 50μm (b). EV: extracellular vesicles; CM: conditioned medium; depl: depleted; neg. ctrl: negative
control. The results shown are representative of four independent experiments.

Table 3: Numerical value assigned to each pattern associated with
the degree of in vitro angiogenesis. A representative sample for
each condition is shown, corresponding to Figure 5.

Sample Pattern Score

Fetal EVs Complete mesh-like structures 5

Adult EVs Sprouting of new capillary tubes 3

Fetal CM Complete mesh-like structures 5

EV-depleted fetal CM Sprouting of new capillary tubes 3

Negative control Individual cells, well separated 0

EV: extracellular vesicles; CM: conditioned medium.
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recommend to use the generic term “EVs” for particles natu-
rally secreted by cells, whose characterization is mainly based
on physical parameters, such as size and concentrations [24].
The NTA of pellet particles obtained by ultracentrifugation

of secretome of both fetal and adult dermal cells revealed a
size diameter of approximately 70 nm, thus suggesting that
we may have isolated “small EVs.” In fact, the general charac-
terization suggested by the ISEV discriminates EV subtypes
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Figure 6: Angiogenic parameters quantified with the Angiogenesis Analyzer of ImageJ on images indicating (a) total mesh area, (b) number
of junctions, (c) number of nodes, (d) number of segments, and (e) total segment length. 10μg/ml of EVs was always used. The images
corresponded to the 3-hour time point for treatments with CM and to the 8-hour time point for treatment with EVs and for negative
controls. Plotted values (mean ± SD) represent samples (n = 3 for each condition, except n = 4 for treatment with fetal dermal cell-derived
EVs). ∗p ≤ 0:05; ∗∗p ≤ 0:001. Differences not denoted with an asterisk are not significant. Tot: total; EV: extracellular vesicle; depl:
depleted; CM: conditioned medium; Nb: number.
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in small EVs (<200 nm size) and larger EVs [24]. Further-
more, the isolated EVs were positive for Rab5 and Alix, and
CD63 while were negative for calnexin [24]. Since there is
no a perfect quantification method, we followed the most
common, which is based on total protein amounts in our
dose-response studies [24].

Depletion of EVs by differential ultracentrifugation
almost abrogated the in vitro proangiogenic effect of fetal
dermal cell secretome. Since depletion of EVs only slightly
reduced the efficiency of cell migration, we suggest that per-
haps the amount of chemokines such as SDF-1 alpha and
MCP-1 in EV-depleted secretome may be sufficient to ensure
a migratory response. On the contrary, a VEGF-A concentra-
tion of approximately 5000 pg/ml in EV-depleted secretome

could not be sufficient to ensure formation of mesh-like
structures normally requiring higher doses of VEGF-A (e.g.,
20000 pg/ml or more) [25]. Nevertheless, the multitude of
factors contained in secretome is extremely difficult to estab-
lish which factor might be responsible for one activity or
another.

According to the current version of the database Exocarta
[26, 27], 9769 proteins, 1116 lipids, 3408 mRNAs, and 2838
miRNAs have been identified in EV/exosomes from several
cell types and organisms. Research studies have often
hypothesized that the transfer of miRNAs in particular will
account for the understood EV-mediated effects [14].
miRNA-based therapy entered in clinical studies mainly for
cancer treatments, while it is still in early stages for
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Figure 7: Effect of EVs on migration of fibroblasts in vitro. RTCA curves showing fibroblasts seeded in the presence of 100, 50, 10, and
5μg/ml of fetal dermal cell-derived EVs. Culture medium containing a small amount of FBS (0.5%) was used as chemoattractant. RTCA
curve of negative control fibroblasts seeded without EVs is also shown. RTCA: real-time cell analyzer; EVs: extracellular vesicles;
chemoatt: chemoattractant; FBS: fetal bovine serum; neg ctrl: negative control. The results shown are representative of six independent
experiments.

Table 4: Customized ProcartaPlex human growth factor and chemokine panel. Amount of soluble factors in EV-depleted vs. whole CM of
fetal dermal cells.

Soluble factor Role in MSC-mediated wound healing
EV-depleted CM (pg/ml/106

cells/24 h)
Whole CM (pg/ml/106

cells/24 h)

VEGF-A Angiogenesis [86] 6049 ± 1603 5899 ± 618
HGF Epithelialization, neovascularization [87] 1031 ± 246 1448 ± 121
SDF-1 alpha
(CXCL-12)

Angiogenesis [88]; cell migration [89] 6016 ± 1860 5983 ± 231

MCP-1 (CCL-2)
Angiogenesis [1]; recruitment of neutrophils [90];

remodeling [91]
1771 ± 795 1233 ± 54

IL-8
Recruitment of neutrophils, epidermal cell migration,

angiogenesis [91]
1546 ± 293 788 ± 697

GRO-alpha
(CXCL-1)

Recruitment of neutrophils [91]; angiogenesis [1] 907 ± 328 973 ± 100

Plotted values (mean ± SD) represent EV-depleted CM (n = 10) compared to whole CM (n = 10). Differences not denoted with an asterisk are not significant.
EV: extracellular vesicle; CM: conditioned medium.
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applications of regenerative medicine [28, 29]. However,
emerging reports are available indicating the vast potential
of miRNAs for the repair of several tissues including bone/-
cartilage muscle, cardiovascular tissue, neurological tissue,
skin, and even in angiogenesis [29, 30]. With respect to organ
repair and angiogenesis, the involvement of miRNAs in dif-
ferent phases of wound healing has been documented [31,
32], and several proangiogenic miRNAs have been identified
and validated [33, 34] .

By analyzing the miRNA expression profile of dermal
cell-derived EVs, we identified 87 miRNAs significantly
upregulated in fetal- vs. adult-derived EVs, which included
miRNAs validated in angiogenesis such as let-7b-5p, let-7g-
5p, miRNA-10a, -15b, -16-5p, members of the cluster 17-92
(-17-5p, -19a-3p, -19b-3p, -20a-5p, -92a-3p), -21-5p, mem-
bers of the cluster 23-27 (-24-3p, -27b-3p), -31-3p, -31-5p,
-132-3p, -199a-3p, -218-5p, -221-3p, -222-3p, and -320a
[29, 34–40] (Table 1). Since the depletion of EVs from fetal
dermal cell secretome impaired the in vitro tube formation,
we suggest that the proangiogenic effect of fetal dermal cell
secretome reported in our previous study [12] could largely
depend on an EV-mediated transfer of these miRNAs. Inter-

estingly, significantly upregulated miRNAs in fetal- vs. adult
cell-derived EVs also included proregenerative miRNAs such
as -26a [41], -29b [42, 43], -132 [44], -193b-3p [45], and
-199a-3p [46], which have been delivered in animal models
to improve angiogenesis, bone and cartilage regeneration,
cardiac regeneration, and for fibrosis treatment (Table 1).

According to KEGG analysis, 85 signaling pathways were
detected as targets for the 87 miRNAs upregulated in fetal-
vs. adult-derived EVs. Each of the pathways was targeted by
multiple miRNAs, and 15 of the 85 pathways were associated
with angiogenesis and wound healing. These 15 pathways
included adherent junction [47], HIPPO [48–51], p53 [52],
TGF-beta [53, 54], ECM-receptor interaction [55], focal
adhesion [56], mTOR (interconnected to PI3K-Akt) [57–
59], HIF-1 [60], ErbB [61], FoxO (upstream in the activation
of TGF-beta and PI3k-Akt), Wnt [62], Notch [63–66],
neurotrophin [67], MAPK [68], and insulin (upstream to
mTOR) signaling pathways. Of particular interest was the
HIPPO signaling, whose role in regulating regeneration of
organs such as the intestine, liver, heart, nervous system,
and skin is well documented. By setting genes intersection
option (29), 10 putative target genes (THBS1, FN1, CCND1,
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Figure 8: Internalization of CSFE-labeled EVs by targeted fibroblasts. (a) EVs analyzed by flow cytometry in a linear range for physical
parameters FSC vs. SSC (forward scatter vs. side scatter) using Miltenyi beads as size marker. CSFE-labeled EVs and negative control,
unlabeled EVs are also shown. Confocal images showing uptake of CSFE-labeled EVs by fibroblast target cells at 4- and 8-hour incubation
times. (b) Bright field image merged with green (CSFE) and blue (DAPI) showing cytoplasmic localization of fluorescent signal at 4 hours
of incubation. (c) Dual-channel confocal fluorescence showing cytoplasmic localization of fluorescent signal at 8 hours of incubation. The
results shown are representative of three independent experiments. CSFE: carboxyfluorescein succinimidyl ester; EVs: extracellular
vesicles; FL1: fluorescence 1. Scale bar: 5μm.
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CCND2, CDKN1A, CDK6, TNFRSF10B, MDM2, IGF1R,
and MCL1) associated with 4 of the 15 signaling pathways
(ECM-receptor interaction, PI3K/Akt, p53, and FoxO) were
obtained and predicted as targets for our miRNAs. Among
the putative target genes, we focused on THBS1 to validate
the in silico analysis. THBS1 is a multifunctional extracellular
matrix glycoprotein produced by several cell types, facilitat-
ing tissue repair in different healing models [69–71]. Western
blot analysis showed a significant increase of THBS1 protein
amounts (approximately 4-fold) in fibroblasts treated for 72
hours with fetal dermal-derived EVs against untreated
fibroblasts.

Both freshly isolated and frozen EVs were tested in cell-
based assays of angiogenesis and cell migration, thus showing
no differences in their performances. This observation was in
agreement with a previous report showing that the storage in
the absence of cryoprotectant at -20°C did not affect the bio-
chemical activity of EVs [72]. While EVs from both cell types
stimulated cell migration with a similar efficacy, fetal dermal
cell-derived EVs were far more effective than adult dermal
cell-derived EVs in inducing formation of mesh-like struc-
tures. Even if this result was not statistically significant, the
slide in Supplemental Material S4 clearly shows this differ-
ence. Overall, we observed a delay in EV-induced cellular
responses compared to secretome/CM-induced cellular
responses. Since the delay was independent from the used
EV concentrations (e.g., either 100 or 10μg/ml), we suggest
that the delay could be due to the dynamic of EV internaliza-
tion by target cells.

In view of the promising prospective of miRNA-based
therapeutics, the research is dedicated in solving some chal-
lenges in order to make it more translationally valuable.
These challenges include the off-target effects of miRNA or
their low internalization by target cells making their delivery
difficult [73]. Typically, miRNAs for therapeutics have been
delivered by direct injection, viral vectors, or coupled to
scaffolds [74]. A number of studies indicate that EVs may
exert their effect via horizontal transfer of their cargo [14].
Therefore, EVs could serve as a vehicle to successfully deliver
miRNAs of interest to several therapeutic applications [75].
Confocal microscope observations of a punctuated green
fluorescent pattern inside target cells suggest successful inter-
nalization of CSFE-labeled EVs. The signal was visualized in
the cytosol of both HUVECs and fibroblasts at not earlier
than 4 hours of incubation, and in the perinuclear region
at later time points (from 8 hours of incubation). To
conclude, the proangiogenic features of secretome of human
fetal dermal cells appear largely related to the presence of
small EVs. Although there is much to be learned in the field
of EV research, the unique properties of these particles
clearly represent a new therapeutic opportunity for tissue
regeneration [15, 76], since it could offer a number of advan-
tages over traditional cell transplantation as a cell-free prod-
uct. As with conventional drugs, EVs can be standardized
and tested in terms of dose and biological activity. Further-
more, EVs can be produced in clinical grade, freeze, and
easily delivered. Finally, EV-based therapy could overcome
the challenge of a successful delivery of miRNA molecules
in vivo [77].

Data Availability

The data concerning the NTA of EVs, the heat map graph,
the figures and graphs of in vitro angiogenesis, the curves
of cell migration, the flow cytometry graphs of CSFE-
labeled EVs, and the uptake of EVs used to support the find-
ings of this study are included within the article. The miRNA
data used to support the findings of this study are included as
a table within the articles, but also in supplementary informa-
tion file S1 The KEGG data used to support the findings of
this study are included within the article (as graphs), and also
in supplementary information files S2 and S3.
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Mesenchymal stem/progenitor cells (MSCs) are key players in regenerative medicine, relying principally on their
differentiation/regeneration potential, immunomodulatory properties, paracrine effects, and potent homing ability with
minimal if any ethical concerns. Even though multiple preclinical and clinical studies have demonstrated remarkable
properties for MSCs, the clinical applicability of MSC-based therapies is still questionable. Several challenges exist that
critically hinder a successful clinical translation of MSC-based therapies, including but not limited to heterogeneity of their
populations, variability in their quality and quantity, donor-related factors, discrepancies in protocols for isolation, in vitro
expansion and premodification, and variability in methods of cell delivery, dosing, and cell homing. Alterations of MSC
viability, proliferation, properties, and/or function are also affected by various drugs and chemicals. Moreover, significant
safety concerns exist due to possible teratogenic/neoplastic potential and transmission of infectious diseases. Through the
current review, we aim to highlight the major challenges facing MSCs’ human clinical translation and shed light on the
undergoing strategies to overcome them.

1. Introduction

Tissue engineering combines stem/progenitor cells with
proper signaling molecules to be seeded on biocompatible
scaffolds in the presence of physical stimuli to function in
place of or to support regeneration of specific tissues or
organs [1–3]. Mesenchymal stem/progenitor cells (MSCs)
are key players in regenerative medicine, owing to their
remarkable differentiation and regeneration potentials in
addition to their immunomodulatory properties, paracrine
effect [4, 5], and potent homing ability with no ethical con-
cerns [6–8]. MSCs are multipotent cells, hallmarked by their
ability to differentiate into a variety of cell types upon stimu-
lation. They should at least express clusters of differentiation
(CD) CD105, CD90, and CD73 and lack the expression of

CD11b, CD79a, CD19, and human leukocyte antigen-DR
isotype (HLA-DR) [9]. Interestingly, MSCs uniquely display
low immunogenicity, lack the expression of the major histo-
compatibility complex- (MHC-) II, express low levels of
MHC-I, and are not inductive to lymphocytes, which reduces
their chances of eliciting an immune response upon trans-
plantation [10]. MSCs have been successfully isolated from
most tissues of the body, including bone marrow, dental tis-
sues, adipose tissues, skin, liver, lung, umbilical cord, cord
blood, and placenta [11–18]. Even though clinical studies
have demonstrated remarkable properties for MSCs [19,
20], reproducible, cost-efficient, standardized, and mass pro-
duction of these cells and minimization of their populations’
heterogeneity are important issues that are yet to be
addressed, to allow for a human clinical translational therapy
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[21]. Through the current review, we aim to highlight the
major obstacles facing MSCs’ human clinical translation
and how they can be overcome.

2. Donor-Related Factors

MSCs’ quality, quantity, and characteristics rely upon a vari-
ety of donor-related factors [22], including body mass index
[23, 24], age [25, 26], gender [27], and systemic and autoim-
mune diseases [28–30]. The variability of MSC markers’
expression in correlation with their tissue source is presented
in Table 1.

2.1. Donor’s Obesity and MSCs. Obesity could impact MSCs’
characteristics and regenerative potential. Comparing adi-
pose stem/progenitor cells (ASCs) isolated from obese and
nonobese patients, a significant decrease in cellular prolifera-
tion [23, 31] and colony formation [23] of ASCs obtained
from obese patients was evident. Moreover, ASCs from obese
patients showed altered expression of cell surface markers,
with significantly decreased expression of CD54, CD66,
CD90 [23], and CD29 [31] and an increased expression of
CD106 and HLA II [31], in addition to significantly lower
osteogenic [23, 32] and adipogenic differentiation potentials
[23], as compared to ASCs obtained from nonobese patients.
This was attributed to the different microenvironment asso-
ciated with obesity, including adipose tissues’ hypoxia, which
results in increased expression of proinflammatory cyto-
kines. Obesity-associated adipose tissue inflammation could
influence ASC multilineage differentiation [23, 33]. More-
over, obesity can alter ASC stemness and expression of
stem/progenitor cell-related genes (Oct4, Sal4, Sox15, KLF4,
and BMI1), aside from influencing their senescence and
secretome profiles [18, 24]. Additionally, obesity could
diminish ASCs’ immunomodulatory properties [28]. ASCs
derived from obese patients were further associated with
upregulation in the expression of the inflammatory cytokines
interleukin- (IL-) 1β, IL-6, tumor necrosis factor-alpha
(TNF-α), and monocyte chemoattractant protein-1 (MCP-
1) as compared to ASCs acquired from nonobese patients
[28]. These alterations were hypothesized to be mediated
through activation of protein kinase C delta expression [24].

The therapeutic potential of ASCs acquired from obese
and nonobese patients was explored in mice with an experi-
mental autoimmune encephalomyelitis multiple sclerosis
model. ASCs from obese patients showed an increased
expression of proinflammatory cytokines as well as stimu-
lated the proliferation and differentiation of T-cells, resulting
in a failed improvement in the multiple sclerosis-associated
central nervous system inflammation disease model, indicat-
ing that obesity can negatively impact the anti-inflammatory
and immune-modulatory ability of ASCs [34]. ASCs from
obese patients further demonstrated significantly reduced
bone formation in vivo upon implantation in critical-size cal-
varial defects in mice, as compared to ASCs from nonobese
individuals [32].

2.2. Donor’s Age and MSCs. MSCs’ number and regenerative
potential are further proposed to be largely influenced by the

donor’s age. Rats demonstrated an age-related decrease in
bone marrow mesenchymal stem/progenitor cell (BMSC)
yield [26, 35] and proliferation rate as well as a significant
reduction in their osteogenic capacity in vitro [26] and
in vivo following subcutaneous implantation [36]. Likewise,
human BMSCs and ASCs displayed an age-related increase
in cellular senescence (apoptosis) and expression of p53 gene
[25] in addition to a decrease in the cellular proliferation rate
[25, 37] and osteogenic [25, 37–40] and chondrogenic differ-
entiation in vitro [37, 41], with an increase in adipogenic
potential, reflected clinically by an increased adipose deposi-
tion in the bone marrow [40]. Comparing human MSCs
acquired from young and old donors, an age-related decrease
in cellular proliferation and increased apoptosis, attributed to
p53/p21 and p53/BAX pathway activation, respectively, was
observed. In addition, an increase in cells positive for
senescence-associated β-galactosidase and a decrease in oste-
ogenic differentiation, alkaline phosphatase (ALP), Runt-
related transcription factor-2 (RUNX-2), Osterix, bone sialo-
protein, and osteocalcin expressions was observed. This was
attributed to an upregulation of p53 gene expression, which
negatively correlates with osteoblastogenesis [25].

Interestingly, nonadherent, less differentiated rodents’
BMSCs in suspension cultures appeared to be more resistant
to the effect of aging in vitro [42]. Nonadherent cells showed
elevated expression of pluripotency markers Nanog, Oct4,
and Sox2. Further, the generation of colonies by nonadherent
MSCs collected from old rats was not reduced as compared to
young rats [42].

In addition to epigenetic changes leading to cellular
senescence, aging of MSCs is believed to be further caused
by DNA damage, telomere shortening, and accumulation
of oxidative stress. All these events could in isolation or
combined lead to changes in MSC cellular functions includ-
ing proliferation and differentiation [43–46]. Reactive oxy-
gen species (ROS) accumulates intracellularly in MSCs
with age. Increasing levels of ROS subsequently cause
oxidation of cellular components, senescence, and DNA
damage, negatively influencing the differentiation ability
of MSCs [47, 48]. Aging is further associated with dysregu-
lation in micro-RNAs (miRNAs), the noncoding RNA
regulating gene expression [43]. In this context, aging
processes were observed to be accompanied by a decline
in miR-27a associated with osteogenic differentiation [49]
as well as an upregulation in miR-335 [50], miR-199b-5p
[51], miR-31a-5p [52], and miR-29c-3p [53] associated
with increased senescence, decreased proliferation, and
osteogenic differentiation [50–53].

Senescent MSCs display changes in expression of genes
associated with proliferation, signaling, function, and main-
tenance of MSCs, with an age-related loss in MSC response
to biological signals. In addition to age-related change in
DNAmethylation, a reduction in expression of the transcrip-
tion factors ALX1, PITX2, HOXB6, HOXB7, and IRF6 and
increased expression of TBX18 and FOXP2 involved in cellu-
lar senescence, disruption in mitochondrial function, and
reduction in differentiation ability of MSCs have been
reported [51]. As continuous shortening of the telomeres
results in reduced proliferation and differentiation, BMSCs
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transduced with telomerase gene maintained proliferation
and differentiation potentials in vitro [54].

The effect of aging on MSCs can also be ascribed to age-
associated inflammation, as levels of inflammatory cytokines
especially TNF-α tend to increase with age [55]. TNF-α at
high concentrations exhibited a capacity to induce MSC apo-
ptosis in a dose-dependent manner. Additionally, its amal-
gamation with IFN-γ considerably hastens this procedure,
by switching the signaling of an IFN-γ-activated nonapopto-
tic form of TNF receptor superfamily member 6 (Fas) to a
caspase-3- and caspase-8-associated proapoptotic cascade,
accompanied by a reduction in intracellular NF-κB levels,
apoptotic pathway activation, and culmination of cell death
[56]. Excessive inflammation therefore appears to drive cellu-
lar senescence.

Conversely, other studies concurred that the aging pro-
cess had an insignificant effect on ASC senescence and regen-
erative capacity [57, 58]. Intradonor comparison of ASCs
collected from different donors and cryopreserved for 7 to
12 years with ASCs isolated from the same donor at a later
time-point revealed a non-age-related decrease in the num-
ber of progenitor cells or proliferation rate. Additionally, cells
from different timelines were capable of adipogenic, osteo-
genic, and chondrogenic differentiation, further denoting
that the regenerative capacity of ASCs could be preserved
with age [57]. Interestingly, human dental pulp MSCs col-
lected from different age groups further displayed remarkable
proliferative and differentiation abilities into bone, endothe-
lial, glial, and neuronal cells during early passages in vitro
and a potent regenerative capacity upon loading on scaffolds
and implantation in rats’ calvarial defects in vivo [59].
However, periodontal ligament-derived MSCs showed an
age-related decrease in cell proliferation and adipogenic
and osteogenic differentiation [60].

Thus, ASCs [57, 58] and dental pulp MSCs [59] could
offer a convenient alternative to BMSCs for regenerative
purposes in aging patients. Still, MSCs’ banking from a
younger age population and allogenic MSC transplantation
could represent beneficial alternatives to overcome age-
associated depletion in the number and regenerative
capacity of MSCs [58, 61].

2.3. Donor’s Gender and MSCs. The effect of gender on MSC
regenerative abilities is still disputable. Female rats demon-
strated a lower number of bone marrow progenitor cells
and significantly decreased osteogenic and adipogenic poten-
tials as compared to male rats [35]. On the contrary, BMSCs
isolated from female rhesus monkeys demonstrated a higher
neurogenic potential as compared to those isolated from
male rhesus monkeys [27].

2.4. Donor’s Systemic Diseases and MSCs. MSCs from
patients with systemic diseases, including type II diabetes
mellitus [28, 62], rheumatoid arthritis [29], and osteoarthritis
[30], and from cows suffering from endometritis [63] have
demonstrated altered cellular functions.

ASCs acquired from obese donors with type II diabetes
mellitus showed a significant upregulation of their expression
of the immune modulators IL-1β, IL-6, TNF-α, and MCP-1

as well as inflammatory regulators, including NLRP1,
NLRP3, and caspase-1. They further demonstrated less abil-
ity to suppress T- and B-cell proliferation and were associ-
ated with diminished activation of the immunomodulatory
M2 macrophage phenotype, indicating that obesity and type
II diabetes are associated with a reduction in the immuno-
suppressive effect of ASCs [28]. Concomitantly, culturing
ASCs isolated from both diabetic and nondiabetic patients
at high glucose concentrations significantly decreased cellu-
lar proliferation, colony-forming abilities, and osteogenic
and chondrogenic differentiation as well as additionally
increased senescence, apoptosis, and adipogenic differentia-
tion, with a more pronounced effect observed on diabetic
ASCs [64]. Type II diabetes-associated alteration in MSCs
was attributed to diabetic hyperglycemia, chronic systemic
inflammation, increase in proinflammatory cytokines [65,
66], and accumulation of advanced glycation end products
(AGEs) [66]. Accumulation of AGEs results in ROS produc-
tion and increased oxidative stresses [65, 67].

Bone marrow MSCs isolated from patients with rheuma-
toid arthritis displayed a decreased proliferative and migra-
tion activity and a reduced ability to inhibit T-helper 17 cell
polarization, responsible for maintaining chronic inflamma-
tion [29]. Similarly, those isolated from patients with osteoar-
thritis showed reduced proliferative, chondrogenic, and
adipogenic potentials [30].

A significant improvement in cardiac functions with a
significant decrease in myocardial apoptosis was detected in
a coronary artery disease rat model following transplantation
of MSCs isolated from patients suffering from coronary
artery disease as compared to those isolated from patients
suffering from coronary artery disease and diabetes [62].
Endometrial MSCs isolated from cows with endometritis
showed a decrease in colony formation and adipogenic dif-
ferentiation. Additionally, healthy cows’ endometrial MSCs
exposed to inflammatory mediator prostaglandin E2
in vitro displayed alteration in expression of 1127 genes
related to cellular biological processes [63].

2.5. Inflammation and MSCs. MSCs have well-documented
immunomodulatory properties. Yet, MSCs derived from
chronic inflammatory environment could display different
altered immunological characteristics [68]. TNF-α impact on
MSCs depends upon dosage and exposure duration. Short-
term TNF-α treatment has displayed a dose-dependent effect
on murine MSCs in vitro. Lower doses increased osteogenic
differentiation while higher doses negatively impacted MSCs
and reduced osteogenic differentiation via the NF-κB signaling
pathway. On contrary, long-term treatment inhibited osteo-
genesis at both dosage regimens [69].

MSCs isolated from human calcified aortic aneurysm
with chronic inflammation displayed strong osteogenic
differentiation and mineralization in addition to pathologic
vasculogenesis. Short-term culturing of MSCs isolated from
a healthy aorta for 24 hours with TNF-α or IL-1β enhanced
their osteogenic differentiation in vitro [70]. Similarly, MSCs
injected into a mouse model of collagen-induced arthritis
exhibiting chronic inflammatory environment were associ-
ated with dysregulation in their immunomodulatory
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function. Additionally, MSC pretreatment with TNF-α
inhibited their ability to suppress T-cell proliferation
in vitro, demonstrating the ability of TNF-α to inhibit MSC
immunomodulation [71].

Periodontal ligament stem/progenitor cells derived from
inflamed tissues displayed altered characteristics, with higher
proliferation and migration tendency as compared to MSCs
derived from healthy periodontal ligaments. They further
displayed reduced immunomodulatory properties in addi-
tion to downregulation in osteogenesis-related genes (osteo-
calcin, RUNX-2, and ALP), while adipogenic differentiation
was maintained [72, 73]. Coculturing of periodontal ligament
stem/progenitor cells derived from inflamed tissues with
peripheral blood mononuclear cells showed reduced ability
to inhibit T-cell proliferation, T-helper 17 differentiation,
and IL-17 secretion [74]. Treatment of human periodontal
ligament stem/progenitor cells during osteogenic differentia-
tion with high doses of TNF-α was found to be associated
with downregulation in ALP, bone sialoprotein, osteocalcin,
and RUNX-2 expression. The indicated inhibition of osteo-
genic potential denotes the negative effect of inflammatory
cytokines in high concentration on osteogenic differentia-
tion. On the other hand, BMSCs were more resistant to the
inhibitory effect of TNF-α [75].

MSCs isolated from healthy buccal mucosa showed a
higher proliferation rate and higher ability to suppress T-
cell proliferation as compared to MSCs isolated from oral
lichen planus lesions. MSCs harvested from lichen planus
lesions further showed higher adipogenic tendency [76].

Stem/progenitor cells from healthy pulps showed a
higher initial proliferation rate, as well as stronger adipo-
genic, chondrogenic, and osteogenic potentials, than stem/-
progenitor cells from inflamed dental pulp tissues. They
also displayed higher expression of cell surface markers
CD73, CD90, and CD166 in addition to HLA-G, involved
in immunomodulation as well as stronger suppression of T-
cell proliferation as compared to dental MSCs derived from
inflamed pulp [77]. Further, T-lymphocytes cultured with
MSCs derived from inflamed dental pulps secreted a higher
amount of IL-2, TNF-α, and TNF-β [78].

Similarly, umbilical cord-MSCs treated with either inter-
feron gamma (IFN-γ), TNF-α, IL-1β, IL-2, or IL-6 for 3 or 7
days presented altered phenotype and function. INF-γ, TNF-
α, and IL-1β upregulated the expression of CD54, while
TNF-α upregulated CD106 expression. TNF-α and IL-1β
reduced the proliferation rate, while IL-6 stimulated cell
migration. All inflammatory cytokines were reported to
inhibit the adipogenic capacity, while chondrogenic and
osteogenic differentiation capacity was enhanced by TNF-α
and IL-1β coculture. Additionally, indoleamine 2,3 dioxy-
genase (IDO) was inhibited by TNF-α [79].

2.6. MSC Preactivation with Inflammatory Mediators. MSC
preactivation (licensing or preconditioning) involves pre-
treatment of MSCs with inflammatory mediators including
IFN-γ, IL-1β, and TNF-α to enhance their immunosuppres-
sive properties and therefore increase immune-tolerance,
following allogenic stem/progenitor cell transplantation
[80–82].

BMSCs preconditioned with IFN-γ for 48 hours showed
upregulated HLA-DR and IDO expression. Activation of
MSCs was associated with upregulation of HLA class II and
programmed death-ligand 1, which induces inhibition of T-
helper cells. Activated MSCs also inhibited HLA-
mismatched T-helper cell proliferation and demonstrated
the ability to take up and process antigens [83]. Equine
BMSCs exposed to inflammatory stimulation via precondi-
tioning with TNF-α, IFN-γ, or inflamed synovial fluid
revealed downregulated expression of migration-related
genes with upregulation in adhesion-related molecules and
MHC-I gene expression. TNF-α and IFN-γ were associated
with dose-dependently increased expression of immunoreg-
ulatory molecules responsible for T-cell suppression, includ-
ing cyclooxygenase 2, inducible nitric oxide synthase, IDO,
and IL-6, in addition to upregulation of MHC-II expression
[84]. Similarly, activation of ASCs with IFN-γ enhanced their
ability to inhibit T-cell proliferation.

However, pretreatment with TNF-α, IL-1β, IL-17, tis-
sue growth factor-β, or stromal cell-derived factor-1α did
not show similar effect [85]. Treatment of MSCs from
healthy buccal mucosa with IFN-γ was associated with
the initial increase in proliferation followed by reduction
in the rate of proliferation, following 12 days of IFN-γ
treatment. Furthermore, IFN-γ treatment promoted
MSC-mediated T-cell proliferation inhibition via IDO
activity [76]. Likewise, IDO expression was upregulated
upon stimulation of human periodontal ligament stem/-
progenitor cells by IFN-γ in vitro [86]. MSCs preactivated
with IFN-γ prior to cryopreservation effectively blocked T-
cell proliferation and secretion of T-helper cells promoting
cytokines [87].

Preconditioning of human MSCs with IL-17 [88], IL-1α,
or IL-1β [89] was also associated with a positive outcome.
IL-17 effectively enhanced MSC immunomodulatory func-
tions without increasing MHC-I or MHC-II [88]. Precon-
ditioning of human BMSCs with IL-1α or IL-1β for 24
hours demonstrated an increase in the secretion of granu-
locyte colony-stimulating factor, which was not observed
upon preconditioning with TNF-α or IFN-γ [89].

Thus, it can be concluded that the surrounding environ-
ment canmodulate characteristics and immune-related func-
tions of MSCs as it can either promote anti-inflammatory or
proinflammatory reaction of MSCs, implicating them in the
pathogenesis of multiple disorders and reducing their regen-
erative applications. The severity of inflammation, nature,
dose, and duration of the proinflammatory cytokines govern
and direct MSC reaction. Further, the differentiation capacity
of MSCs under inflammatory challenge is highly influenced
by the original tissue source and microenvironment of donor
tissue [90–96].

3. Cell Source

Heterogeneity of cell sources is a further challenge for
clinical applications of MSCs. Cell source heterogeneity is
related to the donor (whether autograft or allograft) and
the organ/tissue selected for MSC isolation [21].
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3.1. Autogenic versus Allogenic Cell Sources. MSCs can be
either acquired from the same recipient (autogenic graft) or
another donor within the same species (allogenic graft)
[97]. Autogenous grafting is a safe disease-free approach in
MSCs’ therapy [98]. However, many variables could affect
autogenous cell grafting, including donors’ age [25, 26], sex
[27], body mass index [23, 24], and systemic autoimmune
and inflammatory diseases [28–30] (discussed above), mak-
ing it difficult to obtain a sufficient number of healthy MSCs
without ex vivo expansion [99, 100]. The process of isolation
of autogenous MSCs can further be costly and time-consum-
ing, limiting its use in acute conditions.

Several studies endorse the utilization of allogenic
MSCs instead of autogenic ones for regenerative purposes
[101–103]. The low immunogenicity of MSCs encouraged
the use of allogenic MSCs as they are less likely to elicit
an immune reaction. MSCs are characterized by low
expression of MHC-I and lack of expression of MHC-II
as well as B- and T-cell stimulating antigens CD40,
CD80, CD86, B7-1, and B7-2 [104–106]. Loading-
induced cartilage defects in rabbits’ femoral condyles with
either allogenic or autogenic BMSCs were associated with
an effective repair of these defects [107]. Furthermore,
autogenous or allogenic ovine BMSCs loaded on scaffolds,
following osteogenic differentiation and implanted in an
ovine critical-size segmental defect model, showed positive
results in bone regeneration, with no significant differences
observed between them [108]. Similarly, positive results
were attained upon allogenic MSC intra-articular injection
in horses [109]. Transplantation of allogenic MSCs further
showed promising results in neurogenic regeneration in a
canine spinal cord injury model [110] and regeneration
in a muscular dystrophy hamster model [111]. Random-
ized clinical trials demonstrated a potent regenerative
potential of allogenic MSC administration on cardiac
[101, 102, 112], hepatic [103], and cartilage [113] tissues
with no adverse effects. Patients suffering from left ventric-
ular dysfunction were randomly assigned to receive either
autogenic or allogenic MSCs via transendocardial injec-
tion. Both treatments yielded equally positive outcomes
with no reported undesirable side effects [101, 102]. Addi-
tionally, upon administrating bone marrow, umbilical
cord, or cord blood allogenic MSCs to patients with
chronic hepatic failure via intravenous infusion, clinical
improvements were observed in all groups with no adverse
effects [103]. Promising results were also observed in car-
tilage regeneration in patients with osteoarthritis [113].

In this context, commercialized allograft can provide a
reproducible, readily available product with reduced cost
and production time, compatible with quality standards,
and good manufacturing practice (GMP), making it an
efficient alternative to autogenous stem/progenitor cell
therapy [99, 102]. Remestemcel-L (Prochymal) was one
of the first commercial cryopreserved allogenic BMSCs
used successfully for the management of graft versus host
disease to be approved in Canada [114, 115]. In Japan,
TEMCELL, allogenic BMSCs, was also approved for man-
agement of graft versus host disease [116]. Darvadstrocel
(Alofisel), a cryopreserved allogenic ASC and the first allo-

genic stem cell therapy to be approved in Europe, was fur-
ther used for the treatment of perianal fistulas caused by
Crohn’s disease [117].

However, results reported in literature regarding the
impact of cryopreservation on BMSC banking are controver-
sial. A systematic review that analyzed forty-one in vitro
studies concluded that cryopreservation does not affect
BMSCs’ morphology and surface markers, differentiation,
or proliferation potential. However, varied results exist
regarding its effect on colony-forming ability, viability,
attachment, migration, genomic stability, and paracrine
functions. This was primarily attributed to the vast variations
in the cryopreservation process and lack of standardized
assays [118].

Further, it was suggested that MSCs could be immune
evasive in vivo rather than being truly immune privileged
as previously thought and can trigger an adverse immune
response [119, 120]. Some studies demonstrated the pres-
ence of antibodies against allogenic MSCs with subsequent
rejection of administered allogenic MSCs in animal models
[80, 119, 121–123]. Inflammatory prestimulation of MSCs
in particular could induce a negative effect, as precondi-
tioning of MSCs was commonly associated with increased
MHC expression [83, 84], stimulating an elevated antibody
production, leading to subsequent adverse reactions and
heightening of the immune clearance, especially following
repeated allogenic stem cell transplantation. In the same
context, equine BMSCs primed with proinflammatory
cytokine displayed higher expression of MHC-I and
MHC-II. Following intra-articular injection in the osteoar-
thritis equine model, allogenic primed MSCs mediated
antibody production and primary humoral responses in
horses with equine leukocyte antigen expression, partially
compatible and incompatible with donor MSCs. Repeated
MSC injection was associated with secondary humoral
immune response. Although demonstrating less antibody
production, these antibodies easily targeted primed MSCs
because of their higher MHC expression and showed high
cytotoxicity toward allogenic MSCs as compared to
unprimed MSCs [124]. Thus, transplanted allogenic MSCs
should be subjected to extensive characterization, and their
immunogenicity should be thoroughly assessed prior to
implantation.

MSC secretome was further suggested as a novel cell-
free therapeutic product that recapitulates various cyto-
kines, growth factors, extracellular matrix (ECM) proteins,
and vesicles secreted by MSCs [18, 125–129]. MSC secre-
tome might represent a clinical alternative to treat patients
instantly, while overcoming the limitations and risks asso-
ciated with cell-based therapy [130, 131]. Although MSC
conditioned medium (CM) and extracellular vesicles have
demonstrated regenerative potential in treating diseases
and injuries of the nervous system, heart, lung, liver, peri-
odontium, and soft and hard tissues [18, 132–140], several
issues must be addressed before its successful clinical
application, including the elimination of any xenogenic
constitutions and the determination of the exact dosage,
frequency of administration, protein composition, and
mechanism of action [18, 131, 141].
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3.2. Donor Tissue Source. As previously mentioned, MSCs
have been isolated from multiple sources. Tissue of origin
can highly impact MSCs’ characteristics and differentiation
ability [11]. BMSCs have superior osteogenic and chondro-
genic potentials [142]. Yet, bone marrow harvesting is a
rather invasive procedure [143], the percentage of mesenchy-
mal progenitors in bone marrow is relatively low [144], and
BMSCs have lower proliferation rate as compared to MSCs
from other sources [145].

ASCs were originally described as a more convenient
alternative to BMSCs [146] with less invasive isolation proce-
dure [147], higher yield of progenitor cells [148, 149], and
greater proliferation rate [145, 150]. The density and proper-
ties of ASCs depend on the location of the adipose tissues
from which they were isolated [23, 151, 152]. ASCs isolated
from visceral adipose tissue showed reduced proliferation
and adipogenic and osteogenic differentiation as compared
to ASCs isolated from subcutaneous tissues of the same
donor [23]. Further, rats’ cervical brown fat showed signifi-
cantly higher MSCs’ yield as compared to other locations
[152]. Unfortunately, ASCs have a strong adipogenic differ-
entiation tendency [153, 154], in addition to decreased
proangiogenic factors and cytokine secretion as compared
to BMSCs [155, 156].

Dental tissues further represent a potent source of MSCs,
isolated via minimally invasive procedures [157, 158]. Dental
MSCs include dental pulp stem/progenitor cells isolated
from dental pulp tissues of permanent teeth, stem/progenitor
cells extracted from pulp tissues of human exfoliated decidu-
ous teeth (SHED), periodontal ligament stem/progenitor
cells isolated from periodontal tissues, dental follicle stem/-
progenitor cells isolated from dental follicle surrounding
the third molar, alveolar bone-derived stem/progenitor cells,
stem/progenitor cells isolated from apical papilla at the api-
ces of immature permanent teeth, tooth germ progenitor
cells isolated from late bell stage third molar’s tooth germs,
and gingival stem/progenitor cells isolated from gingival
tissues [18].

Dental stem/progenitor cells especially gingival and alve-
olar bone proper MSCs [157, 159, 160] can be isolated during
routine dental treatments [161] and possess higher prolifera-
tion rates, as compared to either BMSCs or ASCs [162, 163].
Additionally, they have high osteogenic, chondrogenic, adi-
pogenic, neurogenic, and angiogenic potentials [161, 164].
Even though dental stem/progenitor cells provide an appeal-
ing source for tissue regeneration, some types as gingival
stem/progenitor cells may be inaccessible while others as
SHED, dental follicle stem/progenitor cells, stem/progenitor
cells from apical papilla, and dental pulp stem/progenitor
cells may be difficult to isolate in sufficient amounts [165].

Perinatal MSCs isolated from the placenta, umbilical
cord, and umbilical cord blood were further suggested to
offer a noninvasive alternative source to adult MSCs. They
are easily acquired, possess higher proliferative rates, and
exhibit longer culture times, higher expansion, delayed
senescence, and high differentiation potentials. Additionally,
the placenta and umbilical cord provide a large number of
progenitors as compared to MSCs from other sources [61,
166–170]. Yet, the isolation and culture of MSCs from the

umbilical cord are difficult [171], while private banking of
the umbilical cord and umbilical cord blood is expensive
[171, 172] and lacks strict regulations [171, 173]. Moreover,
the effect of lifelong storage of umbilical tissue or umbilical
cord blood is still unstudied [171, 174, 175]. The major prob-
lem associated with the application of umbilical cord blood
remains to be the limited amount of cells extracted from each
donor as cord blood volume is limited [176], where a single
umbilical cord blood unit contains 50 to 200ml of blood
[177]. Umbilical cord blood yields a much lower amount of
MSCs as compared to BMSCs [178]. It also has slow engraft-
ment as compared to BMSCs [173]. Placental MSCs further
carry a safety hazard regarding possibility of contamination
during placenta collection and possible tumorigenic transfor-
mation [179].

4. MSCs’ Isolation Procedures

MSC isolation from different tissues is one of the most critical
steps prior to their ex vivo preparation, greatly impacting
their quality and quantity [61]. For clinical applications, great
attention should be given to the selection of the proper
method of isolation [180]. Challenges facing MSC isolation
are related to different factors, including the presence of
various isolation protocols, the diverse MSC sources, and
the fact that MSCs are usually present in very minute con-
centrations in their respective tissue sources [61, 150].
Although MSCs possess unique properties and have a
great potential for clinical application, up to date, no
exclusive set of markers exists for their identification and
isolation [181]. Hence, there is currently a mandatory
demand to increase the minimal criteria proposed by the
International Society for Cellular Therapy in 2006 for
MSC identification [9], to encompass the inclusion of
paracrine factors or immunomodulatory properties of
MSCs [182] as important predictors for their success dur-
ing clinical application [183]. Furthermore, discovering
unique markers for MSC isolation with high purity is a
prerequisite for developing reliable and reproducible pro-
tocols for clinical application [184, 185].

Currently, the different categories of available techniques
for MSC isolation from heterogeneous cell populations
depend on their unique cellular properties, including surface
charge and adhesion, cell size, density, morphology, and
physiology in addition to surface markers [186]. There are
various categories of cell isolation techniques, namely, enzy-
matic, mechanical, explant culture, and density-gradient cen-
trifugation methods [61] (Table 2).

The enzymatic method, one of the commonly used
approaches, digests the tissue especially their ECM using
one, two, or in some protocols three proteolytic enzymes.
The differences between the several protocols described for
this method include variations in the concentrations of the
used enzymes, number of washing steps, centrifugation
parameters, and filtration procedures [187, 188]. The effi-
ciency and viability of the cells acquired through the enzy-
matic method depend on the concentration and type of the
used enzyme [189–191]. Digestion periods over five minutes
can affect MSCs’ surface antigens [192] and cytoskeletal
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component, disrupt intramembranous particles, and
change cell surface topography [193], which negatively
affects the quality of the isolation process. Combining
the enzymatic method with mechanical dissociation
revealed a 70% increase in the cell yield as compared to
the enzymatic method alone [194]. To overcome the prob-
lems associated with the enzymatic method, mechanical
methods were introduced, using different forces such as
shear, radiation, centrifugation, and pressure. Although
great efforts were put into standardizing the mechanical
methods, these nonenzymatic methods are still variable
according to the used protocol [188].

The explant culture represents the earliest technique
for cell isolation and in vitro cultivation. The tissue is
cut into small fragments about few millimeters in size to
facilitate nutrient delivery to the cells, avoiding excessive
cutting, which may cause mechanical destruction to the
cells. Following dry adhesion to the plastic culture dishes,
cells start to migrate out of tissue fragments and adhere
to the culture substrate surface. Subsequently, tissue frag-
ments can be removed [11, 77, 90, 91, 158, 195–197].
The explant method demonstrates a more homogenous
cell population, higher cell viability, and increased cell
proliferation rates and avoids enzymatic damage as com-
pared to the enzymatic method [198–200], which could
be attributed to the gradual transition of cells from
in vivo to in vitro condition [180, 201]. Comparison
between ASCs isolated by either enzymatic or explant
methods reveled a simultaneous expression of surface
markers CD73, CD90, and CD105, as well as the absence
of CD14, CD31, CD34, and CD45, making ASCs isolated
by both techniques phenotypically and functionally equiv-
alent [202]. However, the explant method depends primar-
ily on the manual skills of the operator, which makes this
method difficult to be standardized, in addition to the risk
of contamination, which could affect the MSC clinical
application [61].

The density-gradient centrifugation method depends
on the physical and chemical parameters of the isolated
cells like size, density, and hydrophobic properties. In this
method, the cells move and accumulate in a position that
matches the density of the medium or at the interphase in
case of using two solutions with different densities [181].
Lack of high resolution in separating MSCs from other
cells remains the most important limitation of this method
as there is no absolute difference in size between cells
[203]. Consequently, this method is mainly used as a pri-
mary step for MSC enrichment and is followed by the
explant method or other higher resolution techniques such
as fluorescence-activated cell sorting (FACS) and
magnetic-activated cell sorting (MACS) [204, 205].

Cell isolation techniques based on antibody binding are
widely advocated for the purification of MSCs with high res-
olution. Among the most commonly used antibody-
mediated cell isolation techniques are FACS and MACS.
Both FACS and MACS basically share the same idea. In the
case of FACS, antibodies are linked to a fluorescent dye, while
in MACS they are linked to magnetic beads and only the
antibody bounded cells are separated [206, 207]. The greatest

challenge for these methods of isolation remains however to
be the lack of an exclusive marker of identifying MSCs [181].
Further limitations include the probability for cell contami-
nation during sorting procedures, physical stresses exerted
on the cells [208], and the dependence on adherent cell puri-
fication, where the use of enzymes for cell detachment can
cause proteolytic damage to cell surface proteins [61]. Some
of those concerns were postulated to be overcome with the
development of the CliniMACS Cell Isolation System, a
device that is currently clinically approved and takes advan-
tage of conjugating colloidal suspension of superparamag-
netic microbeads to a monoclonal anti-human antibody
that is capable of binding to its antigen in bone marrow,
umbilical cord blood products, and peripheral blood in a
sterile GMP system [209].

Recently, the emergence of different isolation methods
changed the typical pattern of adherent MSCs and provided
another source of MSCs known as “nonadherent cell popula-
tion” (NACP) [210, 211]. These NACP were obtained during
medium exchange of marrow MSC culture, where the
floating cells were centrifuged and replated in separate
flasks. Surprisingly, these cells revealed the same prolifera-
tion and differentiation potentials as the originally
attached MSCs in vitro [210]. Likewise, NACP isolated
from fat resources demonstrated similar proliferation and
differentiation potentials as MSCs [212]. These findings
demonstrated that NACP could be a simple method to
enrich MSCs’ number for clinical application.

Choosing the proper MSC isolation method depends
mainly on certain features that should be compared between
the different available techniques, including cell purity, cell
recovery rate, cell yield, and cell viability [186, 213]. More-
over, the selected technique should be minimally invasive,
rapid, and with high-resolution quality [214]. Therefore, for
successful clinical translation of MSCs, a well-established
method for cell isolation is a mandatory step to ensure the
quality of these cells.

5. Cell Culture Procedures

The first challenge following MSC isolation is that their
number in the primary culture without a subsequent
lengthy ex vivo expansion would usually be insufficient
for an immediate clinical application. Therefore, cell
expansion is essential to generate a clinically appropriate
number of MSCs, keeping in mind that the efficacy and
safety of clinically applied MSCs are dependent on such
bioprocessing procedures [215]. Thus, optimizing culture
conditions to generate MSCs that retain proliferation, dif-
ferentiation, and regenerative properties is one of the
greatest challenges that face MSC translation to clinical
application. Currently, several cell culture variables, such
as the number of passages, cell seeding density, culture
surface substrate, medium formulation, and the physio-
chemical environment in addition to different subculture
protocols, are being studied [216].

5.1. Cell Expansion. MSC expansion could be affected by the
age of MSC donors, where MSCs from young donors can
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undergo a higher number of population doublings in com-
parison to older MSCs before reaching replicative senescence
[217] (discussed above). Due to this phenomenon, during the
first two to three weeks of early passages, MSCs grow at a
constant rate, while with the increasing number of passages,
an increase in the cell doubling time until the growth stops
due to senescence is observed [218]. This “replicative senes-
cence” is caused by progressive shortening of telomere upon
cell passaging in vitro due to the absence of telomerase activ-
ity [54, 219]. Despite the fact that 70–80% confluence is the
recommended cellular density before passage, the decision
is operator-dependent [61]. It was found that upon prolong-
ing the MSC expansion for 43-77 days, cells demonstrated
senescence features, including abnormality in morphology,
arrested proliferation, decreased expression of cell surface
markers, loss of differentiation capacity [220], and decrease
in their capacity for migration [221]. Furthermore, pro-
longed cultivation of MSCs may cause chromosomal
changes, which could predispose for malignant transforma-
tion [222]. It has been reported that upon comparing human
umbilical cord-MSCs at passages 3, 6, and 15, the cells
showed similar morphology, biomarker expression, and

cytokine secretion. At passage 15, despite the fact that the
cells were still potent regarding adipogenic differentiation
and cytokine secretion such as IL-6 and VEGF, they revealed
inferior cell proliferation ability and less osteogenic and
chondrogenic differentiation potentials. Moreover, human
umbilical cord-MSCs at passage 15 revealed impaired hema-
tologic supporting effect in vitro and declined therapeutic
potential on a GVHD in vivo [223].

To overcome cellular senescence, MSCs could be geneti-
cally modified by a retroviral vector containing the gene for
the catalytic subunit of human telomerase reverse transcrip-
tase (TERT). Transduced cells (MSCs-TERT) demonstrated
telomerase activity, with the ability to undergo more than
260 population doublings, in contrast to nontransduced con-
trol cells, which underwent senescence-associated prolifera-
tion arrest after 26 population doublings [54]. Upon
subcutaneous implantation in immunodeficient mice,
MSCs-TERT formed more bone as compared to their con-
trols. However, in a further study, MSCs-TERT showed loss
of contact inhibition and anchorage independence and lead
to tumor formation in all mice [224]. Therefore, although
considering intermittent activation of the TERT gene may

Table 2: Overview of main cell isolation/purification techniques used for MSC separation.

Isolation method Isolation principle Isolation technique

Enzymatic [11, 188]
Digestion of the tissue extracellular
components by proteolytic enzymes

(1) Use of proteolytic enzymes such as collagenase and trypsin to digest
the extracellular matrix.
(2) After the extracellular matrix has dissolved, the released cells are
seeded into culture dishes in growth medium.

Explant culture [11, 195]
Cell surface charge and adhesion to

plastic surfaces

(1) The tissue is rinsed to remove blood cells.
(2) The tissue is cut into smaller pieces of no more than a few
millimeters in length.
(3) The pieces are placed in culture dishes or flasks with growth
medium.
(4) Cells start to migrate out of tissue and adhere to the culture surface,
and after several days, the tissue pieces can be removed.

Density-gradient
centrifugation methods
[567]

Cell size and/or density

(1) The sample is positioned on one or more layers having distinct
densities, which are intermediate between those of the cells that are to
be isolated and all other cells in the sample.
(2) After that, centrifugation of the sample at the appropriate speed
fractionates it into distinct phases between the different density layers.

Fluorescence-activated cell
sorting (FACS) [181, 568]

Fluorescently labeled antibodies bind
to surface or intracellular molecules

(1) Cells are labeled with a mixture of fluorescently conjugated
antibodies.
(2) The labeled cells pass aligned one by one through a nozzle which
vibrates to produce droplets containing individual cells at a defined
distance from the nozzle.
(3) As the cells pass through the light source, a computer registers their
individual light scatter and multiple fluorescent properties to detect
cells that meet the preestablished criteria for selection.
(4) A mild electrical charge is used to charge the drop where wanted
cells are present. When the charged droplets pass between the two
electrically charged metal plates, it deflects into a different collection
tube.

Magnetic-activated cell
sorting (MACS) [181, 567]

Magnetically labeled antibodies bind
to surface molecules

(1) Cells are labeled with antibodies conjugated to biodegradable iron-
based nanobeads.
(2) The labeled cells pass through a strong magnetic field.
(3) Cells conjugated with magnetic particles stay on the column, while
nonconjugated cells pass though.
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be an interesting approach, it may be linked to dangers
related to tumorigenicity.

On the other hand, telomerase activation was found to
influence the MSC regulatory path, where ectopic expression
of the TERT gene in human postnatal BMSCs sustained their
osteogenic potential and upon xenogenic transplantation
formed more bone tissue with a normal structure as com-
pared to the control human postnatal BMSCs [225]. This
enhancement was attributed to the high expression of early
preosteogenic stem cell marker STRO-1, which revealed that
telomerase expression assists in maintaining the osteogenic
potential of MSCs during their expansion.

Moreover, the differentiation potential of an immortal
adipose stromal cell line (ATSC) transduced with a retroviral
vector expressing TERT was assessed in vitro [226]. ATSC-
TERT cells significantly accumulated calcium one week after
being cultured in osteogenic induction medium, while con-
trol ATSC cells began to accumulate it after three to four
weeks. Additionally, the expression of osteoblastic markers
(osteoblast-specific factor 2, chondroitin sulfate proteoglycan
4, and TNF receptor superfamily) was increased in ATSC-
TERT cells as compared to control ATSC. The insulin-like
growth factor (IGF) signaling pathway especially, IGF-
induced AKT phosphorylation, and ALP activity were postu-
lated to be involved in the mechanisms through which the
TERT gene enhances osteoblastic differentiation [227].

Another important factor to consider during MSC
expansion is the prior usage of proteolytic enzymes for cell
detachment during the expansion process. Proteomic
results revealed differential expression of 36 proteins in
trypsin-treated cells and an upregulation of the expression
of proteins related to apoptosis, with downregulation of
proteins related to cell growth, cell adhesion, regulation
of metabolism, and mitochondria electron transport
[228]. Three-dimensional (3D) culture systems may be
the solution to overcome all the limitations associated with
MSC expansion, as it could allow their propagation with-
out the use of proteolytic enzymes [229]. Consequently,
great attention should be given to 3D culture systems to
standardize their effect on MSCs.

5.2. Cell Seeding Density. Cell seeding density impacts cell
proliferation, differentiation, and ECM formation [230–
232]. BMSCs seeded at lower density (100 cells/cm2) pos-
sessed a faster proliferation rate than those seeded at
higher density (5000 cells/cm2) [233]. Moreover, high cell
seeding density of (106 cells/cm2) caused a minimal
increase in the cell number in comparison to lower seed-
ing density on 3D scaffolds [234]. The low growth rate
of MSCs seeded at high densities could be attributed to
contact inhibition, while a higher growth rate associated
with low seeding density could be attributed to the pres-
ence of the small and agranular cells (recycling stem cells)
in the log phase. Those cells are postulated to give rise to
large numbers of cells during the log phase of exponential
growth [235]. The log and exponential phases last for lon-
ger duration in cells seeded at low density, and therefore,
more population doublings occur [236]. Unfortunately,
there is a limitation of low initial seeding density as it

has been reported that BMSCs platted at 10-100 cells/cm2

did not expand effectively and the cells were senesced after
four to five passages [237]. Although low seeding densities
revealed higher proliferation rates, it is unrealistic for
large-scale clinical MSC production as the needed number
of culture flasks exceeds the manageable limit of practical
handling and cost-effectiveness [238].

The cell seeding density affects the stemness gene expres-
sion and senescence of MSCs, where lower density seeding
(200 cells/cm2) of ASCs caused upregulation of stemness
genes Oct4, Nanog, SRY-box 2, KLF4, c-Myc, and lin-28
homolog A, especially Nanog and c-Myc in comparison to
high-density seeding (5000 cells/cm2) [239]. Moreover, it
was reported that the optimal cell growth of BMSCs could
be achieved at a plating density of 200 cells/cm2, with no dif-
ferences observable in their differentiation potential at differ-
ent densities (20, 200, and 2000 cells/cm2) up to 5 passages
[236]. It was further demonstrated that high cellular seeding
density (5 × 106 cells/ml) of BMSCs on collagen micro-
spheres favored chondrogenic differentiation [240]. Compar-
ing dental pulp MSCs cultured under sparse (5 × 103
cells/cm2) and dense (1 × 105 cells/cm2) seeding conditions
for four days revealed observable enhancement in mineral-
ized nodule formation in densely plated dental pulp MSCs
[241]. In addition, densely plated dental pulp MSCs demon-
strated more pronounced mineralized tissue formation in
comparison to sparsely plated dental pulp MSCs when
implanted into mouse bone cavities [241].

These findings suggest that cell seeding density could
favor the differentiation of MSCs toward specific cell line-
ages. Determining the optimum cell seeding density designed
for maximum cell expansion is therefore of great significance
for clinical application, as it could shorten the cell culture
time and consequently decrease the risk of culture contami-
nation and alteration in the MSC characteristics [242].

5.3. Culture Media. Choosing a well-formulated culture
medium for expansion and therapeutic application of MSCs
is very crucial [243]. A typical culture medium is composed
of amino acids, vitamins, glucose, inorganic salts, and serum
[244]. Culture media can affect MSCs’ secretion profile. Stud-
ies deduced that cytokine and growth factor secretion is
donor-specific [125] and that cellular passaging does not sig-
nificantly influence MSCs’ secretome properties [18, 245],
while other investigations demonstrated that the cell culture
medium might affect the MSC secretory potential to varying
degrees [246, 247].

Among the commonly used basal medium formulations
for culturing of human MSCs are Dulbecco’s modified
Eagle’s medium (DMEM) and alpha minimal essential
medium (α-MEM). Although DMEM was widely used for
MSC expansion [248–252], later it was demonstrated that
α-MEM could show better performance in isolation, expan-
sion [253], and osteogenic induction of MSCs [233] as pri-
mary dental pulp MSCs [241]. MSC differentiation into
various cell types could be achieved by adding certain sub-
strates to the culture media. Osteogenic differentiation could
be mediated by β-glycerophosphate and ascorbate phos-
phate; adipogenic differentiation could be induced by
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isobutyl-methylxanthine and indomethacin, while chon-
drogenic medium usually contains transforming growth
factor-β (TGFβ1) and ascorbic acid [254, 255]. Neural dif-
ferentiation was achieved in media supplemented with
both epidermal growth factor (EGF) and fibroblast growth
factor- (FGF-) 2 [256, 257], while hepatic differentiation
occurred in media supplemented with hepatocyte growth
factor (HGF), bFGF, and oncostatin [255].

Basal media do not contain proteins or growth-
promoting agents and therefore require supplementation
with fetal bovine serum (FBS), typically 10% to 20% [61].
FBS is the most excessively used serum in cellular culture
procedures, as it provides important elements such as nutri-
ents, hormones, growth factors, and carrier proteins. These
carrier proteins encompass hormones, vitamins, attachment
and spreading factors, lipids, metals, protease inhibitors,
and buffering agents, whose cumulative function is to back
up cellular growth [258]. A number of successful clinical
trials were conducted utilizing MSCs expanded in FBS-
containing media [259, 260].

Yet, the usage of animal-derived serum is not the best
choice for clinical applications, due to the risk of the possible
transmission of nonhuman infectious pathogens such as
viruses, prions, mycoplasma, and endotoxins [261–270]. Fur-
thermore, the high content of xenogenic antigens in FBS
could elicit an immune response in recipients following
MSC transplantation [268, 269, 271, 272]. Moreover, lack
of uniformity in the composition of serum between different
companies and the high degree of lot-to-lot variation in
terms of growth factor concentrations [263, 273] contribute
to the heterogeneity of the results following MSC transplan-
tation [273, 274]. Thus, before utilization, regular testing
could be needed in order to ensure the quality of each batch,
an additional obstacle that hinders the fabrication of an
MSC-based standardized product [216].

The presence of serum in media may interfere with the
purification and expansion of cell culture products since it
could contain growth-inhibiting factors as fetuin (γ globulin)
and growth-promoting factors that occasionally could inhibit
cell growth depending on their concentration and the
stimulus-response decisions made by the stem/progenitor
cells [275]. These growth factors include but not limited to
platelet-derived growth factor (PDGF), IGF, and EGF [276]
in addition to TGFβ, which regulates the actions of many
other signaling molecules. TGFβ was documented to inhibit
the growth of mouse keratinocytes [277], while EGF was
reported to inhibit human epidermoid carcinoma cells
[278]. The diversity of these factors might lead to clinical
complication and data misinterpretation [244] (effects of dif-
ferent growth factors are discussed later inMSCs and Growth
Factors).

In order to consider MSCs as an advanced therapy
medicinal product, serum-free media have been proposed
to attain large-scale quality and relatively low-cost produc-
tion of clinical-grade MSCs [279, 280]. These medium for-
mulations incorporated defined quantities of binding
proteins (i.e., albumin and transferrin), additional nutrients
(i.e., lipids, vitamins, and amino acids), physiochemical
reagent (i.e., buffer), hormones (i.e., insulin), growth factors

(i.e., EGF, PDGF, and FGF), and attachment factors [281,
282], which are all usually provided by the serum. The opti-
mization of defined serum-free medium for a specific cell
type is very difficult and influenced by multiple variables
regarding cell characteristics, FDA-approved serum-free/-
xeno-free culture media as an example for such substitutes
[283–286].

An ideal FBS alternative for clinical GMP production
should possess a well-defined composition, a reduced degree
of contaminants, no risk of xenogenic compound transmis-
sion, low production costs, easy availability, and no ethical
issues [250]. Using autologous or allogenic serum, plasma,
or platelet lysates was further proposed for cultivating and
expanding human MSCs [280, 287], although it may be diffi-
cult to attain sufficient amounts from these substrates. More-
over, their beneficial effect may decrease with age, becoming
nonapplicable in elderly patients [61]. Furthermore, autolo-
gous or allogenic serum may not contain sufficient growth
factors to support the growth of MSCs [258].

Human platelet lysate (hPL), prepared by lysis of the
platelet membrane, was found to meet most of these
requirements and was suggested as a natural reservoir of
growth factors and cytokines such as basic FGF, EGF,
HGF, IGF-1, PDGF, TGFβ1, and vascular endothelial
growth factor (VEGF) [259, 288], which conjointly have
a positive influence on MSC proliferation and differentia-
tion [289]. Despite this growth factor-enriched milieu, it
has been reported that MSCs cultured with hPL did not
express differentiation markers and differentiation only
occurred upon induction [290], in contrast to media sup-
plemented with serum, where unplanned differentiation
might occur [279]. hPL can be easily obtained from autolo-
gous peripheral blood in large quantities and with minimal
donor site morbidity [291]. hPL has been successfully utilized
for MSC expansion in numerous in vitro studies [170, 292–
300] overcoming most of the challenges associated with
FBS. The composition variability, which is donor-related,
may be reduced by pooling harvests of fresh blood from
different donors [297, 301]. Despite its rare occurrence, the
possible transmission of human diseases caused by viruses,
as HIV-1 and HIV-2 or hepatitis C, can be hindered through
sterilization processes employing short-wave ultraviolet light
[302]. Several studies have been published evaluating the use
of hPL or other xeno-free supplements for MSC ex vivo
expansion, following GMP protocols [303–306]. The substi-
tution of FBS by hPL has been reported to increase cell
proliferation without affecting MSC immunophenotype,
immunomodulatory potential, differentiation potential, and
relative telomere length [306]. Similar results were attained
when comparing two serum-free (xeno-free) media (α-
MEM and DMEM) supplemented with 10% of hPL with
DMEM supplemented with 20% FBS and 10ng/ml bFGF.
The highest proliferation rate was detected in α-MEM sup-
plemented with 10% hPL [307]. It has been reported that
hPL and predefined serum-free media increased the prolifer-
ation of BMSCs and ASCs [249, 285, 296]. Human umbilical
cord-MSCs expanded in serum-free media propagated more
slowly and were different in growth rate, telomerase, and
gene expression profile from human umbilical cord-MSCs
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expanded in serum-containing media, yet they remained
their multipotency and their therapeutic potentials [308].
On the other hand, umbilical cord-MSC expanded in hPL
revealed enhanced proangiogenic and bone formation fea-
tures, upon implantation combined with collagen microbe-
ads in an immune-competent mouse model [309].

The high proliferation rate attained by hPL can reduce
the MSC manufacturing time and accelerate the production
of MSCs in therapeutic application. The effect of hPL on
the immunomodulatory attributes of MSCs remains contro-
versial and needs to be further evaluated, as some researchers
claimed that hPL-expanded MSCs exhibited diminished
immunosuppressive properties [292, 310], while others
reported that hPL maintain these immunosuppressive prop-
erties [250, 311]. These discrepancies could be attributed to
the differences in the hPL production assay.

In order to identify the effect of culture “micromilieu”
on the critical stemness properties that could influence
MSC clinical performance, dental pulp MSCs and alveolar
BMSCs were cultured in two commercially available
serum/xeno-free GMP culture systems (StemPro (Life
Technologies); StemMacs (Miltenyi Biotek)), in comparison
to conventional FBS supplemented media. Prolonged
expansion of both MSC types especially in the serum/-
xeno-free-expanded BMSCs resulted in downregulation of
CD146, CD105, Stro-1, SSEA-1, and SSEA-4, as well as in
an increase of SA-gal-positive cells, cell size, and granularity
and a decrease in telomere length. Moreover, expansion
under serum/xeno-free systems caused an upregulation of
osteogenic markers and elimination of chondrogenic and
adipogenic markers while only minor changes were
detected with serum-based media. Dental pulp MSCs in
serum-based and StemPro revealed a diminishing mineral-
ization potential with passaging, while with StemMacs, the
opposite occurred [312].

The development of a completely defined media that lack
any biological products from animals is the ultimate goal in
cell-based therapy. Although serum-free media containing
growth factors are postulated to maintain the main pheno-
typic and functional characteristics of MSCs, they are
currently still inferior to FBS-containing media. hPL, which
to date meets the GMP guidelines, could provide hope in this
perspective.

5.4. Two-Dimensional (2D) Culture Systems. Conventionally,
MSCs are propagated as a monolayer in two-dimensional
(2D) plastic culture plates. 2D culture techniques have been
developed for establishing primary cultures, cell lines, and
different analytical assays [313]. In addition, 2D cultures
are used for MSC differentiation into many specialized cells
[314, 315].

However, the 2D culture system possesses several limita-
tions. The first limitation of the 2D culture system is the need
for cell expansion to increase the cell numbers for clinical
applications. Expansion in 2D cultures is highly inefficient
and yields heterogeneous populations of MSCs [316]. More-
over, 2D culture systems cause changes in cell shape [317],
flattening of cells with alteration of the internal cytoskeleton
and the shape of the nucleus [318], which could subsequently

affect the gene expression [319, 320] and change the cell fate
as well as the differentiation potential [254, 321, 322]. Within
the 2D culture system, MSCs tend to undergo nonspecific
differentiation where MSCs may partially differentiate or
dedifferentiate with loss of functionality [316]. Besides, 2D
culture conditions fail to mimic the living physiology or the
in vivo MSC niche [323]. The 3D microenvironment is
responsible for determining MSC fate in vivo, where it allows
interactions between MSCs, ECM, and gradients of oxygen,
nutrients, and byproducts [324]. In order to overcome all of
these limitations, 3D culture systems have been developed
to mimic the ECM composition and stiffness in vitro to con-
trol MSCs’ fate [318, 324–326].

5.5. Three-Dimensional (3D) Culture Systems. In order to
imitate the in vivo MSCs’ niches, maintain the MSCs in their
undifferentiated stem/progenitor cellular status, induce their
differentiation into particular tissue for regenerative pur-
poses, or expand them for industrial usage; various 3D cul-
ture systems have been proposed and developed. 3D culture
systems vary from simple cellular aggregates (spheroids) to
complex systems using dynamic bioreactors with incorpo-
rated biomaterials (Figure 1).

The spheroids allow cell-cell and cell-ECM interactions
without any additional substrates [327]. These spheroids
could be prepared by different techniques, including hanging
drop, rotating culture, or low-adhesion culture plates in sus-
pension culture and microwells. Human amnion mesenchy-
mal stem cells (hAMSCs) were cultured in 2ml of culture
medium (5 × 105 cells/ml) in a suspended state in a 6-well
ultralow attachment plate to allow spheroid formation. The
viability, multipotency, and the secretory ability for angio-
genic and immunosuppressive factors were upregulated in
hAMSC spheroids kept in the 3D culture system as compared
to those maintained in 2D cultures. Moreover, an improved
paracrine effect was recorded in vitro in the form of an
increased capillary maturation as well as greater inhibition
of peripheral blood mononuclear cell proliferation in the
presence of 3D conditioned media as compared to both 2D
conditioned media and 2D exosomes [328].

Static culture plates (culture dishes, T-shaped flasks) that
are ordinarily used in 2D cultures can be modified to be
dynamic to allow spheroid formation. A scaffold-free 3D cul-
ture sphere was attained upon seeding periosteum-derived
progenitor cells on nonadhesive culture dishes and cultivat-
ing them at a rotation rate of 60 rpm using an orbital shaker.
The resultant spheres maintained their viability and prolifer-
ation ability. Expression levels of stemness genes and
proteins were upregulated in cells grown on 3D culture as
compared to 2D culture systems [329]. Being heterogeneous
in nature, spheroids are employed in studying cell differenti-
ation and cancer biology [327, 330]. Upon short-term cultur-
ing, spheroids improved the medicinal properties of MSCs
[331], while in long-term spheroids, culturing MSCs under-
went differentiation [332].

An upregulated expression of chondrogenic genes
(ACAN, COL2B, COL10, SOX9, and 18S) was recorded upon
in vitro 3D culturing of equine MSCs for 4 weeks in alginate,
fibrin 0.3% alginate (FA), and pellet culture systems
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(2:5 × 105 cells and 5 × 105 cells) [333]. Furthermore, the
immunomodulatory characteristics of MSCs cultured in 3D
culture systems constructed using collagen, chitosan, and
PLGA substrates were shown to be enhanced and affected
by the 3D geometry not the type of the substrate. MSCs
under 3D culture demonstrated a higher growth rate and
stemness and maintained their phenotype and an enhanced
immunosuppression effect [334].

Yet, the wide-range growth of MSCs using these methods
is challenging due to the incapability of controlling their size,
leading to cell death and suppression of cell propagation as a
result of a high degree of confluence and nutrient deprivation
[331]. Moreover, transport and removal of nutrients and
waste metabolites, respectively, from the scaffold upon 3D
expansion represent a crucial obstacle. The latter process
occurs in the 2D culture systems simply by diffusion [335].
While static bioreactors are limited by the demand for batch
medium changes, dynamic bioreactors can be highly govern-
able, permitting better homogenous media and cell spatial
distribution, despite the increase of the scaffold. Thus,
dynamic bioreactors can be utilized in tissue-engineering
applications to alleviate problems related to traditional static
culture conditions [336].

Incorporation of natural and synthetic biomaterials in the
culture could supply diverse biological signals and allow differ-
ent degrees of mechanical strength [337]. Biomaterials are
utilized in the 3D culturing for fabrication of microcarriers,
capsules, fibers, and scaffolds. Scaffold constructs provide the
ECM 3D organization and multicellular complexity [338,
339]. Yet, natural biomaterials are more difficult to control
in vitro as they often transduce uncontrollable biological sig-
nals to the cells. Moreover, the batch-to-batch variability and
the potential xenogenic origin might limit their usage [340].

Dynamic bioreactor culture systems, in which the culture
variables such as pH, temperature, oxygen, and carbon diox-
ide concentration are properly controlled and monitored, are
essential for in vitro cultivation and maturation of tissue-
engineering grafts [341]. These closed systems maintain a
homogeneous physicochemical environment required for
culturing cells and reduce the handling steps, hence reducing
contamination potential in accordance with GMP and qual-
ity standards [342]. The generated hydrodynamic stress on
the cells could be alleviated through utilizing biomaterials
in the form of microcapsules or microcarriers [316]. Micro-
carriers are small beads (100–300μm diameter) that provide
a surface for the cells to attach and grow while microcapsules
are semipermeable membranes within which the cells are
immobilized. Microcapsules allow the diffusion of nutrients,
oxygen, and growth factors essential for cellular growth
[316]. The selection of an appropriate biomaterial for the fab-
rication of either microcapsules or microcarriers as well as
harvesting cells from them is among the challenges in the
3D cultures.

A rotary cell culture system (RCCS) combined with 3D
culture was suggested to provide an effective means for
enhanced MSCs’ proliferation in vitro and to maintain a dif-
ferentiation potential required for tissue engineering. The
microarray analysis of BMSCs cultured in the RCCS-3D sys-
tem revealed an enhanced proliferation and colony forma-
tion, as well as maintained the differentiation potential
when compared with conventional static 2D and static 3D
culture conditions [343].

Dynamic bioreactors (fully reviewed in articles [341, 344,
345]) could be classified into mechanically driven bioreactors
that include stirred tank bioreactors, rocking bioreactors, and
rotating wall vessel bioreactor, as well as hydraulically driven
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bioreactors, which include parallel plate bioreactors, hollow
fiber bioreactors, and fixed-bed bioreactors that can be mod-
ified to perfusion and compression bioreactors widely used in
bone tissue engineering (reviewed in articles [341, 346]).

Spinner flasks and stirred tank bioreactors are the most
frequently used stirred systems. In these systems, impellers
are used to promote mixing, resulting in a homogeneous cul-
ture system with operation versatility (batch, fed-batch, and
perfusion). A large number of cells could be produced in just
one vessel, thereby avoiding vessel-to-vessel variability and
minimizing costs related to labor and consumables [280].
MSCs aggregated using static microwell plates prior to being
inoculated in the bioreactor environment preformed con-
trolled size aggregates possessing the ability to form large,
irregular super aggregates after a few days of suspension cul-
ture. On the contrary, single MSCs inoculated directly into
suspension bioreactors formed a more uniform population
of smaller aggregates after a definite culture period of eight
days. Both techniques showed initial deposition of ECM
within the aggregates [347].

A rocking (wave) bioreactor consists of a disposable plas-
tic bag placed on a platform whose agitated fluid motion
induces the formation of waves that subsequently provide
good nutrient distribution and excellent oxygen transfer with
moderate shear stress. It also presents a minimum risk of
contamination (closed system), scalability (up to 500 l), and
flexibility [344]. No difference in differentiation and immu-
nomodulatory capacity as well as no genetic aberrations
was displayed upon culturing MSCs in flasks, Scinus bioreac-
tor (rocking bioreactor), and spinner flasks. MSCs cultured
within the Scinus bioreactor system showed equality to
flask-expanded cells with respect to their immunomodula-
tory properties [348].

A hollow fiber bioreactor is advantageous in culturing
MSCs due to its relatively homogeneous culture environment
and low shear stress. The cells are inoculated within the fiber,
while the culture medium flows and wastes diffuse through
the pores of the fibers to the space between the cylinder and
the fibers [344]. The secretory products (exosomes) of MSCs
cultured using hollow fiber and their therapeutic efficacy in a
murine model of cisplatin-induced acute kidney injury (AKI)
in vivo and in vitro have been investigated. In vivo, both 2D-
and 3D-exosomes significantly alleviated cisplatin-induced
murine AKI evidenced by improved renal function, attenu-
ated pathological changes of renal tubules, reduced inflam-
matory factors, and repressed T-cell and macrophage
infiltration; however, the 3D-exosomes were superior to the
2D-exosomes. Furthermore, 3D-exosomes were efficiently
captured by tubular epithelial cells, thereby improving their
viability and inducing an upregulated anti-inflammatory
effect in vitro [349].

The rotating wall vessel (RWV) and a rotating bed biore-
actor (RBB) consist of a cylindrical vessel rotating horizon-
tally around its axis. This environment eliminates most of
the disruptive shear forces associated with a conventional
bioreactor, randomizing the gravitational forces acting on
the cell surface and allowing the combined culture of several
cell/scaffold constructs [341, 350]. Collision of scaffolds with
the bioreactor wall is a major disadvantage of the RWV sys-

tem and may damage the scaffolds and disrupt the seeded
cells. This can be alleviated by using the RBB concept, where
constructs are attached directly on the axis. Another crucial
disadvantage of this rotating system is that the mineralization
is confined to the outer part of the scaffold upon use in bone
tissue engineering and that the internal nutrient transport is
deficient [346]. Thus, rotating wall vessels are limited to the
small-sized constructs of flat bones or as bone patches for
restorative applications of the skeletal system [351].

In bone tissue engineering using MSCs, shear stress
caused by mixing or perfusion of the medium is crucial
for osteogenesis, as it exposes the cells to mechanical stim-
ulation. In vivo, mechanical stimulation increases the
production of prostaglandins, ALP, and collagen type I, cre-
ating a milieu required for osteoblastic proliferation and
mineralization [352]. Moreover, mechanical stimulation
encourages the cells to produce ECM in a shorter time
period in vitro and in a more homogeneous manner than
in static culture [353].

A fixed-bed bioreactor consists of a column (bed) holding
an immobilized scaffold, where the cells are incorporated. As
the cells remain immobilized on the carrier surface, this sys-
tem has an advantage of presenting a low shear stress envi-
ronment. Although this bioreactor allows 3D cell growth
and better imitation to in vivo conditions, spatial cell concen-
tration gradients may occur [354]. Modifying the fixed-bed
bioreactor has been performed to overcome the poor perfu-
sion of media through the center of the scaffold. Bioreactors
that use a pump system to perfuse media directly through a
scaffold are known as perfusion bioreactors [355]. Flow per-
fusion bioreactors have been shown to provide more homo-
geneous cell distribution throughout the scaffolds and
provide a uniform mixing of the media, enabling better con-
trol of the environment and better physical stimulation of the
cells particularly in the bone tissue [335, 356]. The major
challenges in these systems are the design of the perfusion
chamber and optimization of the flow rate, which depends
on the composition, porosity, and geometry of the scaffold
[335]. Despite the fact that the increase in the flow rate leads
to an increase in the deposition of the mineralized matrix, it
seems that the optimal flow rate values have an enhanced
positive effect on osteoblastic differentiation, ECM deposi-
tion, and distribution range from 0.2 to 1ml/min [335].
Yet, perfusion bioreactor is suggested to be the ideal ex vivo
culturing system for growing large bone grafts [357].

Compression bioreactors that provide mechanical load-
ing, combined with flow perfusion, can also promote sur-
vival and functional cellular differentiation within the
scaffold. Short-term mechanical stimulation enhanced the
expression of several osteogenic genes, including RUNX-2,
osteopontin, integrin-β1, TGFβR1, SMAD5, annexin-V,
and PDGFα [351]. The compression bioreactors provide a
promising tool for bone fracture tissue engineering [341].

Overall from the previous section, it could be deduced
that although the 3D culturing maintained or even improved
the therapeutic potential of the MSCs, the complexity and the
diversity of these systems in terms of selecting the appropri-
ate biomaterial to be used and bioreactor design make them
additional challenges in cell-based therapy.
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5.6. Mimicking the Biological Interactions in the Human
Body.Mimicking the in vivo microenvironment to attain effi-
cient proliferation and secretion of soluble paracrine factors
and extracellular vesicles could be further achieved by hyp-
oxia (2% O2) that enhances stemness in MSCs, without
affecting their multipotent differentiation potential [358].
Hypoxic preconditioning (2% O2) of adipose-derived MSCs
upregulated the proliferative ability of MSCs by enhancing
the expression of normal cellular prion protein and inhibited
oxidative stress-induced apoptosis via inactivation of cleaved
caspase-3 in vitro. Similar results were attained upon treating
a murine hindlimb ischemia model with hypoxic adipose-
derived MSCs. Enhanced functional recovery of the ischemic
tissue, including limb salvage, neovascularization, and the
ratio of blood flow perfusion, was reported [359]. Moreover,
BMSC hypoxic pretreatment enhanced significantly cell
survival and promoted angiogenesis in the lower limb of
ischemic diabetic rats through increasing autophagy and
significantly decreasing apoptosis [360]. Additionally, hyp-
oxic conditions increased the release of MSC exosomes that
effectively enhanced the regeneration of cardiac tissues in a
myocardial infarction mouse model [361].

Coculturing of MSCs with other cells could provide a
promising aspect in regenerative medicine, through provid-
ing the signaling molecules, including growth factors and
cytokines involved in the cross-talk between cells. In a recent
study using hybrid human umbilical vein endothelial cell/rat
MSC cocultures, the role of each cell type on the genes and
proteins regulating angiogenesis, including VEGF, PDGF,
and TGFβ, was investigated. It has been reported that MSCs
inhibited the expression of angiogenic factors in endothelial
cells early in cocultures due to juxtacrine signaling-
mediated suppression of cell proliferation, while later on, a
shift occurred, where the restrained action of MSCs reverts
to a stimulatory one by paracrine signaling. The ratio 3 : 1
endothelial cells/MSCs induced the strongest upregulation
of the angiogenesis pathway [362]. Additionally, provision
of inflammatory milieu responsible for certain diseases was
demonstrated to induce the cells to secrete regenerative
factors. Intravenous infusion of human MSCs improved the
cardiac function and decreased scarring in a mouse model
of myocardial infarction. In the presence of a high level of
inflammatory cytokines, human MSCs secreted excessive
amounts of anti-inflammatory cytokine TNF-α-stimulated
gene/protein 6 (TSG-6) that enhanced tissue regeneration
[363]. Despite the fact that coculturing and direct cell-cell
contact between MSCs and endothelial progenitor cells
induced MSC differentiation toward a pericyte-like pheno-
type [44], it was demonstrated that intravenous administra-
tion of MSCs inhibited angiogenesis and endothelial cell
proliferation, induced by cell-cell contact through modula-
tion of the VE-Cadherin/β-catenin signaling pathways [364].

6. MSCs and Growth Factors

Growth factors are molecules that cause several biological
effects, such as changes in motility, proliferation, morpho-
genesis, and survival of the cell [15, 365]. Various growth fac-
tors affect MSC properties (Table 3).

In mammals, three isotypes of TGFβ are present: TGFβ1,
TGFβ2, and TGFβ3 [366]. The three isotypes are well-known
inducer of MSC chondrogenesis that lead to proteoglycan
and collagen type II deposition when applied as single factors
[367, 368]. TGFβ influences the proliferation and chondro-
genic differentiation of MSCs [368–372]. TGFβ plays a role
through all phases of chondrogenesis, promoting mesenchy-
mal condensation, chondrocyte proliferation, and ECM
deposition and inhibiting terminal differentiation [373–
375]. Moreover, TGFβ1 has been reported to switch the
human MSC fate from adipogenic to osteogenic when added
under adipogenic culture differentiation conditions [376].
On the other hand, TGFβ1 decreased the number of osteo-
progenitor cells during the in vitro expansion of human
BMSCs and downregulated ALP and STRO-1 expression
[377]. These results suggest that TGFβ1 effect could depend
on the commitment state of the MSCs.

Bone morphogenetic proteins (BMPs) that belong to the
TGFβ superfamily play an essential role in regulating MSCs’
proliferation and lineage-specific differentiation [378, 379].
BMP2, BMP4, BMP6, BMP7, and BMP9 induce osteoblastic
differentiation of MSCs [380, 381]. MSCs exposed to these
osteogenic BMPs increased the expression of ALP, osteocal-
cin as well as osteopontin, connective tissue growth factor,
inhibitor of DNA binding, and Cbfa1/RUNX-2 [380–386].
BMP9 is considered as one of the most potent BMPs to
induce MSC osteogenic differentiation [387–389]. Even
though BMP2, BMP4, BMP6, BMP7, and BMP9 revealed
the ability to induce adipogenic differentiation of MSCs
[382], BMP2 [390], BMP4 [391], and BMP6 [392] promoted
chondrogenesis only when applied in combination with
TGFβ. Although BMP3 stimulated MSC proliferation, it
did not promote their adipogenic differentiation [393].

VEGF is known as a potent angiogenic factor that has
been reported to increase prosurvival factors, phosphory-
lated-Akt, and Bcl-xL expression besides enhancing MSC
proliferation in vitro [394]. Furthermore, VEGF favors
MSC osteoblastic differentiation at the expense of adipogenic
differentiation through regulating RUNX-2 and PPARγ2
[395]. Additionally, in the presence of VEGF-A, MSCs differ-
entiated into endothelial cells both in vitro and in vivo [396,
397]. Intracellular blockage of VEGF signaling by retroviral
transduction of human MSCs to express a decoy soluble
VEGF receptor-2 that sequesters endogenous VEGF in vivo
resulted in spontaneous chondrogenic differentiation.
Implanting transduced MSCs seeded on collagen sponges
subcutaneously in nude mice activated TGFβ signaling by
blocking of angiogenesis and generation of a hypoxic envi-
ronment that led to hyaline cartilage formation [398]. VEGF
coinjection with BMSCs into a myocardial infarction heart
mouse model led to increased cell engraftment and improve-
ment of cardiac function as compared to injection of BMSCs
or VEGF alone [394]. The proangiogenic effects of intramyo-
cardial injection of FGF2 (bFGF) as well as intramyocardial
and intravenous VEGF in a porcine model of chronic hiber-
nating myocardium were further evaluated. The myocardial
blood flow increased significantly only by the intramyocar-
dial injection, which could be attributed to the diffusion of
the factors from the point of injection and their ability to

16 Stem Cells International



initiate the migration of cells [399]. FGF2 increased the
migratory activity of MSCs through activation of the Akt/-
protein kinase B pathway [400]. These results were con-
firmed by analyzing the orientation of the cytoskeleton,
where actin filaments acquired a parallelized pattern that
was strongly correlated with the FGF2 gradient. Remark-
ably, FGF2 influence was confined not only to attracting
MSCs but also in routing them as it has been revealed that
low concentrations of FGF2 led to MSC attraction, while
higher concentrations resulted in repulsion.

The FGF family includes members that affect MSC
proliferation as well as differentiation where FGF2 and
FGF4 increased proliferation potentials of BMSCs [401,
402]. FGF2 induced neuronal differentiation of human
dental pulp MSCs [403] and stimulated chondrogenic dif-
ferentiation of human MSCs [404, 405] and adipogenic
differentiation of rat MSCs [406]. FGF2 promoted osteo-
genic differentiation of MSCs by inducing osteocalcin gene
expression and enhancing calcium deposition [407, 408].
Additionally, a low dose of FGF2 enhanced the in vitro
osteogenic differentiation of MSCs induced by BMP6 as
well as bone formation in vivo [409]. However, there are
contradictions in the literature about the exact role of
FGF on MSCs. FGF2 was reported to inhibit mouse
MSC differentiation by upregulation of Twist2 and Spry4
and the suppression of extracellular signal-regulated kinase
1/2 activation [410]. Moreover, FGF1 and FGF2 inhibited
adipogenic and osteogenic differentiation of human
BMSCs [411, 412]. FGF2 was also reported to inhibit oste-
ogenic differentiation of mouse BMSCs at the early stage,

promoted it in the medium phase, and maintained it in
the later stage during osteogenic induction [413].

PDGFs are known to enhance cell proliferation and
migration. There are four types of PDGFs (AA, BB, CC,
and DD) [414]. PDGF-AA was reported to promote
MSC migration and osteogenic differentiation [415].
PDGF-BB protected MSCs derived from immune throm-
bocytopenia patients against apoptosis and senescence,
where PDGF-BB decreased p53 and p21 expression, while
increasing the surviving markers’ expression [416]. The
combination of PDGF-BB, FGF-2, and TGFβ1 led to syn-
ergistic enhancement of human MSC propagation with
retained phenotypic, differentiation, and colony-forming
unit potential [417].

Collectively, growth factors offer a promising approach
to enhance MSC proliferation, differentiation, survival, and
expansion. Choosing the proper growth factor is governed
by three major criteria. First is the ability of the growth fac-
tor/s to prolong the proliferation in order to generate a suffi-
cient number of MSC differentiation into the desired cell
type. Second is the ability to replace the animal serum or
xenographic substances. Finally is utilizing the properly
localized and controlled method for delivering growth factors
in vivo to take the benefit of their sustained release without
inducing MSC uncontrolled proliferation and subsequent
tumor formation [365]. Although using a single growth fac-
tor has advantages in increasing MSC proliferation, differen-
tiation, and migration, combined growth factor treatment
could provide more benefits due to possible synergistic effects
on MSCs.

Table 3: Various growth factors and their effects on MSCs.

Growth factor
family

Growth
factor

Effect on MSC

TGFβ

TGFβ1 Increase proliferation & induce chondrogenic differentiation [369, 370].

TGFβ2 Induce chondrogenic differentiation [368, 372].

TGFβ3 Induce chondrogenic differentiation [371, 372].

BMP2
Promote chondrogenesis [390], induce osteogenic differentiation [380–382], & induced adipogenic

differentiation [382].

BMP3 Stimulate proliferation [393].

BMP4
Promote chondrogenesis [391], induce osteogenic differentiation [380–382], & induced adipogenic

differentiation [382].

BMP6
Promote chondrogenesis [392], induce osteogenic differentiation [380–382], & induced adipogenic

differentiation [382].

BMP7 Induce osteogenic differentiation [380–382] & induced adipogenic differentiation [382].

BMP9 Induce osteogenic differentiation [380–382] & induced adipogenic differentiation [382].

VDGF VDGF
Increase proliferation [394], favor osteogenic differentiation [395], differentiate into endothelial cells [396,

397], & induce chondrogenic differentiation [398].

FGF
FGF2

Increases migration [400], increases proliferation [401, 402], induces neuronal differentiation [403], and
stimulates chondrogenic differentiation [404, 405], adipogenic differentiation [406], & osteogenic

differentiation [407–409].

FGF4 Increase proliferation [401, 402].

PDGF
PDGF-AA Increases migration & osteogenic differentiation [415].

PDGF-BB Protect against apoptosis and senescence [416].
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7. Risk of Tumorigenicity (Figure 2)

Every medical therapy carries some risk to the patients, and a
careful weighing of the probable risks against the provided
benefits should be carried out. Although the risk of tumorige-
nicity is far less with adult cells, with little evidence of tumor
formation [418], it should never be neglected.

Stem/progenitor cells and cancer cells share some fea-
tures suggesting a link between these two populations of
cells, including long life spans, relative apoptotic resis-
tance, and an ability to replicate for extended periods of
time. Moreover, both share the same growth regulators and
cell maintenance control mechanisms [419]. Stem/progeni-
tor cell trafficking pathways seem to be further utilized by
cancer cells for metastasis [420]. Stromal cell-derived factor-
(SDF-) 1 impinges cancer cell behavior and migration and at
the same time plays a role in stem/progenitor cell homing
[421–423]. Also, CXCR2 and 4 receptors found on both
stem/progenitor and cancer cells can influence both stem/-
progenitor cells’ homing and cancer cells’ invasion/metas-
tases [419]. In addition, cancer and stem/progenitor cells
have an inherent ability to evade host immune recognition
[424]. Therefore, the malignant transformation of MSCs
used in cell-based therapy might take place in the following
circumstances: first during in vitro expansion of MSCs and
second during genetic manipulation of MSCs.

7.1. In Vitro Malignant Transformation. In vitro expansion
and culture of MSCs prior to cell administration may result
in changes in their characteristics due to intracellular and
extracellular influences. Harmful mutations during cell divi-
sion as well as failure to correct these alterations may occur,
causing tumorigenic transformation [425]. Some studies
suggested that the tumorigenicity of MSCs increases propor-
tionally with the length of in vitro culturing duration [426].
MSCs from different animals such as rat [427–429], rabbit
[430], and cynomolgus [431] undergo spontaneous transfor-
mation during long-term in vitro culture. Moreover, these
spontaneously transformed MSCs were found to be highly
tumorigenic when inserted into immunodeficient mice
[432, 433]. Spontaneous malignant transformation of mouse
neural precursor cells was detected following ten in vitro pas-
sages, producing tumors in rodent brains [434].

An investigation studied the characteristics of the
transformed MSCs (tMSCs) obtained from long-term cul-
turing of rat MSCs. They revealed that tMSCs maintained
typical MSC surface markers. Meanwhile, they exhibited a
high proliferation rate with very limited senescence, lost
contact inhibition property and mesodermal lineage potency,
and subsequently acquired the ability for anchorage-
independent growth [435]. The authors attributed the results
to the increased levels of mutant p53 in the tMSCs that led
to a significant upregulated expression of survivin, the main
factor for the unlimited proliferation of transformed MSCs,
and undetectable expression levels of the key senescence regu-
lator p16 [435]. Moreover, silencing of the key regulator genes
for cellular senescence such as p21 [436] and p16 [437], in
addition to unscheduled epigenetic alterations, may be further
key reasons for the cell to initiate this transformation [428].

Furthermore, long-term culture (exceeding five weeks) of
human bone marrow- and liver-derived MSCs was evaluated
for transformed cells. Four out of 46 batches had transformed
cells that were able to induce sarcoma-like tumors in immu-
nodeficient mice. High-resolution genome-wide DNA array
and short tandem repeat profiling excluded the possibility
of cell line contamination. Fortunately, the authors identified
a gene expression signature using gene and microRNA
expression arrays that may help to screen cultures for signs
of early malignant transformation events. These genes
include CKMT1A that was elevated over 10,000-fold and
miR-182 and miR-378 that were upregulated nearly 500-
and 100-fold, respectively, in transformed MSCs [438].

In contrast, several articles verified the absence of tumor-
igenic potential of cultured MSCs originating from different
tissues even at advanced in vitro culture times [439–441].
Human MSCs from bone marrow, chorionic villi, and amni-
otic fluid were found to be nonprone to malignant transfor-
mation, following extensive in vitro expansion [442].
Moreover, human umbilical cord-MSCs were not susceptible
to spontaneous malignant transformation during long-term
in vitro culturing. Human umbilical cord-MSCs exhibited
positive expression of human telomerase reverse transcrip-
tase and did not exhibit shortening of the relative telomere
length. Nevertheless, malignant transformation could still
be prompted by chemical carcinogens as 3-MCA [443].

A systematic review that enrolled seven studies compris-
ing 593 patients, 334 treated with MSCs and 259 as a control
group without treatment, reported safe cell infusion with no
oncogenesis in the follow-up period of 10 to 60 months
[444]. Another systematic review reported no association
between MSC implantation and tumor formation. The
reported malignancies occurring in patients following
implantation was related to ongoing or previous ones with
no de novo formation [445]. On the other hand, evidence
of tumor formation was noticed four years following fetal
neural stem cell transplantation into the brain and the fluid
surrounding it of a boy with ataxia-telangiectasia. By genetic
typing, it was demonstrated that the tumor cells were of
donor origin [446]. Similarly, eight-year postintraspinal
olfactory mucosal cell autoimplantation for treating spinal
cord injury, a young patient developed a spinal cord tumor
mass autograft-derived. Seemingly, autologous treatment
strategies could be more hazardous contradicting the expec-
tation to be less immunogenic and more long-lasting than
allogenic ones [447].

The in vitro potential tumorigenicity of MSCs could be
related to genomic instability, accumulation of DNA damage,
and loss of cell cycle regulation during long-term culture. The
absence of transformation potential must be demonstrated
before clinical use. Therefore, it is beneficial to decide during
preclinical development whether the manufacturing process
leads to chromosomal abnormalities using various assess-
ment techniques for genetic stability [448].

7.2. MSC Malignant Transformation due to Genetic
Modification. Genetic modification is the process of modify-
ing or inserting new genetic materials (transgene) into spe-
cific cells to generate a therapeutic effect by correcting an
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existing abnormality or providing the cells with a new func-
tion into a cell [449].

MSCs can be genetically modified by viral and nonviral
methods. These techniques have been proven to be a very sig-
nificant advancement in treating various diseases such as
neurological, blood, vascular, and musculoskeletal disorders
and cancer (reviewed in [450]). Nonviral vectors comprise
physical and chemical methods of gene transfer that can
deliver more transgenes than viral methods and possess less
stimulating effect on the immune system; however, their
main drawback is the low transfection efficiency and tran-
sient gene expression [451, 452].

Viral vectors include retrovirus, adenovirus, adeno-
associated virus, and lentivirus [453]. Viral vector genomes
are modified by deleting some areas of their genomes so that
their replication becomes deranged; therefore, they are consid-
ered to be safer. Yet, there are some limitations, including their
confined transgenic capacity size and their marked immunoge-
nicity that can prompt the inflammatory system causing
degeneration of transduced tissue and insertional mutagenesis
[454, 455]. “Insertional genotoxicity” is a key factor that should
be considered when choosing a vector type and design for cell
therapy. Insertions may cause dominant gain-of-function
mutations (such as activation of protooncogenes flanking an
insertion site) mediated by either enhancer and/or promoter
elements in the vector or by aberrant splicing from the vector
transcript. This is favored by the genetic structure of the retro-
viruses and the frequently used transfection agents. Since the
experiments that monitored the insertional mutagenesis are
often performed in rodents with relatively short life spans, the
truemutagenic risk cannot be determined on the basis of vector
choice and the total integration load in the transplanted cells
alone; therefore, the true risk remains ill-defined. Primate ani-
mal models that are able to tolerate a larger number of trans-
planted MSCs and with longer life spans where transient
transfections could be proposed [456] were used.

Yet, it should be clearly noted that any therapy involving
genetic manipulations may result in MSC malignant trans-
formation through either tumorigenic transformation of the
transgene or disruption of the MSC’s genome by the inserted
transgenes, causing MSC subsequent transformation [457].
Stricter control and safety measures are required in the pro-
duction of MSCs for cell-based therapy, taking into consider-
ation that MSCs can further turn malignant as a result of
long-term culture and due to genetic manipulation. Govern-
ing the cell handling procedures in order to minimize the risk
of malignant transformation is ultimately needed. Unfortu-
nately, studying cancer development is a long process and
requires a long follow-up of treated patients to verify safety
in this context.

8. Cell Delivery

8.1. Delivery Route. Among the challenges that hinder the
clinical translation of stem/progenitor cell-based therapies
is the uncertainty in the therapeutic efficacy of MSCs. This
could be attributed to the paradoxical results obtained
from both animal studies and clinical trials, showing con-
troversial effectiveness, partly due to the method of MSC
delivery [61, 458].

In general, cells could be introduced locally or systemi-
cally into the tissues. The optimal delivery method depends
mainly on two factors, namely, whether the targeted disease
is local or systemic [61] and the mechanism of action of the
used cells [458]. Whether or not MSC optimal performance
is achieved when present at the target site of injury/inflam-
mation is hereby an important question. If MSCs should
exert their function mainly through secretion of cytokines
and growth factors in the circulation, i.e., having paracrine
and autocrine effects or through regulating the local immune
response [459–461], the presence of MSCs in the target site
would not be necessary and systemic effects could be
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achieved using a cell reservoir [61]. But if the presence of
MSCs at the target site is mandatory, for example, by differ-
entiating into replacement cells [462], or through the local
production of angiogenic or antiapoptotic factors [459], then
the delivery route must place the cells at the target site or
facilitate their migration to the site of interest [61].

Tissue defects are preferably treated with either local
injection, for example, intramuscular, intramyocardial, or
injection at the injury site of the spinal cord [463], or implan-
tation of cell-loaded scaffolds [464]. Local cell delivery is cur-
rently the most promising in tissue-engineering applications,
where cell-loaded scaffolds are locally transplanted at the
target site. The use of 3D synthetic or natural scaffold bio-
materials was shown to protect the cells from the aggres-
sive in vivo environment, protect against substantial cell
loss following systemic delivery due to the pulmonary
“first-pass” effect, enhance MSC homing [61, 465], and
promote functional integration and regeneration of the
damaged tissues [466]. The local delivery of MSCs, applied
in conjunction with or without biomaterials, has shown vast
therapeutic efficacy in musculoskeletal regeneration for repair
of osteochondrogenic diseases/disorders, including rheuma-
toid arthritis, osteoporosis, osteogenesis imperfecta, osteoar-
thritis, nonunion bone fracture, and craniosynostosis in
preclinical and some clinical settings [464, 467]. In addition,
direct surgical intramyocardial injection of MSCs and
catheter-based transendocardial injection have been investi-
gated in preclinical and clinical studies for the treatment of
cardiovascular diseases, showing promising efficacy and safety
[468–474], through allowing for higher cell retention rates and
providing a targeted delivery route without requiring the avail-
ability of chemotactic factors [475]. Although local MSC deliv-
ery may be desirable and promising in specific applications,
the need for certain procedures and/or surgery could be asso-
ciated with some risks [476].

Systemic delivery of MSCs is adopted when the target
disease is systemic or the need to regenerate several damaged
tissues is present. Intravascular injection benefits form wider
distribution of cells throughout the body and are being
minimally invasive. Systemic delivery is divided based on
the vascular route into intravenous (IV) or intra-arterial (IA).

The most commonly investigated method for delivering
MSCs is the IV route [458]. Significant entrapment of the
IV-delivered cells in the lungs results in a significant reduc-
tion in the numbers of cells reaching the organ of interest
due to pulmonary “first-pass” effect [477, 478]. MSCs have
an estimated diameter of 20–30μm [477, 479], and experi-
ments with microspheres have demonstrated that most parti-
cles of this size are filtered out by the lungs [477]. Yet, the
number of entrapped cells in the lungs could be decreased
with the administration of a vasodilator [478, 479]. Aside
from the effect of cell size, adhesion to the pulmonary vascu-
lar endothelium may also contribute to pulmonary cell trap-
ping as was evident from IV delivery of MSCs in a rat model
[477]. Thus, lung entrapment may explain the low engraft-
ment of IV-delivered cells in clinical trials [458, 480].

IA delivery of MSCs in animals enhanced the engraft-
ment of injected cells through bypassing the pulmonary
entrapment [481–483]. In a rat model of transient ischemic

stroke, IA injection of allogenic MSCs into the internal carotid
artery showed the ability of the IA-transplanted cells to migrate
into the ischemic brain, resulting in improved neurological
function and reduction of the infarct volumes [484]. In addi-
tion, IA delivery of MSCs reduced the expression of calcineurin
(CaN), a serine/threonine phosphatase which mediates neuro-
nal homeostasis, after ischemic stroke in a rat model. CaN
hyperactivation following ischemic stroke triggers apoptotic sig-
naling. Thus, significant improvement in functional activity and
normalized oxidative parameters were evident in rats receiving
IA MSC treatment as compared to the stroke group [485].
Renal IA delivery of MSCs in a porcine renal ischemia-
reperfusion model resulted in MSC distribution throughout
the kidney, mostly in the renal cortex, particularly inside glo-
meruli, thus limiting off-target delivery. In addition, MSC via-
bility in the kidney eight hours following IA infusion ranged
between 70% and 80%, which could permit more efficient inter-
action with injured tissue and enhanced regenerative effect
[486]. In a clinical trial investigating subjects with subacute spi-
nal cord injury, IA delivery (via the vertebralis artery) of BMSCs
resulted in greater functional improvement as compared to the
IV route [487]. However, a careful balance between achieving
high cellular engraftment without compromising blood flow
due to arterial occlusion is mandatory [482].

In the treatment of cardiovascular diseases, intracoronary
infusion of stem/progenitor cells is a relatively less complex
technique. Still, the possibility of myocardial necrosis resulting
from microvascular obstruction by the infused cells greatly
questions the safety of this route [474]. A meta-analysis inves-
tigated the efficacy of four different routes of MSC delivery in
acute myocardial infarction in swine and in clinical trials. The
investigated routes of delivery included transendocardial
injection, intramyocardial injection, IV infusion, and intracor-
onary infusion. Results showed the superiority of the transen-
docardial injection route due to both reduction in infarct size
and improvement in left ventricular ejection fraction in
preclinical and clinical trials [488].

Other routes of administrations are available for specific
therapeutic applications [476]. Notably, the intranasal deliv-
ery route is proposed as an efficient and noninvasive route to
the brain and for systemic administration to the central ner-
vous system, demonstrating enhanced cellular retention and
several improved neurological/psychiatric outcomes [489].
The intranasal delivery route depends on the ability of cells
to bypass the cribriform plate through various routes, such
as the olfactory bulb or the cerebrospinal fluid [490]. A study
demonstrated that MSCs administrated via the intranasal
route have the ability to migrate toward the injured cortex
in a mouse model of traumatic brain injury. The authors
employed superparamagnetic iron oxide tagged with a fluo-
rescein isothiocyanate fluorophore as a noninvasive magnetic
resonance imaging probe for MSC labeling and tracking
[491]. In a rat model of Parkinson’s disease, intranasal deliv-
ery of MSCs resulted in the appearance of cells in the olfac-
tory bulb, cortex, hippocampus, striatum, cerebellum,
brainstem, and spinal cord [492]. However, more experimen-
tal studies on the safety and efficacy of the intranasal delivery
route of MSCs are needed; as to date, only few animal studies
and no clinical studies are available.
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A recently developed “cell spray”method [493] was inves-
tigated as a novel delivery method for transplantation of allo-
genic human ASCs in the porcine myocardial infarction
model. This new cell delivery method was reported to be safe,
feasible, and effective and resulted in successful transplanta-
tion of ASCs forming a graft-like gel film covering the infarct
myocardium, significantly improving cardiac function [493].

8.2. Dose.Administration of an optimal cell dose is an impor-
tant requirement to obtain therapeutic efficacy of MSCs’
transplantation [466, 475, 494]. The determination of the
pharmacologically optimally effective dose range is a critical
issue for clinical translation of stem/progenitor cell-based
therapies. Challenges in defining an optimal cell dose for spe-
cific therapeutic applications are related to the large variabil-
ities in MSC clinical trials, including different disease
categories, study design, target tissue/organs, types of MSCs
used, manufacturing protocols, routes of delivery, and dosing
employed [495, 496]. Thus, standardization of study design is
mandatory to allow for better evaluation and correlation of
results among similar clinical trials [496]. The variability in
the optimal dosing identified by the various trials is primarily
affected by the different routes of delivery employed. IV
injection is the most commonly used and investigated
method for delivering MSCs to the blood, being the least
invasive method. As discussed earlier, due to entrapment of
most injected MSCs in the lungs (pulmonary first-pass
effect), IV has the highest average MSC dose, compared to
cell doses employed with other routes of delivery. IA injec-
tion allows MSCs to bypass the pulmonary entrapment; thus,
clinical trials employing this route have significantly lower
average doses in a narrower range than IV. However, IA is
used in a smaller number of trials as it is more invasive than
IV. Consequently, local routes of delivery which locate the
cells in a target site require lower average cell doses than
the wider cell distribution in the body and faster wash-out
following IV injection [497].

It is assumed that the number of administered cells
should vary proportionally with the observed clinical efficacy.
However, the data that had arisen from preclinical studies
and clinical trials on the stem/progenitor cell dosage has
yielded contradictory results [474, 475]. Recently, multiple
dosing of stem/progenitor cells has been demonstrated to
be more effective than the administration of a single large
dose [498–500]. These studies show that the full benefits of
stem/progenitor cell-based therapies could be underesti-
mated or unnoticed if they are measured after a single dose.
These results suggest that although the optimal cell dose
remains indefinable, multiple dosing of stem/progenitor cells
may provide therapeutic superiority in cardiac repair [475,
498]. This could be explained by the fact that a single large
dose initially presents a high number of cells but soon gets
“washed out,” while multiple dosing could offer a more dura-
ble cell persistence and paracrine signal for tissue repair, by
replacing the cells that die after transplantation. Yet, repeated
dosing using invasive delivery routes such as intramyocardial
and intracoronary injections is considered unsafe. In such
situation, a systemic route of delivery such as IV administra-
tion should be proposed [501].

8.3. Homing and Functional Integration. A major concern in
systemic delivery of MSCs is that cells may become
entrapped within organs that filter the blood (first-pass
effect), for example, the liver, lungs, and spleen. To avoid this,
several strategies to minimize lung entrapment (as discussed
before) and to improve the homing of systemically intro-
duced cells are employed [466]. Although there are numer-
ous reports of stem/progenitor cells homing to injured
tissue, the exact mechanism is not yet clear. Among the pro-
posed factors were defective vascular architectures found in
tumors [502] or leaky vasculature in injured tissues due to
the effect of histamine and other inflammatory mediators
[503], resulting in passive entrapment in the interstitial
space; other biochemical and biomechanical factors could
also be involved.

Homing of MSCs depends primarily on the chemokine
receptor, C-X-C chemokine receptor type 4 (CXCR4), and
its binding partner SDF-1, also known as C-X-C motif che-
mokine 12 (CXCL12) [481]. SDF-1 chemokine is released by
the injured tissue and interacts with the chemokine recep-
tors (CXCR4 and CXCR7) leading to the migration of MSCs
to the injured tissue [481, 504]. Several other cytokines and
growth factors, including IL-1 to IL-6, PDGF, VEGF, and
BMP, are secreted by platelets, inflammatory cells, and mac-
rophages arriving at the site of injury which could promote
migration of MSCs [505]. Additionally, the released inflam-
matory cytokines TGFβ1, IL-1β, and TNF-α in injured/in-
flamed tissue enhance migration by upregulation of matrix
metalloproteases (MMPs) that cleave gelatin, laminin, and
type IV collagen, constituting the basement membrane of
blood vessels, promoting transendothelial migration of
MSCs [481, 506].

Biomechanical factors could also contribute to MSC
homing [507]. Intermittent hydrostatic pressure was shown
to promote the migration of MSCs in vitro, which could be
attributed to the increased concentration of SDF-1 released
from MSCs in culture medium with increased hydrostatic
pressure [507]. Mechanogrowth factor (MGF), an isoform
of IGF-1, is further generated by cells in response to mechan-
ical stimulation and plays a key role in regulating MSC func-
tion, including proliferation and migration [508]. Culturing
of rat MSCs with MGF increased cell migration in a
concentration-dependent manner by altering the mechanical
properties of MSCs and activating the extracellular signal-
regulated kinase (ERK) 1/2 signaling pathway in vitro.
MGF-induced MSCs’ migration increased the phosphoryla-
tion level of ERK 1/2, cell traction force, cell stiffness, and cell
fluidization as compared with the control (without MGF).
The activation of the ERK 1/2 signaling pathway and remod-
eling of the cytoskeletal structure to regulate rat MSC
mechanics suggest the potential biomechanical and biologi-
cal role of MGF in inducing MSC migration [508].

Migration of BMSCs is also affected by several chemical
and mechanical factors [509]. Mechanical factors include
hemodynamic forces applied to the walls of the blood ves-
sel, in the forms of cyclic mechanical strain and blood shear
stress, through focal adhesion kinase (FAK) and ERK 1/2
signals, SDF-1α/CXCR4, and c-Jun N-terminal kinase (JNK)
and p38 mitogen-activated protein kinase (MAPK) pathways.
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Also, the elastic modulus (stiffness) of the ECM transmits com-
plex biophysical signals that exert an important role in modu-
lating MSC behavior, including promoting cell migration. The
microgravity environment encountered during spaceflight was
also shown to affect MSC migration, where simulated micro-
gravity inhibited the migration of BMSCs via reorganizing or
decreasing the expression of F-actin, increasing cell stiffness,
and reducing SDF-1α [509].

Yet, any endogenous homing mechanism is insufficient,
with less than 1% of delivered cells found in target tissues
[458, 510]. Improving homing of the exogenous MSCs would
greatly improve the functional integration of the cells into the
target tissues [510]. Several different strategies for improving
exogenous cell homing to the target site have been investi-
gated (reviewed in [458, 510]). In brief, the different strate-
gies can be divided into two main categories: (1) methods
that increase the ability of stem/progenitor cells to respond
to the chemotactic, homing, and migratory stimuli and (2)
methods for modifying the target sites to enhance chemo-
taxis of stem/progenitor cells [510].

Stem/progenitor cell-based strategies include genetic mod-
ifications, priming of cells with growth factors and cytokines,
cell preconditioning with hypoxia, treatment with certain
chemical compounds that can trigger signaling pathways, and
coating of the cell surface with double affinity antibodies or
with homing ligands by streptavidin linkers and glycoengineer-
ing. Although different strategies have been introduced to
increase the ability of stem/progenitor cells to respond to
migratory stimuli, ex vivo expansion and manipulation may
alter cell properties, such as proliferative capacity, differentia-
tion potential, and genetic stability of cells, negatively affecting
their safety at the clinical level. Thus, some prefer to modify the
target sites, through designing more attractive environments to
enhance stem cell recruitment. Target tissue-based strategies
include direct transfection of target tissue with chemokine
encoding genes, direct injection of chemokines or injection of
ectopic chemokine expressing cells, the use of scaffolds as deliv-
ery vehicles, and application of electrical fields [510].

As discussed earlier, MSCs enhance tissue repair mainly
through differentiating into replacement cells and/or para-
crine effects [511], depending on therapeutic purposes of the
transplanted stem/progenitor cells they could be introduced
to act locally or systemically. For MSCs to achieve their
intended therapeutic effect at the target site, functional
engraftment of transplanted stem/progenitor cells is a prereq-
uisite for achieving efficient regeneration via MSC differentia-
tion to replace the damaged host cells. Even if cell therapy is
used to provide paracrine factors or exosomes locally to sup-
port tissue repair or activate endogenous regeneration, initial
engraftment of the transplanted cells to the target organ is nec-
essary [512]. For the cells to integrate/engraft into the target
tissue, cells need to adhere to the ECM of the tissues through
the SDF-1/CXCR4 axis, failure of such interaction might trig-
ger cell apoptosis in anchorage-dependent cells due to loss of
contact with ECM, a process termed anoikis [504].

The limited functional integration of either autologous or
allogenic stem/progenitor cell-based therapies remains a
major clinical challenge. Following tissue injury, as in the case
of myocardial infarction or cerebral stroke, the transplanted

cells must replace billons of host dead cells to restore organ
function, although the number of cells that actually home to
and survive in the target organ is considerably low (as dis-
cussed before) [512]. In addition, cell survival into ischemic
environment or inflamed tissue is quite low, due to lack of ade-
quate oxygenation and the presence of inflammatory cytokine
and ROS production after hypoxia and reoxygenation. Genetic
engineering of MSCs with antiapoptotic and prosurvival fac-
tors such as the kinase Pim-1 was shown to enhance the repair
of damaged myocardium in infarcted hearts [513].

Even in cases of physical engraftment of transplanted
MSCs in injured tissues, successful functional integration,
such as integration of transplanted cardiomyocytes with the
host myocardium to allow a synchronized beating of the heart,
is uncommon. Transplantation of more immature cells in a
progenitor state might enable better in vivo functional integra-
tion [512]; however, transplantation of more immature stem
cells caries the risk of tumorigenicity that could impair their
therapeutic safety. That risk is lower if they are differentiated
before transplantation, but differentiation results in increased
immune recognition marker expression, triggering unwanted
immune response. Thus, a balance between tumorigenicity
and immunogenicity must be achieved [514].

Collectively, for more efficient and predictable outcomes
of the transplanted MSCs, several important factors have to
be taken in consideration. Choosing the optimal delivery route
for each specific application, while carefully evaluating the
merits and demerits of each delivery method, is recom-
mended, based on the intended mechanism of action of the
transplanted cells and the characteristics of the target organ/-
tissue. The recommendations of the optimal cell dose for each
therapeutic application and delivery route are still not avail-
able, yet multiple dosing is suggested to offer enhanced and
more predictable therapeutic effect through providing a pro-
longed cell persistence and paracrine signal for tissue repair.
Adapting novel strategies to enhance the homing of exogenous
MSCs are greatly needed to improve the functional integration
of the cells into the target tissues, as any endogenous homing
mechanism is insufficient for efficient integration of the trans-
planted cells. In addition, integrated personalized therapeutic
approaches aimed at engineering the transplanted cells, to be
more resistant to harsh environments and to enhance their
survival and integration, might be necessary. Modification of
the target site, for example, by rejuvenation of the vasculature
and transplanting stem/progenitor cells together with bioac-
tive factors and cytokines with/without biomaterials or mural
cells, could aid in creation of a healthy paracrine environment,
enhancing the functionality of transplanted cells [512].

9. Application of Biomaterials

As discussed above, the use of biomaterial-based 3D scaffolds
for local delivery of MSCs could represent a promising and
effective approach for modifying the target tissue and pro-
tecting the cells against the harsh environment in the disease-
d/injured tissues, enhancing cellular retention and functional
integration. In addition, biomaterials can serve as carriers for
bioactive molecules and growth factors that boost the regen-
erative capacity of MSCs such as VEGF, bFGF, HGF, IGF-1,
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and TGFβ [465]. The optimal combinations of stem/pro-
genitor cells and biomaterials that best suite each tissue and
clinical therapeutic situation are still not clear. Significant
efforts are being made to optimize compatible biomaterials
with each stem/progenitor cell type for specific therapeutic
applications [515].

In ischemic heart diseases, the natural architecture, vas-
cularity, and metabolism of normal cardiac tissues are lost.
Thus, cardiac tissue engineering, through engineering stem/-
progenitor cells on scaffolds, has been the ultimate purpose
for cardiac repair [475, 516]. Hydrogels and/or bioactive
agents are suggested to act as injectable delivery vehicles for
MSCs to enhance the survival, retention, and efficacy of these
cells in the injured myocardium. In addition, 3D patch-based
systems are being widely investigated for myocardial repair
to improve the therapeutic efficacy of stem/progenitor cell
transplantation, while avoiding the risk associated with nee-
dle injection [465]. In a murine model of myocardial infarc-
tion, the application of BMSC-loaded poly(ɛ-caprolactone)
(PCL)/gelatin cardiac patch supported the repair of the
infarcted myocardium and enhanced the cardiac function.
The MSC-loaded PCL/gelatin patch promoted the regenera-
tion and angiogenesis of the injured myocardium, which may
be attributed to the protection of the cells against the harsh
hypoxic environment. In addition to the paracrine effect
offered by the transplanted MSCs, the cytokines released
enhanced the activation of the epicardium and recruited the
endogenous c-kit+ cells [517]. A study [518] investigated
the proangiogenic potential of cytokine-conjugated collagen
patches seeded with human MSCs in a rat model of myocar-
dial infarction. The investigated patches allowed prolonged
cytokine release in the target site, together with enhancing
cell infiltration and promoting functional neovessel forma-
tion, thus preserving cardiac function in the rat model.

There are many challenges facing the preparation of syn-
thetic scaffolds that could mimic the natural cell microenvi-
ronment, which has directed the research interest toward
utilizing naturally derived ECM itself, obtained through the
process of decellularization [519]. Decellularized tissue scaf-
folds attract great interest in bone tissue engineering due to
its natural 3D porous architecture and natural biochemical
component arrangement, providing osteoinductive proper-
ties [520, 521]. However, the clinical translation of decellular-
ized scaffolds is hindered by the challenge to balance between
the optimal decellularization methods, to maintain the struc-
tural proteins that should have a positive impact on cell func-
tions, while removing resident cells and genetic material that
could cause an immunogenic response [519, 521].

Hence, the use of biomaterials could offer great benefits in
enhancing the therapeutic outcomes, through supporting the
cell integration and function aside from protecting them from
the harsh in vivo environments of the injured/diseased tissues.

10. Effect of Antimicrobials, Local Anesthetics,
and Other Drugs on MSC Properties

Different drugs and chemicals administrated, although being
needed for specific therapeutic or prophylactic effects, could
exert adverse effects or alter the properties of the trans-

planted MSCs, thus compromising/altering the effectiveness
of MSC-based therapies.

10.1. Effect of Antimicrobials. The effect of several antimicro-
bial drugs, including antibiotics, antifungals, antivirals, anti-
malarials, natural peptides, and Chinese traditional drug
extracts, on the differentiation potential of BMSCs has been
reviewed in the literature [522]. Antibiotics or antimicrobials
are commonly used to supplement culture media to avoid
any bacterial contamination of the cell culture [523]. Isola-
tion and cultivation of ASCs or oral MSCs usually involve
the presence of the penicillin-streptomycin mixture [524].
Gentamycin is also commonly used. The use of amphotericin
B is also suggested due to its widespread antifungal activity, but
due to its cytotoxic effect on human cells, less toxic forms of
the amphotericin B are currently available including a complex
of amphotericin B with copper (II) ions (AmB-Cu2+) [525].
Unfortunately, antibiotics in a cell culture may change the
regenerative potential and other biologic properties in many
types of cells; for instance, penicillin-streptomycin mixture
and gentamycin negatively affected the growth rate and target
mRNA expression level of differentiating embryonic stem cells
[526]. A study [527] investigated the effects of a penicillin-
streptomycin mixture, amphotericin B, AmB-Cu2+, and their
combinations on the proliferation and differentiation of ASCs
in vitro. Data showed the effect of the investigated antibiotics
on modulating the differentiation process, which is influenced
by the duration of exposure and the combination of antibiotics
employed [527].

Various antimicrobial drugs, although having a crucial
role in the treatment of bone and joint infections and in pre-
vention of postoperative infections, could exert specific
effects on BMSC properties, specifically their differentiation
potential. Cefazolin, a first-generation cephalosporin com-
monly used in arthroplasty to prevent infection, showed an
irreversible negative effect on human BMSC migration and
proliferation, in a time- and dose-dependent manner [528].
Rifampicin is a potent antibiotic commonly used in combi-
nation with ciprofloxacin in controlling orthopedic infec-
tions. High rifampicin concentrations, particularly higher
than 16mg/ml, exerted inhibitory effects on the in vitro pro-
liferation and osteogenic differentiation of BMSCs [529].

10.2. Effect of Local Anesthetics. Intra-articular administra-
tion of amide-type local anesthetics is routinely performed
during arthroscopic joint surgery to alleviate pain. In ortho-
pedic cartilage repair operations, the delivery of human
MSCs is often required via intra-articular injection, and it is
common to introduce local anesthetics prior to, during, and
following this procedure [530].

Lidocaine is one of the most commonly used amide-type
local anesthetics due to its faster onset of action, superior
safety profile, low cost, and wide availability compared to
older local anesthetics. In vitro exposure of human ASCs to
increasing concentrations of lidocaine resulted in a decreas-
ing number of viable MSCs. Furthermore, reduction in cell
proliferation was evident with the increasing exposure time,
which suggests that lidocaine has a dose- and time-
dependent cytotoxic effect on MSCs. MSCs subjected to
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lidocaine at various dilutions (2mg/ml to 8mg/ml) and expo-
sure times (0.5 to 4 hours) showed upregulation of genes nor-
mally associated with responses to stress and cytoprotective
mechanisms, while higher concentration of lidocaine (8mg/ml
and more) resulted in a significant drop in gene expression.
Exposure of MSCs to high concentrations of lidocaine for pro-
longed periods was shown to negatively affect MSC viability,
proliferation, and/or functions [531]. A recent study investi-
gated the effect of lidocaine applied during tumescent local
anesthesia prior to liposuction. Abdominal subcutaneous fat
tissue was infiltrated with lidocaine-containing tumescent local
anesthesia on the left and non-lidocaine-containing on the
right side of the abdomen and harvested subsequently for cell
analysis. Lidocaine showed no adverse effects on the distribu-
tion, cell number, and viability of ASCs [532].

Bupivacaine, ropivacaine, and mepivacaine are the mem-
bers of the pipecoloxylidide group of amide local anesthetics,
which differ in their onset of action, analgesic duration, and
potency. Their analgesic potency increases in a ratio of
1 : 1.5 : 4 from mepivacaine to ropivacaine to bupivacaine,
respectively [533]. Lidocaine, bupivacaine, ropivacaine, and
mepivacaine were cytotoxic to rabbit ASCs during in vitro
early chondrogenic differentiation, as evident by decreased
viability and increased apoptotic rate of ASC monolayer cell
culture experiments in a dose- and drug type-dependent
manner. 1% lidocaine induced relatively lower cytotoxic
effects on ASCs, and 2% mepivacaine and 1% lidocaine
appeared to exhibit a less pronounced influence on
chondrogenesis-associated mRNA expression [530].

In addition, local anesthetics could alter MSC secretory
function, depending on the anesthetic dose and potency,
along with the existing inflammatory environment [534]. A
systematic review [535] evaluating the effect of various local
anesthetics on different types of MSCs concluded that all
amide-based local anesthetics exhibited cytotoxic effects on
MSCs, and these effects were dependent on the dose, expo-
sure time, and drug type. Cytotoxicity could also be cell
type-dependent; however, there is currently insufficient
evidence to support this hypothesis. Nevertheless, the study
suggested that ropivacaine could offer less cytotoxicity than
other types of local anesthetics and might be preferred for
use in MSC-based therapy [535].

Future in vivo studies are crucial to better understand the
interactions of these agents with MSCs in a more physiolog-
ical environment, in terms of anesthetics’ pharmacokinetics
and the in vivo response and recovery of MSCs, to provide
enough supporting evidence for future clinical trials [535].

10.3. Effect of Other Drugs. Heparin supplementation during
culturing of human BMSCs was found to alter the cell biolog-
ical properties, even at low doses, which warrants great
caution regarding the application of heparin as a culture sup-
plement for in vitro expansion of BMSCs. Also, heparin
showed variable effects on gene expression and proliferation
of human BMSCs in a donor-dependent manner, and MSCs
harvested from patients receiving chronic heparin therapy
could show altered properties [536].

MSCs have immunosuppressive properties (discussed
above), and the presence of immunosuppressive drugs could

offer synergistic effect, augmenting MSCs’ immunosuppres-
sive action [537, 538]. In vitro culturing of human BMSCs
and ASCs in the presence of clinical doses of six widely used
immunosuppressive drugs (cyclosporine A, mycophenolate
mofetil, rapamycin, glucocorticoids, prednisone, and dexa-
methasone) was conducted to investigate their effect on
immunosuppressive properties of MSCs. ASCs were less sen-
sitive to the presence of immunosuppressive drugs than
BMSCs. Glucocorticoids, especially dexamethasone, exerted
the most prominent effects on both types of MSCs and
suppressed the expression of the majority of the immunosup-
pressive factors tested [539].

Duloxetine (a serotonin and norepinephrine reuptake
inhibitor) and fluoxetine (a selective serotonin reuptake
inhibitor) are commonly used antidepressants for the
management of major depressive disorders. Daily nontoxic
concentration of both drugs exerted time-dependent effects
on ASCs in vitro. In short-term exposure, both drugs influ-
enced the proliferation and stemness properties of noncom-
mitted ASCs, while following after 21 days of daily drug
treatments, both cell proliferation and mesenchymal stromal
cell marker expression were comparable to cells cultured in
basal medium. Treatment with fluoxetine did not lead to
morphological alterations during adipogenic or osteogenic
differentiation of committed cells. Treatment with duloxetine
resulted in slowing down lipid accumulation [540], which
contradicts weight gain documented in patients treated for
long durations [541] and increased mineral deposition,
which could be correlated with the upregulation in gene
expression of early and late osteogenic markers in ASCs
treated with duloxetine [540].

Nonsteroidal anti-inflammatory drugs showed no inter-
ference with BMSC potential to proliferate and differentiate
into osteogenic lineage in vitro, while inhibiting their chon-
drogenic potential [542].

In summary, it is evident that various drugs and chemi-
cals used during MSC in vitro culturing and ex vivo expan-
sion or during MSC transplantation could alter the cell
viability, proliferation, properties, and/or function. The exact
mechanism or consequences of each drug are still not clear,
based on the currently available evidence in literature, and
further future standardized in vitro studies, in vivo animal
investigations, and clinical trials are greatly needed to care-
fully evaluate the effects of different drugs and chemicals
used/needed during MSC-based therapies.

11. Conclusion

The results of MSCs’ clinical applications are mixed and con-
tradictory, preventing the advancement of MSCs into cell-
based therapy. Although a considerable number of studies
have proved the regenerative capacity of MSCs, significant
limitations still exist hindering their usage as a clinically safe
and efficient therapeutic approach.

Stem/progenitor cell-based therapy compromises varia-
tions related to the donor, their isolation, and expansion, as
well as to the wide range of used media and their constituents
and finally related to the recipients. All these variabilities sug-
gest the need for developing a biological database, following
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reviewing the literature for the growth factors and cytokines
associated with age, gender, health status, and immune
response. Such biological map could enable the therapists
to design a personalized protocol for each patient, consider-
ing the donor- and the recipient-related variations. Further,
limiting and overcoming donor-related variations entail
using standardized allogenic MSC transplantation following
rigorous characterization and immunophenotyping [58, 61,
100]. Alternative cell sources as ASCs [57, 58], dental pulp
MSCs [59], and stem/progenitor cell banking [61] should
be considered for therapeutic use in aged patients instead of
BMSCs.

Standardizing the materials used and the protocols uti-
lized during fabrication is mandatory to alleviate the discrep-
ancies during MSC fabrication. A chairside characterization
facility should exist to examine the autogenous products

from the patients (autoserum, for example) in order to over-
come the immunogenicity and the time consumption associ-
ated with other alternatives. Moreover, the cell dose or cell
delivery must be optimized according to the type and state
of illness, utilized MSC predefined criteria, and condition of
the patient. In addition, various drugs and chemicals used
during MSC in vitro culturing and ex vivo expansion or
duringMSC transplantation could alter the cell viability, pro-
liferation, properties, and/or function; thus, careful investiga-
tion of their effect on MSCs is mandatory.

Hence, for long-term therapeutic effectiveness and
safety of MSC-based therapies, more research on both
the preclinical and clinical levels has to be accomplished,
focusing on optimizing the protocol for MSC isolation
and in vitro expansion and preengineering to enhance
their in vivo survival, differentiation, homing, and
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functional integration into the diseased/injured target site.
In an attempt to prime the cells to be able to survive
the harsh in vivo environment postinjury and to augment
MSCs’ biological and functional properties, preconditio-
ning/pretreatment with hypoxia, growth factors, and/or
drugs and genetic engineering of MSCs are an area of
active research [543–547]. In addition, the establishment
of personalized treatment approaches for patients adapted
to their condition, disease state, and type of MSCs deliv-
ered is crucial. All these tactics (Figure 3) would greatly
contribute to the successful and efficacious translation of
MSC-based therapies into the clinical practice to be able
to achieve the long-awaited regenerative and therapeutic
role of MSCs.
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Marrow stromal cells (MSCs) are in different stages of clinical trials for stroke patients. MSCs are proposed to promote recovery
through the release of secretomes that modulate the function of beneficial immune cells. The majority of stroke patients have
comorbidities including hypertension, for which they are prescribed antihypertensive medications that might affect the function
of MSCs, when they are administered in stroke patients. Here, we studied the effects of common antihypertensive medications
on the secretomes of human MSCs and their modulation of human monocytes (Mo) derived from stroke patients. MTT assay
was used to assess the proliferation of MSCs after they were exposed to increased levels of antihypertensive medications. MSCs
were exposed to the following medications: atenolol, captopril, and losartan. Monocytes were isolated from stroke patients with
NIHSS ranging from 11 to 20 and from healthy controls. MSC-Mo cocultures were established, and a secretome profile was
analyzed using the Magpix Multiplex cytokine array from Luminex technology. The linear mixed-effect model was used for
statistical analysis. All analyses were performed using SAS 9.4, and p values less than 0.05 were considered significant. At
clinically relevant levels, there was no change in MSC proliferation after exposure to atenolol, captopril, or losartan. Atenolol
increased IL-1RA in stroke-Mo and decreased IL-8 secretion from MSCs indicating an anti-inflammatory effect of atenolol on
secretomes of these cells. Captopril increased IL-8 from stroke-Mo and increased IL-6, IL-8, and MCP-1 secretions from MSCs.
Captopril also increased IL-6 secretion from cocultures of stroke-Mo and MSCs indicating a strong proinflammatory effect on
MSCs and their interaction with Mo. Atenolol increased the secretion of IL-8 and MCP-1 while captopril increased the secretion
of IL-6 and MCP-1 from MSCs. Losartan decreased the release of IL-6 from MSCs. Losartan reduced MCP-1 and TNF-α from
stroke-Mo and reduced IL-8 from cocultures of stroke-Mo and MSCs. Our results show that antihypertensive medications such
as atenolol, captopril, and losartan, at concentrations comparable to doses prescribed for patients hospitalized for acute stroke,
modulate the secretome profile of MSCs and their modulatory effects on target immune cells. Our results suggest that stroke
trials involving the use of intravenous MSCs should consider the effect of these antihypertensive drugs administered to stroke
patients.

1. Introduction

Stroke is one of the major causes of death and disability
around the world. Acute stroke is characterized by a sudden
increase of inflammation that leads to secondary brain injury.
Cell-based therapies [1–5] are under investigation as a treat-
ment for stroke. Among different types of cell-based thera-
pies, human bone marrow-derived mesenchymal stromal
cells (MSCs) have been shown in preclinical trials to promote

recovery after stroke by releasing various biological factors
called the secretome which promote immunomodulation
[6, 7]. Patients with an acute ischemic stroke are prescribed
medications upon admission to the hospital. Many stroke
patients have comorbidities such as hypertension, have
elevated blood pressure in the hospital after a stroke, and
are prescribed antihypertensive medications such as beta-
blockers, ACE inhibitors, and angiotensive II receptor
blockers. The effects of these drugs in altering long-term
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outcomes after stroke have been well documented; however,
the effect of these commonly prescribed drugs on MSCs is
unknown. The interactions of medications with MSCs are
important since clinical trials are testing the intravenous
administration of these cells in stroke patients [8, 9]. Exten-
sive studies have testedMSCs in rodent models of focal ische-
mic stroke where the timing of administration is 24 hrs after
symptom onset. A recent meta-analysis conducted on 141
preclinical trials testing MSCs in a rodent model of ischemic
stroke showed that MSCs promote functional recovery
regardless of their dose, when administered up to 7 days after
stroke [10]. However, clinical trials that would test the IV
administration of MSCs in this time frame would involve
patients being prescribed antihypertensive medications.
After intravenous administration, MSCs interact with vari-
ous immune cells in the circulation and peripheral organs.
Among various peripheral circulating immune cells, mono-
cytes (Mo) play an important immunoregulatory role after
stroke and could be a direct target of MSCs [11, 12]. MSCs
could help Mo acquire beneficial phenotypes through its
secretome and hence aid in poststroke repair processes
[13]. Hence, in this study, we aimed to study how antihyper-
tensive medications change the secretomes of MSCs and the
interaction of MSCs with such target immune cells as mono-
cytes from the blood of stroke patients.

2. Methods

2.1. Isolation and Culture of Human Mesenchymal Stromal
Cells (MSCs). MSCs were isolated from commercially avail-
able fresh human bone marrow aspirates (AllCells, Alameda,
CA) using density centrifugation and plastic adherence as
previously described [14]. An adherent population of MSCs
was obtained 3 weeks after the initiation of culture. The cells
were screened for typical spindle-like morphology and
growth kinetics. These MSCs strongly expressed MSC
markers CD73 and CD90 and were negative for hematopoi-
etic markers HLA-DR, CD11b, CD34, CD45, and CD19 as
previously described [15]. The cells were further expanded
by plating 106 passage 2 cells at 200 cells/cm2 in 2528 cm2

in Nunc™ Cell Factory™ Systems with complete culture
medium (CCM) that consisted of α-minimal essential
medium (α-MEM; Life Technologies, Grand Island, NY),
17% fetal bovine serum (FBS; Atlanta Biologicals, Norcross,
GA), 100 units/ml penicillin (Life Technologies, Carlsbad,
CA), 100μg/ml streptomycin (Life Technologies, Carlsbad,
CA), and 2mM L-glutamine (Life Technologies). At 70% cell
confluency, the medium was discarded, the cultures were
washed with phosphate-buffered saline (PBS) (Life Technol-
ogies, Carlsbad, CA), and the adherent cells were harvested
with 0.25% trypsin (Life Technologies, Carlsbad, CA) for
5min at 37°C and frozen at 1 × 107 cells/ml for subsequent
experiments as passage 3.

2.2. Collection of Human Blood Samples. The Institutional
Review Board approved all the studies and protocols involv-
ing human subjects. Peripheral blood was collected either
from healthy controls or from ischemic stroke patients 24
hours after the presentation of initial symptoms through

phlebotomy. Inclusion criteria for stroke patients included
any acute ischemic stroke patients with NIHSS between 11
and 20.

2.3. Isolation of Human Peripheral Blood Monocytes. Periph-
eral Blood Mononuclear Cells (PBMCs) were isolated from
peripheral human blood by Ficoll gradient. CD14+ mono-
cytes (Mo) were isolated from PBMCs of healthy humans
and stroke patients using an indirect magnetically labelling
technique using a magnetic bead-based isolation as previ-
ously described [16]. A negative selection technique was used
whereby a cocktail of biotin-conjugated monoclonal antibod-
ies labelled nonmonocyte cells such as T cells, NK cells, B
cells, dendritic cells, and basophils, and nonlabelled mono-
cytes were collected for further cell culture work.

2.4. Cocultures of MSCs and Mo. Isolated monocytes were
plated in a 48-well plate at 50,000 cells per well in a serum-
free DMEM media. Subsequently, they were exposed to dif-
ferent doses of atenolol, captopril, and losartan. MSCs or an
equal amount of media (control) were added in each well at
50,000 cells per well to set up a contact coculture. Monocytes
exposed to drugs alone without MSCs were used as a control.
After an additional 24 hours of incubation, media from
monocytes exposed to drugs alone or media from contact
cocultures were collected from each well and secretomes were
measured. A similar method was used to collect secretomes
from MSCs cultured alone in the presence of each drug.

2.5. Cell Proliferation Assays. MSCs were exposed to various
drug concentrations of all 3 drugs. Atenolol was used from
concentration ranging from 4mM to 4nM. Captopril was
used from concentrations ranging from 5mM to 5nM.
Losartan was used from concentrations ranging from 2mM
to 2nM. At 24 and 48 hours of incubation, cell proliferation
of MSCs was measured using MTT assay by comparing each
concentration with the vehicle control.

2.6. Experimental Groups. MSCs as well as Mo were exposed
to either atenolol (40μM to 4nM), captopril (50μM to
5nM), or losartan (20μM to 2nM). The groups were as fol-
lows: (a) MSCs alone exposed to each drug, (b) healthy sub-
ject Mo alone exposed to each drug, (c) stroke patient Mo
alone exposed to each drug, (d) MSC-Mo cocultures (healthy
subject Mo) with each drug, and (e) MSC-Mo cocultures
(stroke patient Mo) with each drug. The dose range for each
drug was selected based on the plasma concentrations these
drugs might attain.

2.7. Analysis of Secretome Using ELISA and Multiplex
Cytokine Assays. Conditioned media collected from treated
MSCs, Mo, and MSC-Mo cocultures were analyzed for the
presence of secretomes by using the MagPix magnetic
bead-based ELISA assay (Millipore) as previously described
[16, 17]. Data were averaged for 3 donors. Briefly, 96-well
Magpix plates were used and supernatant media were incu-
bated with magnetic cytokine beads overnight at 4°C. The
next day, detection antibodies were added and incubated
for 1 hour at room temperature. A Luminex Magpix plate
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reader was used to measure the concentrations of multiple
cytokines in the supernatant.

2.8. Statistical Analysis.We evaluated the dose effect of aten-
olol, captopril, and losartan on MSCs and Mo from healthy
control or stroke patients through a mixed-effect model.
We applied base-2 logarithm transformation on fold change
data to normalize the secretome levels of the interested bio-
markers. Mixed models were fitted to the normalized data.
In a mixed model, for each source of Mo alone, MSC alone,
and Mo-MSC cocultures, we considered dose level as the
fixed effect. The effects from biological replicates of Mo and
MSCs were considered as random effects. Based on the mixed
model, we estimated log2(fold change) on the secretome
levels for different dose levels. All analyses were performed
using SAS 9.4 (Cary, NC), and a p value less than 0.05 was
considered as significant.

3. Results

The following experimental groups were analyzed: (a) MSCs
alone, (b) healthy subject Mo alone, (c) stroke patient Mo
alone, (d) MSC-Mo cocultures with healthy subject Mo,
and (e) MSC-Mo cocultures with stroke patient Mo. Each
of the experimental groups was exposed to either atenolol
(40μM to 4nM), captopril (50μM to 5nM), or losartan
(20μM to 2nM).

3.1. Clinically Prescribed Medications Do Not Alter the
Proliferation of MSCs at Physiologically Relevant Doses.
When we subjected MSCs in our experiment to various doses
of atenolol (ranging from 4mM to 4nM), captopril (ranging
from 5mM to 5nM), and losartan (ranging from 2mM to
2nM) for 24 and 48 hours, we found no significant difference
in the proliferation of MSCs at physiologically relevant doses
of all three drugs as compared to vehicle controls (Fig S1).

3.2. Antihypertensive Medications Alter the Secretome of
Monocytes from Healthy Controls and Stroke Patients. We
subjected Mo in our experiment to therapeutically relevant
doses of atenolol, captopril, and losartan. We measured the
secretome levels of IL-1RA, IL-8, IL-10, MCP-1, IFN-
gamma, and TNF-alpha.

3.2.1. Atenolol Increased the Secretions of IL-1RA and TNF-α
from Stroke Patient-Derived Monocytes. Atenolol reduced the
secretions of IL-1RA from Mo derived from healthy controls
after 24 hours at physiologically relevant concentrations;
however, it increased the secretions of IL-1RA from Mo
derived from stroke patients (p < 0:05) (Figure 1(a)). Ateno-
lol, at higher doses (more than 400nM), increased the
secretions of TNF-α from stroke-Mo (p < 0:05) but did not
have any effect on TNF-α release from Mo harvested from
healthy controls after 24 hours of exposure. MCP-1 secre-
tions were reduced after 24 hours, but only from healthy
control-derived monocytes and not from stroke-Mo
(Figures 1(b)–1(d)).

3.2.2. Captopril Increased the Secretions of IL-1RA and IL-8
from Stroke Patient-Derived Monocytes. In Mo from stroke

patients, captopril after 24 hours of exposure, similar to what
we have seen for atenolol, increased the secretions of IL-1RA
at physiologically relevant concentrations (p < 0:05). Capto-
pril also increased the secretion of IL-8 from stroke patients
as well as healthy control Mo after 24 hours (p < 0:05). There
was no effect of captopril on IL-1RA when using healthy con-
trol Mo (Figures 1(e)–1(h)).

3.2.3. Losartan Did Not Have Any Effect on Secretions of IL-
1RA, IL-8, MCP-1, and TNF-α from Stroke Patient-Derived
Monocytes. Losartan at doses lower than 200nM reduced
the secretions of MCP-1 and TNF-α from Mo derived
from healthy controls at 24 hours (p < 0:05); however, it
did not have an effect on secretomes from stroke-Mo
(Figures 1(i)–1(l)).

3.3. Antihypertensive Medications Alter Secretomes from
MSCs. We subjected MSCs in our experiment to physiologi-
cal doses of atenolol, captopril, and losartan. We measured
the levels of IL-4, IL-6, IL-8, IL-10, MCP-1, IFN-gamma,
and TNF-alpha. We saw significant changes only in the levels
of IL-6, IL-8, and MCP-1 after MSCs were exposed to antihy-
pertensive medications.

3.3.1. Atenolol Decreases the Levels of IL-8 and MCP-1
Released from MSCs. When MSCs were exposed to atenolol,
it significantly decreased the levels of IL-8 after 24 hours of
exposure. The decrease in IL-8 seen after exposure to atenolol
was dose dependent, and 400nM dose produced a significant
reduction in the release of IL-8 (p < 0:05) (Figures 2(a)–2(c)).
40 nM and 4nM doses produced a reduction in IL-8 secre-
tion, but it was not significant. MCP-1 levels decreased signif-
icantly after 24 hours of exposure at 40nM and 4nM dose
(p < 0:05) (Figures 2(a)–2(c)).

3.3.2. Captopril Increased the Levels of IL-6, IL-8, and MCP-1
from MSCs. When MSCs were exposed to captopril, it
increased the release of IL-6 significantly at all doses ranging
from 500nM to 5nM at 24 hours after exposure (p < 0:05)
(Figures 2(d)–2(f)). Both IL-8 and MCP-1 secretions also
increased significantly fromMSCs after 24 hours of exposure
to captopril (p < 0:05) (Figures 2(d)–2(f)).

3.3.3. Losartan Increased the Levels of IL-8. Losartan
increased the release of IL-8 from MSCs at 24 hours at all
doses except 2nM dose at 24 hours after exposure (p < 0:05)
(Figures 2(g)–2(i)). On the contrary, it reduced the levels of
IL-6 and MCP-1 but only for the lowest dose of 2nM at 24
hours (p < 0:05) (Figures 2(g)–2(i)).

3.4. Antihypertensive Medications Change the Secretome from
MSC/Monocyte Cocultures Only when Mo Are Derived from
Healthy Controls but Not from Stroke Patients. To determine
whether MSCs exposed to antihypertensive medications in
the presence of Mo derived from stroke patients, as com-
pared to normal healthy controls, have different effects, we
cocultured these MSCs with Mo (from stroke patients and
healthy control patients) and measured the secretomes
released from them.
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3.4.1. Atenolol Reduced the Release of Cytokines from
Cocultures of MSCs with Monocytes from Healthy Controls
but Had No Effect on Cocultures with Stroke Patient-
Derived Monocytes. Atenolol reduced the release of IL-1β,
IL-8, MCP-1, TNF-α, IL-1RA, IL-6, Fractalkine, and VEGF
from cocultures of MSCs withMo from healthy controls after
24 hours of exposure (p < 0:05). Atenolol had no effect on
secretome in cocultures with stroke-Mo (Figure 3).

3.4.2. Captopril Increased the Secretion of IL-6 from
Cocultures of MSCs with Stroke Patient-Derived Mo. Capto-
pril reduced secretions of IL-8, MCP-1, TNF-α, and IL-1RA
from cocultures of MSCs with healthy control monocytes
but had no effect on these secretomes in cocultures with
stroke-Mo after 24 hours of exposure. More importantly,
captopril increased the secretions of IL-6 from cocultures of
MSCs with stroke-Mo at therapeutically relevant doses at
24 hours (5000 nM to 50nM, p < 0:05) (Figure 4). On the
contrary, captopril exposure reduced the IL-6 secretions
from cocultures of MSCs with healthy control monocytes at
24 hours of exposure (Figure 4).

3.4.3. Losartan Reduced the Release of Cytokines from
Cocultures of MSCs with Monocytes from Healthy Controls.
Losartan reduced the release of IL-8 from cocultures of MSCs
with both stroke-derived and healthy control monocytes
after 24 hours of exposure (Figure 5). On the contrary, for
all other cytokines measured (IL-1β, MCP-1, TNF-α, IL-
1RA, and IL-6), secretions were reduced only from cocultures
with healthy monocytes, and not from stroke-Mo at 24 hours
(Figure 5).

4. Discussion

The release of biological factors is considered to play an
important role underlying how MSCs exert beneficial effects
in stroke [18, 19]. The number of passages, storage condi-
tions, and types of solvents of MSCs impact the viability
and immunomodulatory effects of MSCs [20–24] [17].
Stroke patients also take concurrent medications for their
comorbidities. A recent STEPS 4 consortium recommended
the need to study the effect of these concurrent medications
on cell-based therapies [25]. Since intravenously adminis-
tered MSCs have advanced to clinical trials in stroke patients,
we posed clinically relevant questions about the effects of
antihypertensive medications commonly taken by hospital-
ized stroke patients because of preexisting hypertension.
We sought to evaluate the effects of these medications on
Mo and MSCs by specifically studying Mo- and MSC-
derived secretomes and the immunomodulatory effects of
MSCs on monocytes. A range of drug concentrations was
studied to simulate clinically relevant drug ranges in a
patient’s bloodstream and to assess for dose-dependent
effects. In addition, we studied secretome released from each
of these cell types. IL-1β and TNF-α are known to play a pro-
inflammatory role after stroke and worsen stroke outcomes
[26, 27]. IL-8 and MCP-1 are both chemotactic factors and
attract immune cells towards the brain after ischemic stroke
[26]. IL-6 is a proinflammatory cytokine and plays a key role

in the pathogenesis of stroke because of its ability to play a
dual role [26]. Fractalkine is a proinflammatory chemokine,
whose downregulation is beneficial in stroke [26]. IL-1RA
and VEGF are well-known anti-inflammatory and angio-
genic cytokines, respectively. Hence, we selected these cyto-
kines to get a broader picture of immunomodulation after
MSCs are exposed to atenolol, captopril, and losartan.

Atenolol is a second-generation beta-1-selective adrener-
gic antagonist which is indicated for the treatment of hyper-
tension, angina pectoris, and acute myocardial infarction.
For hypertension, atenolol is usually given at the dose of
50-100mg/day [28]. After a 100mg dose, the peak plasma
concentration of atenolol reaches around 600ng/ml after 3
hours of administration and decreases to 50-70 ng/ml after
24 hours [29]. This translates to around 2.25μM concentra-
tion in plasma at 3 hours to 200nM concentration at 24
hours. Hence, we studied the following doses for atenolol:
40μM, 4μM, 400nM, 40nM, and 4nM, to encompass the
entire therapeutic range for atenolol. Atenolol increased IL-
1RA release from Mo derived from stroke patients but had
no significant effect on healthy control Mo at therapeutic
levels. On the contrary, atenolol decreased the IL-1RA secre-
tions from healthy control Mo, indicating that it may have
different effects in stroke patients. Atenolol also reduced the
secretions of IL-6, IL-8, and MCP-1 from MSCs indicating
a beneficial anti-inflammatory effect on them. MCP-1 is a
key chemokine that regulates the migration and infiltration
of monocytes and macrophages [30]. Our results raise the
possibility that atenolol could alter the release of MCP-1
from MSCs in stroke patients enrolled in an MSC trial.
Reducing MCP-1 might therefore alter the effect of MSCs
to promote migration of monocytes to the brain. Atenolol
also reduced the secretions of IL-8 at 400nM dose. IL-8 is
known as a neutrophil chemotactic factor and has two
important immunomodulatory functions. IL-8 promotes
chemotaxis in target cells, primarily neutrophils, and assists
their migration towards the site of injury. IL-8 also stimulates
phagocytosis and is a potent promoter of angiogenesis.
Reducing IL-8 can lead to negative regulation of phagocytosis
and angiogenesis, thereby reducing the clearance of dead
cells around the damaged stroke brain, as well as reducing
the formation of new blood vessels, thereby potentially alter-
ing stroke recovery. When atenolol was exposed to cocultures
of MSCs andMo, curiously, they did not change secretions of
any cytokines in cocultures when using monocytes from
stroke patients. On the other hand, with cocultures involving
healthy control Mo, secretions of all cytokines were reduced.
In addition, when we compared the effect of atenolol between
stroke patient-derived Mo alone and their cocultures with
MSCs, higher doses of atenolol showed an increase in TNF-
α secretions from stroke patient-derived Mo alone. However,
this effect was abolished in the presence of MSCs, indicating
the possibility that MSCs may be able to curb the TNF-α
secretions from stroke patient-derived Mo in the presence
of atenolol. Overall, atenolol did show some anti-
inflammatory tendency towards Mo and MSC alone, but
there was no consistent beneficial effect in cocultures unlike
aspirin which has been shown to produce beneficial effects
on cocultures of MSCs and stroke-derived monocytes [16].
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Figure 1: Continued.
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Figure 1: Antihypertensive medications alter the secretome of monocytes from healthy controls and stroke patients after 24 hours of
exposure. Atenolol (a–d) increased IL-1RA and TNF-α secretions from stroke patient-derived monocytes but reduced the IL-1RA and
MCP-1 secretions from health control monocytes. Captopril (e–h) increased IL-1RA secretions from stroke patient-derived monocytes but
increased IL-8 secretions from both healthy control and stroke monocytes. Losartan (i–l) did not alter cytokine secretions from stroke
patient-derived monocytes but reduced MCP-1 secretions from healthy control monocytes. Significance is shown by ∗p < 0:05. All fold
changes are as compared to vehicle control.
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Figure 2: Antihypertensive medications alter the secretome of MSCs after 24 hours of exposure. Atenolol (a–c) reduced IL-6, MCP-1, and IL-
8 secretions; captopril (d–f) increased IL-6, IL-8, and MCP-1 secretions; and losartan (g–i) increased IL-8 but reduced IL-6 and MCP-1
secretions. Significance is shown by ∗p < 0:05. All fold changes are as compared to vehicle control.
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Figure 3: Atenolol reduces the cytokine secretions of IL-1β, IL-8, MCP-1, TNF-α, IL-IRA, IL-6, Fractalkine, and VEGF from cocultures of
healthy control monocytes with MSCs after 24 hours of exposure but does not alter any cytokine secretions from cocultures involving
stroke patient-derived monocytes. Significance is shown by ∗p < 0:05. All fold changes are as compared to vehicle control.
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Figure 4: Continued.
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Figure 4: Continued.

20 Stem Cells International



Fractalkine

50000 nM

Ca
pt

op
ril

 (n
M

) 5000 nM

500 nM

50 nM

5 nM

50000 nM

5000 nM

500 nM

50 nM

5 nM

–1 0 2
log2 (fold change) as compared to vehicle

Control Mo + MSCs

Stroke-Mo + MSCs

Downregulation Upregulation

–2 1

(g)

VEGF

50000 nM

Ca
pt

op
ril

 (n
M

) 5000 nM

500 nM

50 nM

5 nM

50000 nM

5000 nM

500 nM

50 nM

5 nM

0
log2 (fold change) as compared to vehicle

Control Mo + MSCs

Stroke-Mo + MSCs

Downregulation Upregulation

–2 2

(h)

Figure 4: Captopril reduces the cytokine secretions of IL-8, MCP-1, TNF-α, IL-1RA, and IL-6 from cocultures of healthy control monocytes
with MSCs after 24 hours but increases only IL-6 secretions from cocultures involving stroke patient-derived monocytes without changing
any other cytokine secretions. Significance is shown by ∗p < 0:05. All fold changes are as compared to vehicle control.
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Figure 5: Continued.
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Figure 5: Continued.
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Figure 5: Losartan reduces the cytokine secretions of IL-1β, IL-8, MCP-1, TNF-α, IL-1RA, IL-6, and VEGF from cocultures of healthy control
monocytes with MSCs after 24 hours of exposure, while decreasing only IL-8 secretions from cocultures involving stoke patient-derived
monocytes without changing any other cytokine secretions. Significance is shown by ∗p < 0:05. All fold changes are as compared to vehicle
control.
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Captopril is an angiotensin-converting enzyme (ACE)
inhibitor and prevents the conversion of angiotensin I to
angiotensin II. For hypertension, captopril can be given at
doses ranging from 25mg to 150mg twice per day (BID) or
three times per day (TID) [31]. The plasma concentrations
of captopril range from 15 to 250 ng/ml, which translates to
a concentration of 1000 nM to 50nM [32]. To study the
entire therapeutic range, we used 50μM, 5μM, 500nM,
50 nM, and 5nM captopril concentrations. Captopril
increased IL-8 secretion from stroke as well as healthy con-
trol Mo indicating that they could have proinflammatory
effects on monocytes. WhenMSCs were exposed to captopril,
IL-6, IL-8, andMCP-1 secretions increased significantly indi-
cating a strong inflammatory response. Cocultures with
stroke-Mo and MSCs showed a significant increase in IL-6
secretion when they were exposed to captopril. There was
no change in cytokine secretion for other cytokines with
cocultures of stroke-Mo and MSCs, but cocultures with
healthy Mo showed a consistent decrease in secretions of
IL-1RA, IL-8, MCP-1, and TNF-α. In addition, when we
compared the effect of captopril between stroke patient-
derived Mo alone and their cocultures with MSCs, captopril
showed an increase in IL-8 and TNF-α secretions from stroke
patient-derived Mo alone. However, this effect was abolished
in the presence of MSCs, indicating the possibility that MSCs
may be able to curb the IL-8 and TNF-α secretions from
stroke patient-derived Mo in the presence of captopril. Over-
all, captopril showed a consistent proinflammatory tendency
towards both MSCs and stroke-Mo.

Losartan is a selective and competitive angiotensin II
receptor blocker. It is approved as one of the first-line drugs
for stage 1 hypertension [33]. Losartan is usually given at
doses ranging from 25 to 100mg once a day (OD). The peak
serum levels of losartan after a 50mg dose was between 200
and 250ng/ml. However, serum levels can range from 50 to
300ng/ml with 100ng OD dosage [34]. This translates to a
serum concentration range of 200nM to 1200 nM. In this
study, we used 20μM, 2μM, 200nM, 20 nM, and 2nM con-
centrations of losartan. Losartan did not change secretions of
any measured cytokines from stroke-derived Mo but reduced
MCP-1 and TNF-α from healthy control Mo. When MSCs
were exposed to losartan, there was a consistent increase in
IL-8 secretion. On the contrary, IL-8 secretion was consis-
tently decreased in cocultures of MSCs and Mo for both
stroke-Mo and healthy control Mo. Cocultures of MSCs
and stroke-Mo failed to show any significant change of other
released cytokines, but cocultures involving healthy Mo
showed consistently reduced secretions of all cytokines mea-
sured in this study. Losartan did not show any differences in
secretome when stroke patient-derived Mo alone was com-
pared with cocultures of stroke-Mo and MSCs, indicating
that losartan does not change the effects of MSCs on
stroke-Mo.

ACE inhibitors or ARBs are commonly given to stroke
patients to control blood pressure. MSCs exposed to the
ACE inhibitor, captopril (doses ranging from 5000nM to
5nM), showed increased secretion of IL-6, IL-8, and MCP-
1 at 24 hours after exposure. MSCs exposed to the ARB,
losartan, showed a significant reduction in IL-6 secretion at

2 nM dose but showed a significant increase in IL-8 secretion
at all doses higher than 20nM. Our results indicate that
blocking ACE enhances proinflammatory signals fromMSCs
while blocking angiotensin II receptor reduces proinflamma-
tory signals from MSCs. A study by Krikov et al. showed that
blocking angiotensin II receptor reduced stroke volume and
improved functional outcome significantly, while blocking
ACE did not produce any such effect [35]. Our results are
consistent with this effect and in fact take it one step further
by indicating that MSC treatment could be beneficial in com-
bination with losartan by reducing IL-6 at low doses but not
captopril, which increases IL-6 secretions. Our results also
show that there is no consistent effect of these drugs on
cocultures of MSCs and stroke-derived Mo, even though
the secretome was markedly reduced from cocultures with
healthy control-derived Mo. The only significant change
was with captopril, which increased IL-6 secretion from
cocultures involving stroke-Mo but reduced IL-6 from cocul-
tures with healthy Mo. The limitation of this study is that it is
difficult to attribute secretome change due to these drugs to
either Mo or MSCs in the coculture experiments. However,
in a clinical scenario involving MSCs in stroke patients, both
Mo and MSCs will be present. Antihypertensive drugs are a
variable which will change from patient-to-patient. Hence,
our study provides a framework for designing clinical trials
involving MSCs in stroke patients on these medications.
Our results also strongly indicate that atenolol may have an
anti-inflammatory effect on the secretome when adminis-
tered in stroke patients, while captopril could be proinflam-
matory for secretomes derived from interactions between
MSCs and Mo.

Overall, our results show that antihypertensive medica-
tions at clinically relevant doses have significant effects on
the secretomes and immunomodulatory signaling of MSCs.
Since immunomodulation is a key mechanism of MSCs in
promoting stroke recovery in animal studies, our results sug-
gest the possibility that antihypertensive medications may
exert drug interactions on MSCs and exposure to these med-
ications may be an important variable that should be consid-
ered in clinical trials testing MSCs in stroke patients.
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Cerebral palsy (CP) is a kind of movement and posture disorder syndrome in early childhood. In recent years, humanmesenchymal
stem cell (hMSC) transplantation has become a promising therapeutic strategy for CP. However, clinical evidence is still limited and
controversial about clinical efficacy of hMSC therapy for CP. Our aim is to evaluate the efficacy and safety of hMSC transplantation
for children with CP using a meta-analysis of randomized controlled trials (RCTs). We conducted a systematic literature search
including Embase, PubMed, ClinicalTrials.gov, Cochrane Controlled Trials Register databases, Chinese Clinical Trial Registry,
and Web of Science from building database to February 2020. We used Cochrane bias risk assessment for the included studies.
The result of pooled analysis showed that hMSC therapy significantly increased gross motor function measure (GMFM) scores
(standardized mean difference ðSMDÞ = 1:10, 95%CI = 0:66‐1:53, P < 0:00001, high-quality evidence) and comprehensive
function assessment (CFA) (SMD = 1:30, 95%CI = 0:71‐1:90, P < 0:0001, high-quality evidence) in children with CP, compared
with the control group. In the subgroup analysis, the results showed that hMSC therapy significantly increased GMFM scores of
3, 6, and 12 months and CFA of 3, 6, and 12 months. Adverse event (AE) of upper respiratory infection, diarrhea, and
constipation was not statistically significant between the two groups. This meta-analysis synthesized the primary outcomes and
suggested that hMSC therapy is beneficial, effective, and safe in improving GMFM scores and CFA scores in children with CP.
In addition, subgroup analysis showed that hMSC therapy has a lasting positive benefit for CP in 3, 6, and 12 months.

1. Introduction

Cerebral palsy (CP) is a syndrome of posture disorders and
movement disorders caused by nonprogressive damage in
brain development. Patients with CP are associated with sen-
sory and perceptual impairments, cognition difficulties, and
behavioral disorders, as well as secondary musculoskeletal
disorders and epilepsy [1, 2]. Movement disorders in CP
are often accompanied by sensory, perceptual, cognitive,
communication, and behavioral disorders [2]. Although with
the development of obstetrics and perinatology, the preva-
lence of CP is 2 and 3 per 1000 live births, CP is considered
the major cause of disabilities and death of childhood. CP
in children has become a very important public health issue
that severely affected patients’ quality of life and caused a
burden on the patient’s family and national financial

resources [3, 4]. At present, the main treatment is to rely on
orthopedic surgery, hyperbaric oxygen treatments, and neu-
rotrophic drugs. The clinical efficacy is limited since there is
no advantage of treatment for CP. Therefore, clinicians need
to seek a novel therapeutic option for CP to improve quality
of life and promote physical function of patients.

In recent years, stem cells transplantation was considered
as a promising treatment strategy in clinical practices and
various clinical trials [5–7]. Therefore, studies on stem cell
therapy for cerebral palsy provide a new treatment strategy.
Currently, the stem cells mainly used to treat CP are neural
progenitor cells, hematopoietic stem cells, bone marrowmes-
enchymal stem cell (BMSC), and umbilical cord mesenchy-
mal stem cell (UC-MSC) [8–11]. Compared with other
types of stem cells, human mesenchymal stem cells (hMSCs)
have the potential advantages of easy accessibility,
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immunosuppression, and low immunogenicity, so they are
attractive and promising in treating various diseases. A trial
of UC-MSC transplantation for children with CP showed
that UC-MSC transplantation could significantly increase
GMFM and CFA scores at 3, 6, 12, and 24 months. The study
indicated that UC-MSC transplantation would be effective in
improving functions for CP [12]. Another RCT also found
that UC-MSC transplantation significantly improved GMFM
and CFA scores without statistical significance in the inci-
dence of AE between the two groups [13]. Increasing evi-
dences show that hMSC transplantation has a therapeutic
potential in the treatment of CP in some clinical studies.
However, there is a lack of evidence-based medical evidence
whether hMSC transplantation could treat CP. In this study,
we sought to evaluate the efficacy and safety of hMSC trans-
plantation therapy for CP by grading of recommendation
assessment, development, and evaluation (GRADE) of RCTs.

2. Materials and Methods

The detailed protocol, which followed the template of
Cochrane review for interventions, is registered in the PROS-
PERO (CRD42020171773). The preferred reporting items for
systematic reviews and meta-analysis (PRISMA) were used
to complete this study.

2.1. Literature Search. A comprehensive literature search was
performed in Embase database, Cochrane Library, PubMed
database, Web of Science, Chinese Clinical Trial Registry,
and Clinical Trials.gov from building the database until Feb-
ruary 2020. The MeSH and keywords search terms included
the following: # (a) Cerebral palsy, CP, # (b) Human mesen-
chymal stem cell, hMSC, umbilical cordderived mesenchy-
mal stem cell, mesenchymal stem cell, MSC, # (c)
Randomized controlled trials.

2.2. Data Extraction. Two reviewers (Xie BC and Chen MY)
screened the full-text content of RCTs of hMSC therapy in
CP and extracted experimenter data in predesigned data
extraction form. Controversial opinion was resolved by con-
sensus by the third independent investigator (Han WC).
Data extracted were key variables of study design and regis-
tration, number of eligible patients, average age of patients,
therapeutic strategy, follow-up time, and primary outcome.

2.3. Assessment of Risk of Bias. To address the risk of bias of
studies, we used the Cochrane bias risk tool to evaluate RCTs.
We evaluated the research methodology one by one accord-
ing to the items listed as follows: (1) adequacy of random
sequence generation, (2) allocation concealment, (3) blinding
of study participants, (4) incomplete outcome data reporting,
(5) selective outcome depiction, and (6) other potential
sources of bias.

2.4. Outcome Measures. (1) The primary efficacy outcomes
are as follows: gross motor function measure (GMFM) scores
of 3, 6, and 12 months and comprehensive function assess-
ment (CFA) of 3, 6, and 12 months. (2) The primary safety
outcomes are as follows: adverse event (AE) of upper respira-
tory infection, diarrhea, and constipation.

2.5. Quality of Evidence.We use the GRADE methodology to
assess the quality of evidence of pooled outcome indicators.
We mainly use GRADE pro software to evaluate the outcome
indicators with the bias, inconsistency, discontinuity, impre-
cision, and risk of publication bias and then evaluate the
quality of evidence as very low, low, medium, or high.

2.6. Inclusion and Exclusion Criteria. The inclusion criteria of
our study included (1) RCTs; (2) eligibility criteria for partic-
ipants included a diagnosis of CP; (3) hMSC group treated
with hMSC therapy and control group treated with normal
saline or rehabilitation therapy; and (4) follow-up of at least
3 months. We excluded studies that met the following cri-
teria: (1) nonrandomized trials; (2) republished studies; (3)
ongoing RCTs and retraction study; (4) less than 3 months
of follow-up; (5) review and meta-analysis; and (6) letters,
case reports, cross-sectional studies, cohort studies, purely
experimental design scheme researches, and articles without
reporting outcomes of primary data articles.

2.7. Data Synthesis and Analysis. The statistical interpreta-
tion of data was performed using Review Manager 5.3 soft-
ware and STATA 13.0 software. Dichotomous data were
analyzed using risk ratio (RR) with 95% confidence intervals
(CIs). Continuous data were presented as standardized mean
difference (SMD) with 95% CI. Heterogeneity among RCTs
for each outcome was calculated by means of the χ2 test
and I2 statistic, where I2 < 25% represents slight inconsis-
tency, I2 between 25% and 50% with a medium heterogene-
ity. If I2 > 50%, the study had a severe heterogeneity; we
conservatively used random-effects models to estimate the
pooled outcomes to reduce the heterogeneity of studies. If
not, pooled outcomes were estimated with a fixed effects
model with RR and 95% CI. We performed sensitivity analy-
ses to evaluate the robustness of the model and the impact of
selected measures of study characteristics for the primary
study outcomes. We performed the subgroup analyses to
explore potential effects of GMFM scores of 3, 6, and 12
months and CFA of 3, 6, and 12 months.

3. Results

3.1. Data Selection. Our systematic search identified 310 cita-
tions published from building the database until February
2020. A total of 58 duplicated studies were excluded in
NoteExpress. Then, after reading the titles and abstracts of
the literature, we further excluded 207 studies with the fol-
lowing reasons: (a) nonrandomized trials; (b) review and
meta-analysis; (c) case report, abstract, poster, letters, case
reports, cross-sectional studies, cohort studies, or presenta-
tion; and (d) not patients with CP. Next, we excluded 41
studies of articles without reporting outcomes of primary
data articles, ongoing study, and the study reporting rationale
and design after reading the full text of the literature. Finally,
we included 4 studies on hMSC transplantation for CP in this
meta-analysis (Figure 1).

3.2. Characteristics of Included Studies. Four studies of 189
participants were included in this analysis. The hMSC group
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was treated with hMSC therapy and the control group was
treated with normal saline. The clinical trial registration
numbers of the three RCTs were ChiCTR1800016554,
CHiCTR-TRC-12002568, and NCT01929434. The stem cell
therapy used in the three RCTs was hUC-MSCs; the other
stem cell used in the RCT was BMSC. The amount of hMSC
transplants in RCTs of Huang et al. [12] and Gu et al. [13]
and were 5 × 107 and ð5:00 ± 0:50Þ × 107. The dosage of
hMSC transplants in the other two studies was 1 × 106/kg
and 1 × 107. The primary efficacy outcomes in RCTs were
GMFM scores of 3, 6, and 12 months and CFA of 3, 6, and
12 months. The primary safety outcomes in RCTs were AE
of upper respiratory infection, diarrhea, constipation, and
fever (Table 1).

3.3. Quality Assessment. The RCTs of Liu et al. [14] and Gu
et al. [13] were assigned to two groups according to the ran-
domization table. We evaluated them as “low risk” studies in
selection bias. RCTs of Huang et al. and Peng et al. [15] did
not report randomized methods and were assessed of
“unclear risk” and “high risk” in selection bias. After ran-

domization, the study processes of Liu et al. [14] and Gu
et al. [13] were blinded to the patient groups, participant sur-
geons, coordinators, and the investigators. We evaluated
them as “low risk” in selection bias, performance bias, and
detection bias. The study of Huang et al. reported that the
patients and their families were blinded. But, we did not find
out whether the study was reported blind to the investigators
and participant surgeons; we evaluated it as “unclear risk” in
selection bias, performance bias, and detection bias. The
studies of Gu et al. and Liu et al. [14] reported that one
patient and two patients in the hMSC group were lost to
follow-up. We evaluated them as “unclear risk” in attrition
bias. The results of the studies showed low correlation
between the impact of patients’ lifestyle and privacy, and
we considered that reporting bias with the low possibility
and evaluated them as “unclear risk” in reporting bias
(Figure 2).

3.4. Quality of Evidence. We used the GRADE methodology
to assess quality of evidence. We evaluated that hMSC ther-
apy significantly increased GMFM scores and CFA score
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Figure 1: Flow diagram and strategy of this meta-analysis.
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with high-quality evidence. We evaluated that AE of upper
respiratory infection, diarrhea, and constipation was not sta-
tistically significant with moderate-quality evidence, between
the hMSC therapy group and the control group (Table 2).

3.5. GMFM Scores. GMFM scores were reported in 3 studies
of 81 patients with hMSC therapy and 82 patients in the con-
trol group. We used a random-effects model after heteroge-
neity analysis (I2 = 80 > 50%). Pooled analysis showed that
hMSC therapy significantly increased GMFM scores
(SMD = 1:10, 95%CI = 0:66‐1:53, P < 0:00001, high-quality
evidence) (Figure 3, Table 2), compared with the control
group. Subgroup analysis with random-effects model showed
that hMSC therapy significantly increased GMFM scores in 3
months (SMD = 0:89, 95%CI = 0:19‐1:59, P = 0:01), 6

months (SMD = 1:19, 95%CI = 0:28‐2:11, P = 0:01), and 12
months (SMD = 1:23, 95%CI = 0:25‐2:21, P = 0:01), com-
pared with the control group in children with CP (Figure 3).

3.6. CFA Scores. CFA scores were reported in 2 RCTs of 46
patients treated with hMSC therapy and 47 patients in the
control group. A random-effects model was used to analyze
after heterogeneity analysis (I2 = 80%). Pooled analysis indi-
cated that hMSC therapy significantly improved CFA scores
(SMD = 1:30, 95%CI = 0:71‐1:90, P < 0:0001, high-quality
evidence) (Figure 4, Table 2), compared with the control
group. Subgroup analysis with random-effects model showed
that hMSC therapy significantly increased CFA scores in 3
months (SMD = 1:12, 95%CI = 0:46‐1:77, P = 0:0008) and 6
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months (SMD = 1:17, 95%CI = 0:36‐1:99, P = 0:005) in chil-
dren with CP (Figure 4).

3.7. Adverse Event (AE). In order to explore the safety of
hMSC therapy, we conducted a meta-analysis of AE. Pooled
analysis indicated that AE of upper respiratory infection
(RR = 0:80, 95%CI = 0:34‐1:87, P = 0:60, moderate-quality

evidence), diarrhea (RR = 0:81, 95%CI = 0:42‐1:57, P = 0:53
, moderate-quality evidence), and constipation (RR = 0:59,
95%CI = 0:13‐2:62, P = 0:59, moderate-quality evidence)
was not statistically significant between the hMSC therapy
group and the control group (Tables 2 and 3). There was
no statistical significance in other adverse events, such as
fever, vomiting, anorexia, and urticaria in the studies. There

Study or subgroup Mean SD Total Mean SD Total Weight IV. random. 95% CI IV. random. 95% CI
hMSC Control Std. mean difference Std. mean difference

1.1.1 3 months
Gu et al. 2020 32.05 19 15.7 30.17
Huang et al. 2018 4.59 27 1.74 2.03
Liu et al. 2017 113.15 35 97.34 28.96
Subtotal (95% CI) 81

[– ]0.04, 1.250.60 
1.63 [1.01, 2.25]
0.49 [0.01, 0.96]
0.89 [0.19, 1.59]

Heterogeneity: tau2 = 0.29; chi2 = 8.81, df = 2 (P = 0.01); I2 = 77%
Test for overall effect: Z = 2.50 (P = 0.01)

1.1.2 6 months
]Gu et al. 2020 59 19 28.9 39.34

Huang et al. 2018 7.62 27 2.96 1.66
Liu et al. 2017 122 34 99.86 28.48
Subtotal (95% CI) 80

[0.10, 1.400.75 
2.20 [1.51, 2.89]
0.68 [0.20, 1.17]
1.19 [0.28, 2.11]

Heterogeneity: tau2 = 0.56; chi2 = 13.81, df = 2 (P = 0.001); I2 = 86%
Test for overall effect: Z = 2.55 (P = 0.01)

1.1.3 12 months
Gu et al. 2020 64.53 19 36.8 38.37
Huang et al. 2018 10.27 27 4.75 1.46
Liu et al. 2017 127.03

21.92
1.35

34.93

38.99
2.44
35.5

42.93
2.96
35.8 33 102.51 28.3

Subtotal (95% CI) 79

0.67 [0.02, 1.32]
2.33 [1.63, 3.03]
0.75 [0.26, 1.25]
1.23 [0.25, 2.21]

Heterogeneity: tau2 = 0.65; chi2 = 15.41, df = 2 (P = 0.0005); I2 = 87%
Test for overall effect: Z = 2.47 (P = 0.01)

Total (95% CI) 240

20
27
35
82

20
27
35
82

20
27
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82

246

10.8%
11.0%
12.1%
33.8%

10.7%
10.5

12.0%
33.2%

10.8%
10.3%
11.9%
33.0%

100.0% 1.10 [0.66, 1.53]
Heterogeneity: tau2 = 0.35; chi2 = 39.59, df = 8 (P < 0.00001); I2 = 80%
Test for overall effect: Z = 4.93 (P < 0.00001)
Test for subgroup differences: chi2 = 0.42, df = 2 (P = 0.81); I2 = 0% Control group hMSC group
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Figure 3: Forest plot of the meta-analysis with GMFM scores between the hMSC therapy and control groups.

1.2.1 3 months
Gu et al. 2020 7.43
Huang et al. 2018 2.9
Subtotal (95% CI)

0.77 [0.12, 1.42]
1.44 [0.83, 2.04]
1.12 [0.46, 1.77]

Heterogeneity: tau2 = 0.12; chi2 = 2.17, df = 1 (P = 0.14); I2 = 54%
Test for overall effect: Z = 3.34 (P = 0.0008)

Study or subgroup Mean SD Total Mean SD Total Weight IV. random. 95% CI IV. random. 95% CI
hMSC Control Std. mean difference Std. mean difference

1.2.2 6 months
Gu et al. 2020 11.93
Huang et al. 2018 5.5
Subtotal (95% CI)

0.75 [0.10, 1.40]
1.58 [0.97, 2.20]
1.17 [0.36, 1.99]

Heterogeneity: tau2 = 0.24; chi2 = 3.31, df = 1 (P = 0.07); I2 = 70%
Test for overall effect: Z = 2.81 (P = 0.005)

1.2.3 12 months
Gu et al. 2020 15.18
Huang et al. 2018

17.95
7.2

23.79
12

25.74
25

14.46
3.8

16.45
5.04

17.2
6.4 10.6

12.32
1.72

14.55
2.71

16.93
3.38
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46

19
27
46

19
27
46

20
27
47

20
27
47

20
27
47
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16.7%
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32.4%

0.61 [–0.04, 1.25]
2.77 [2.01, 3.53]

1.68 [–0.44, 3.80]
Heterogeneity: tau2 = 2.22; chi2 = 18.14, df = 1 (P = 0.0001); I2 = 94%
Test for overall effect: Z = 1.55 (P = 0.012)

Total (95% CI) 138 141 100.0% 1.30 [0.71, 1.90]
Heterogeneity: tau2 = 0.44; chi2 = 25.04, df = 5 (P < 0.0001); I2 = 80%
Test for overall effect: Z = 4.29 (P < 0.0001)
Test for subgroup differences: chi2 = 0.25, df = 2 (P = 0.88); I2 = 0% Control group hMSC group
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Figure 4: Forest plot of the meta-analysis with CFA scores between the hMSC therapy and control groups.
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were two studies [14, 15] which had low intracranial pressure
after lumbar puncture in the hMSC transplantation group,
including mild dizziness and headache, nausea, and vomit-
ing. But, the symptoms of the children were relieved and dis-
appeared when the patients lay on the bed without pillows
and were treated with intravenous drip of saline.

4. Discussion

4.1. Primary Efficacy Outcomes. GMFM scores are useful and
important as outcome evaluation results to evaluate changes
in gross motor function for CP after interventions. This is
crucial to determine effectiveness and benefit of interven-
tional therapy by measuring the change of gross motor skill
acquisition in children with CP. Children’s measure gross
motor function is commonly evaluated by rehabilitation spe-
cialists using GMFM scores. GMFM scored items consist of 5
parts: lying and rolling (17 items); walking, running, and
jumping (24 items); sitting (20 items); climbing and kneeling
(14 items); and standing (13 items). The items are scored in a
four-point order (cannot initiate item, 0; initiates item, 1;
partially completes item, 2; and completes item indepen-
dently, 3) [16]. Higher scores in GMFM scores indicate better
capacity and favourable prognosis in children with CP. The
study of Wang et al. recruited 16 patients with CP and
received UCMSC transplantation and the result showed that
GMFM scores had significant improvement at the end of the
first and sixth months after UCMSC transplantation [17].
Another study was of 52 patients with CP who received
BMSC transplantation. The gross motor function was evalu-
ated using GMFM scores in 1, 6, and 18 months. The result
showed that BMMSC transplantation could significantly
increase the GMFM scores at 6 months and 18 months of
patients with CP, compared with the baseline value [18]. To
further provide reliable evidence and high-quality evidence,
we included three RCTs of hMSC therapy in CP and pooled
results showed that hMSC therapy significantly increased
GMFM scores in children with CP, compared with the con-
trol group. Moreover, we performed a subgroup analysis of
GMFM scores of 3, 6, and 12 months. The result of subgroup
analysis showed that hMSC therapy significantly increased
GMFM scores in 3, 6, and 12 months (P = 0:01). We evalu-
ated the indicators of GMFM scores with high-quality evi-
dence using GRADE including inconsistency, risk of bias,
indirectness, publication bias, and imprecision.

CFA is mainly used to evaluate function improvement
and therapeutic effect of patients with CP. The RCTs of Gu
et al. [13] and Huang et al. reported the changes of CFA in
patients with CP after hMSC therapy. The results of both
studies have shown that hMSC therapy could significantly
improve CFA in patients with CP. In our study, we combined

the data of RCTs with a total of 46 patients treated in hMSC
therapy. Pooled analysis indicated that hMSC therapy signif-
icantly improved CFA scores, compared with the control
group. Furthermore, we conducted a subgroup analysis on
CFA scores. Subgroup analysis showed that hMSC therapy
significantly increased CFA scores in 3 months (P = 0:0008)
and 6 months (P = 0:005), compared with the control group
in children with CP. According to GRADE, we consider that
hMSC therapy for CP can improve the comprehensive func-
tion of patients with high-quality evidence. Fine motor func-
tion measure (FMFM) was also used to evaluate the
therapeutic effect of cell therapy, although the study of Wang
et al. [17] found that it was not statistically significant in
UCMSC therapy for CP at the end of the first and sixth
months. The scores of FMFM scores in the BMMSC group
were all higher than those of the bone marrow mononuclear
cell and the control groups at 3, 6, and 12 months after cell
therapy for CP [14]. Salivation is a common symptom of
patients with cerebral palsy, which seriously affects the health
status of patients. The study found that UCMSC transplanta-
tion could significantly improve drooling severity and fre-
quency scale in CP.

4.2. Primary Safety Outcomes.MSCs are attractive and prom-
ising because of their low immunogenicity, easy accessibility,
and immunosuppressive potential in autologous transplanta-
tion [19, 20]. However, the safety of stem cell therapy
remains a top priority. The studies showed that the quality
of the hMSC relies on the separation conditions and cell cul-
ture techniques as well as the age, genetic traits, and different
donor’s medical history [21–23]. The quality of the hMSC is
closely related to adverse events. Therefore, the safety of MSC
transplantation involves many factors; it is necessary to eval-
uate the safety of MSC therapy for CP. We included 4 RCTs
on hMSC therapy for CP. The RCT of Gu et al. [13] reported
the incidence of upper respiratory infection (52.63%), diar-
rhea (31.58%), fever (36.84%), and constipation (5.26%) in
the hMSC group and upper respiratory infection (70.00%),
diarrhea (45.00%), fever (15.00%), and constipation
(15.00%) in the control group. The RCT of Huang et al.
[12] also reported the incidence of upper respiratory infec-
tion (33.33%), diarrhea (18.52%), and constipation (7.41%)
in the hMSC group and upper respiratory infection
(29.62%), diarrhea (18.52%), and constipation (7.41%) in
the control group. Therefore, in order to evaluate the safety
of hMSC therapy for CP, we conducted a meta-analysis for
AE. Pooled analysis indicated that AE of upper respiratory
infection (P = 0:60, moderate-quality evidence), diarrhea
(P = 0:53, moderate-quality evidence), and constipation
(P = 0:59, moderate-quality evidence) was not statistically
significant between the two groups. There was no statistical

Table 3: Adverse event analysis between the hMSC therapy group and the control group.

AE Study RR and 95% CI P

Upper respiratory infection 2 [12, 13] RR (0.80), 95% CI (0.34-1.87) 0.60

Diarrhea 2 [12, 13] RR (0.81), 95% CI (0.42-1.57) 0.53

Constipation 2 [12, 13] RR (0.59), 95% CI (0.13-2.62) 0.59
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significance in other adverse events, such as fever, vomiting,
anorexia, and urticaria in the studies. Serious adverse events
were not observed in the included studies. However, there
were two studies [14, 15] which had low intracranial pressure
after lumbar puncture in the hMSC transplantation group.
The symptoms of the children were relieved and disappeared
when the patients lay in bed without pillows and were treated
with intravenous drip of saline. The common adverse effect
of hMSC transplantation by lumbar puncture is low intracra-
nial pressure, which should be noted. The reasons for the low
cranial pressure after lumbar puncture may be as follows: (1)
most children have high muscle tension in their extremities,
and the low cranial pressure is easy to occur after operation;
(2) slender body, poor nutritional status; (3) poor coopera-
tion of children during lumbar puncture hMSC transplanta-
tion, resulting in more puncture times; and (4) the degree of
crying in the operation of children is heavier, resulting in a
rapid outflow of cerebrospinal fluid. Therefore, after hMSC
transplantation by lumbar puncture, targeted measures
should be taken before, during, and after the operation to
reduce the incidence of adverse reactions. (1) Before the
operation for children and patients with involuntary exercise,
the operation should be performed under sedation and hyp-
nosis as far as possible, so as to avoid the children’s crying
and high limb muscle tension. (2) The lumbar puncture nee-
dle with fine caliber should be used during the operation and
should reduce the number of puncture as far as possible and
avoid multiple puncture of the same site in a short period of
time. (3) The patients should lie down and rest after the oper-
ation and avoid raising his head and standing up. (4) Patients
could take appropriate amount of normal saline according to
the doctor’s advice after surgery.

4.3. Limitations and Critical Considerations. We evaluated
and analyzed the heterogeneity of included outcomes and
found that there was a high heterogeneity in GMFM scores.
Sensitivity analysis shows that the RCT of Huang et al. [12]
resulted in high heterogeneity. In our analysis of this study,
we found that the main reason for the high heterogeneity
was that GMFM scores were reported in the form of the dif-
ference between the final score and the baseline data. If we
exclude this study, heterogeneity will return to I2 = 0% and
the pooled results are consistent with the previous trend. In
addition, we analyzed the sensitivity of GMFM scores using
the Galbraith plot. The results were credible with no substan-
tial change in the GMFM score. But, the small number of
studies limited the analysis of publication bias in this study.

5. Conclusions

In conclusion, this meta-analysis synthesized the primary
outcomes which suggested that hMSC therapy was safe and
more effective in improving GMFM and CFA in children
with CP. Apparently, the findings provide a novel therapeutic
strategy for patients with CP. However, what are the optimal
dose, frequency, timing, and routes of MSC transplantation
in different phases of CP? These important and challenging
clinical questions need more RCTs to be addressed urgently.
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In the past few years, intensive research has focused on corneal stem cells as an unlimited source for cell-based therapy in
regenerative ophthalmology. Today, it is known that the cornea has at least two types of stem cells: limbal epithelial stem cells
(LESCs) and corneal stromal stem cells (CSSCs). LESCs are used for regeneration of corneal surface, while CSSCs are used for
regeneration of corneal stroma. Until now, various approaches and methods for isolation of LESCs and CSSCs and their
successful transplantation have been described and tested in several preclinical studies and clinical trials. This review describes
in detail phenotypic characteristics of LESCs and CSSCs and discusses their therapeutic potential in corneal regeneration. Since
efficient and safe corneal stem cell-based therapy is still a challenging issue that requires continuous cooperation between
researchers, clinicians, and patients, this review addresses the important limitations and suggests possible strategies for
improvement of corneal stem cell-based therapy.

1. Introduction

The cornea represents the part of transparent tissue at the
front of the eye. It poses a protective physical and biological
barrier against the outside environment and gives a refractive
power to concentrate light onto the retina. The thickest layer
of the cornea, the corneal stroma, embodies a unique avascu-
lar connective tissue which constitutes approximately 90% of
the cornea volume. Its highly organized extracellular matrix
consists of tightly packed parallel collagen type I of V fibrils
[1, 2]. The corneal stroma is maintained by the keratinocytes,
which originate from the neural crest. In contrast to normal
corneal development where the newly formed collagen fibers
are quickly formed into a well-organized structure, corneal
injury results in the formation of a disorganized opaque
matric known as a corneal scar tissue [3] that reduces corneal
transparency and may cause blindness [4, 5].

Considering that scarring involving the center of the cor-
nea will cause significant visual loss and is mainly irrevers-

ible, the most common method of therapy is corneal
transplantation from cadaveric donor. This method became
widely accepted and successful because of tissue accessibility
and immune privilege of the cornea. Despite this, the need
for new corneal tissues has increased over the last few years
since corneal grafts have had a failure rate of around 38%,
mainly because of graft rejection [6, 7]. Thus, it is imperative
to find new approaches for endothelial regeneration or
replacement that may lead to better outcomes. The remark-
able progress, which could sidestep the constraints of current
treatments, has been made with the development of an autol-
ogous transplant of cultured endothelial cells into a patient’s
anterior chamber that can redesign the corneal tissue and
with the generation of corneal stroma-like tissue developed
from autologous stem cells [8].

With respect to the latter, in the past few years, intensive
research has focused on corneal stem cells as a source of
regenerative cell-based therapy. Today, it is known that the
cornea has at least two types of stem cells: limbal epithelial

Hindawi
Stem Cells International
Volume 2020, Article ID 8813447, 11 pages
https://doi.org/10.1155/2020/8813447

https://orcid.org/0000-0001-6369-6285
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/8813447


stem cells (LESCs) and corneal stromal stem cells (CSSCs).
LESCs are used for regeneration of corneal surface while
CSSCs are used for corneal stromal regeneration. In this
review, we have described in detail phenotype and character-
istics of LESCs and CSSCs and discussed their therapeutic
potential in regenerative ophthalmology.

2. Characteristics of LESCs

Corneal epithelia are renewed constantly by the adult
stem cells located in the limbal zone making it a unique
reservoir or niche of LESCs [9, 10]. Four anatomical sites
have been identified as probable LESC locations in
humans: palisades of Vogt, limbal epithelial crypts, pro-
jections of limbal crypts, and focal stromal projections
[11–15]. Small group of LESCs, localized at the basal lim-
bus, retain tritiated thymidine for long periods and are
recognized as quiescent cells (Figure 1). Although LESCs
are slow cycling cells, they have the high self-renewing
and differentiation capacity [16–18]. Since LESCs are
derived from neural ectoderm, they may exhibit func-
tional neuronal properties in vitro and may differentiate
into neuronal-like cells in vivo, under specific conditions
of the microenvironment [19].

At present, there is no currently specific single marker
that can be used for identification of LESCs. Combination
of stem cell-associated markers, which consisted of a panel
of positive and negative markers (Figure 1), can be used to
identify putative LESCs [19]. In general, all positive LESC
markers are expressed in the basal layers of the epithe-
lium, while their expression in the superficial layers is
either reduced or absent. One of the best described posi-
tive LESC marker is transcription factor p63, important
for epithelial development and differentiation [19, 20].
Holoclone of LESCs expresses high levels of p63; mero-
clones express low levels of p63, while there is no expres-
sion of p63 in paraclones of LESCs. Also, a member of the
ATP binding cassette transporter protein, ABCG2, is an
additional, well-known marker of LESCs. Integrin α9
mediates adhesion to tenascin-C and osteopontin, and it
has been localized to small clusters of stem cell-like cells
in the limbal basal epithelium [21, 22]. Expression of N-

cadherin and Notch 1 on a subpopulation of limbal epi-
thelial basal cells suggests them as possible markers for
LESCs [22]. In addition, human LESCs are positive for
keratin (K) 5, K14, K15, K19, and vimentin and negative
for K3, K12, involucrin, and the gap junction protein
Cx43 [22, 23]. RHAMM/HMMR or CD168, an important
component of the extracellular matrix, can be used as a
negative marker of LESCs as well [24].

The growth factors present in basal cells of limbal epithe-
lium (epidermal growth factor receptor (EGF-R), keratino-
cyte growth factor receptor (KGF-R), and neurotrophic
receptor tyrosine kinase (TrkA)) [21] and proteins associated
with cellular metabolic functions which are found in higher
concentrations in basal cells of epithelium (Na/K-ATPase,
cytochrome oxidase, carbonic anhydrase, alpha-enolase,
cyclin D, cyclin E, cyclin A, metallothioneins, and PKC-
gamma) may play an important role in LESC metabolism
and function [21].

3. Characteristics of CSSCs

The presence of self-renewable cells that have the phenotypic
characteristics of mesenchymal stem cells (MSCs) and high
differentiation potential has been detected in the corneal
stroma (Figure 1) and they are called CSSCs [25–31]. Gene
array analysis showed that CSSCs have high expression of
MSC markers, such as cKIT, Notch 1, ABCG2, BMi1,
CD166, PAX6, and Six2 [25]. Moreover, these cells can be
expanded 100-fold in a serum-free medium supplemented
with ascorbate and insulin when they express keratocyte-
specific markers: CXADR, ALDH3A1, PDK4, and PTDGS
(Figure 1) [8].

Although both LESCs and CSSCs originate from neural
crest-derived MSCs [26], they have different properties and
functions in the cornea [27, 28]. LESCs have an important
role in regeneration of corneal epithelial surface, while CSSCs
are used for regeneration of corneal stroma. The recovered
corneal endothelium can be derived from human CSSCs
[28], and injection of human CSSCs in lumican-null mice
could repair corneal disorders and restore transparency [8],
which indicates their therapeutic potential.
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Figure 1: Localization and markers of LESCs and CSSCs.
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4. Differentiation of Pluripotent Stem Cells into
Corneal Cells

Pluripotent stem cells (PSCs) provide big opportunities for
corneal reconstruction by cell-based therapies [32].
Methods for corneal differentiation of pluripotent stem
cells are known in the art. Many of these methods are
slow or provide only modest differentiation efficiencies.
For instance, Japanese researchers in 2012 reported cor-
neal cell differentiation of human induced pluripotent
stem cells (iPSCs) on mouse-derived feeder cells taking
12-16 weeks and resulting in a differentiation efficiency
of less than 15% based on the expression of CK12 [33],
while another group of scientists in 2011 maintained to
produce corneal precursor cells by differentiation of mouse
iPSCs through cultivation on mouse-derived feeder cells by
a method which took a short time [34]. Ahmad et al. [35]
used medium conditioned by limbal fibroblasts for cultur-
ing human embryonic stem cells (ESCs) previously main-
tained on a feeder layer of mouse embryonic fibroblasts.
This culturing resulted in the loss of pluripotency and dif-
ferentiation into epithelial-like cells. They reported a dif-
ferentiation efficiency of 50% on day 5 and 10% on day
21 as measured by expression of proteins CK3/12. None-
theless, the use of a medium which requires donated lim-
bal cells can be considered problematic. Further, there is a
significant biological variation among batches of limbal
cells. The differentiation method disclosed is a two-step
approach which comprises an induction step, preferably
carried out on a suspension culture, at which point the
pluripotent stem cells are cultured in the presence of a
TGF-beta inhibitor, a Wnt inhibitor, and a fibroblast
growth factor, by that producing eye precursor cells [32].
The aforementioned eye precursor cells are then differenti-
ated, in an adherent culture, into corneal epithelial precur-
sor cells in the presence of epidermal growth factor,
hydrocortisone, insulin, isoproterenol, and triiodothyro-

nine. Optionally, these corneal epithelial precursor cells
may be advanced further into mature corneal epithelial
cells or into corneal stratified epithelium [32].

5. Therapeutic Potential of LESCs and CSSCs

Thermal or chemical burns, cicatrizing, aniridia, untreated
vernal keratoconjunctivitis, and multiple surgeries involving
the limbal area can lead to a state of partial or total limbal
stem cell deficiency (LSCD) [36].

In patients with unilateral LSCD, autologous limbal
transplantation can be utilized to provide surface reconstruc-
tion of the cornea [37]. However, this technique requires a
large limbal graft from the healthy eye, which can lead to
the development of LSCD in that eye [38], and is not applica-
ble to LSCD bilaterally affected patients [39].

LESCs can be derived from human ESC or iPSC
(Figure 2). Accordingly, autologous tissue-specific cell-
based therapy is in focus as a possibly new therapeutic
approach for the treatment of LSCD patients. Pellegrini and
coworkers were first to report that two patients with unilat-
eral LSCD caused by alkali burns were successfully trans-
planted with autologous cultivated corneal epithelium, and
the results continued for more than two years subsequent
to grafting [40]. Following this report, many researchers
began investigation of the safety and effectiveness of culti-
vated limbal epithelial cell transplantation (CLET) [41–43].
As such, one of the clinical efficacies includes the use of the
amniotic membrane and fibrin glue utilized as substrates
for cultivation of corneal epithelial cells. The amniotic mem-
brane is preferred as it produces cytokines, which allow the
survival and self-renewal of limbal stem cells [44]. In addi-
tion, Rama and colleagues reported long-term corneal recov-
ery utilizing autologous cultivated LESCs [41]. They
demonstrated that permanent repair and a replenishment
of the corneal epithelium were accomplished in 76.6% of
107 eyes with LSCD caused by chemical and thermal burns.

Blastocyst Damage of cornea (LSCD)

iPSCs

LESCs

Transplantation
LESCs

Healthy eye Repaired cornea

Figure 2: Derivation and therapeutic potential of LESCs.
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These results indicated that CLET is a safe and effective pro-
cedure. Many factors, such as lack of standardization in
terms of patient selection (such as total and partial LSCD
used in the same study), cause of LSCD (acquired and
congenital), unilateral and bilateral cases of LSCD, source
of initial tissue (allo- and autograft transplants in the same
study), methods of ex vivo expansion (explant or single cell;
human amniotic membrane (HAM) or 3T3 fibroblast cocul-
ture or both), surgical management (method of superficial
keratectomy, the use of a second HAM as a bandage, contact
lens protection, or both), and postoperative management
(use of HAM or not), represent major obstacles in this field
of LESC therapy [44]. Taking previous knowledge and new
technologies into consideration, Kolli and coworkers have
succeeded in using a nonhuman animal product-free Good
Manufacturing Practice- (GMP-) compliant autologous
LESC ex vivo expansion technique to successfully reverse
LSCD within a controlled population and showed 100% suc-
cess in predefined subjective and objective outcome measures
[45]. In addition, they reported, for the first time, the differ-
entiation of hESCs to corneal-like epithelial lineages, provid-
ing the first step toward refinement of protocols to produce
these cells for potential therapeutic purposes [35, 45].

Based on these data, several clinical trials investigate ther-
apeutic potential of LESCs for the treatment of corneal disor-
ders (Table 1) [46–54]. Results obtained in a phase II study,
conducted by Zakaria and coworkers [46], showed that stan-
dardized, nonxenogenic culture system, reduced manipula-
tion cultivation, and surgical approach are safe and effective
in reducing corneal neovascularization. Tsai and colleagues
[49] showed a significant improvement and complete ree-
pithelialization of the corneal surface after two to four days
of autologous transplantation of LESCs in all six eyes receiv-
ing transplants. In 83% of eyes receiving transplants, mean
visual acuity has improved, without recurrent neovasculari-
zation and inflammation in the transplanted area during
the 15 months of follow-up period. López-García with col-
laborators investigated histopathologic evolution of the cor-
neal limbus after alkaline burns [50]. In a prospective study
of 15 eyes from 12 patients, they demonstrated that the best
reepithelialization and stromal regeneration were obtained
by autologous limbal transplantation combined with amni-
otic membrane transplantation. In a clinical study, Holoclar®
is the only licensed autologous LSC product in Europe for the
treatment of patients with unilateral and bilateral (one eye
partial) LSCD caused by ocular surface buns [51].

CSSCs, as newly identified corneal stem cells, provide
hope and opportunity for the treatment of so far incurable
condition of the cornea. Although preclinical studies suggest
therapeutic potential of CSSCs [8, 27, 28], there are currently
no clinical trials that use these cells. Further studies are nec-
essary to develop optimized protocols for their isolation and
characterization as well as reliable assays to evaluate their
therapeutic potential.

6. New Paradigm: Cell-Free Stem Cell Therapy

The effects of MSCs are related to soluble secreted factors
that are involved in the process of tissue wound repair,

inflammation, angiogenesis, and immune response [55].
Most MSCs have the affinity to accumulate within the filter-
ing organs, i.e., lungs, liver, and spleen, after intravenous
delivery. However, MSCs can regulate tissue repair, after
achieving only minimal engraftment at the site of tissue
injury [56]. Subconjunctival MSC injection to alkali-injured
corneas promoted corneal wound healing, despite the MSCs
remaining in the subconjunctival space [57]. Additionally,
topical administration of MSCs or conditioned MSC media
to a murine corneal epithelial wounding model has shown
benefits in terms of attenuating corneal inflammation, reduc-
ing neovascularization, and promoting wound healing [58].
Taking into account the previous results, it can be concluded
that MSC exert their effect through a paracrine mechanism,
rather than direct cell replacement, since most of the MSCs
were retained in the corneal stroma rather than the epithe-
lium. These effects are most likely mediated through secreted
soluble factors released from MSCs in the form of extracellu-
lar vesicles or exosomes [59, 60].

Exosomes are produced by cultured cells and subse-
quently released into the conditioned media. Different
methods of exosomes isolation have been established, includ-
ing differential centrifugation, density gradient centrifuga-
tion, filtration, size exclusion chromatography, polymer-
based precipitation, immunological separation, and sieving
[61]. The size of exosomes is restricted by multivesicular bod-
ies in the parental cells and ranges from 30nm up to several
hundred nm in diameter. The luminal content of exosomes
contains proteins, lipids, and nucleic acids (DNA, mRNA,
miRNAs, and long noncoding RNAs), although the exact
composition and content of the exosomal cargo released by
different cell types are difficult to determine, due to differ-
ences within cellular environments [62].

MSC-derived exosomes (MSC-Exo) can encapsulate and
transfer biomolecules that have effects on cell and tissue
metabolism, including differentiation, inflammation, angio-
genesis, immunosuppression, neurogenesis, and synaptogen-
esis [63, 64]. The periocular injection of human umbilical
cord MSC-Exo into an experimental rat autoimmune uveitis
(EAU) model decreases inflammation by downregulating
MCP1/CCL21- and MYD88-dependent pathways [65]. The
cells expressing Gr-1, CD68, CD161, CD4, IFNγ, and IL17,
respectively, served to restore retinal function. Intravitreal
injection of exosomes from umbilical or adipose MSC cul-
tures modifies the inflammation and improves visual func-
tion in retinal injury induced by laser, through the
inhibition of MCP1, ICAM-1 (intercellular adhesion mole-
cule-1), and TNFα [66]. Hyperglycemia-induced retinal
inflammation in diabetic rats was also shown to be improved
by an intravitreal injection of human umbilical cord MSC-
Exo, as well as an intravitreal injection of umbilical cord
MSC-Exo in blue light-induced retinal damage [67]. The lat-
ter showed a dose-dependent suppression of choroidal neo-
vascularization through downregulation of VEGFA and
inhibition of the NFκB pathway, possibly by miR-16 transfer
[68]. Ganglion cell growth can be stimulated by intravitreal
injection of bone marrow MSC-Exo cells in a rat optic nerve
crush model, through argonaute-2 signaling, which stabilized
miR-16 activity from RNase digestion [69]. Given the fact
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that intravenous MSC administration caused similar recov-
ery of retinal functions in EAU and laser-induced retinal
injury models, it can be concluded that the therapeutic effects
of MSC may be mediated through MSC-Exo action [70]. A
recent clinical trial has shown that patients with refractory
macular holes had anatomical and functional recovery after
intravitreal injection of human umbilical cord MSC-Exo.
Nevertheless, one patient experienced an inflammatory reac-
tion [71].

This cell-free strategy may also have a significant impact
on corneal wound repair, through stimulation of different
factors that modulate inflammation, angiogenesis, and tissue
regeneration. Few studies have demonstrated the therapeutic
functions of soluble factors from MSC-Exo on corneal
wound models. Cultivation of rabbit corneal stromal cells,
and rabbit adipose MSC-Exo, has led to greater proliferation,
along with the deposition of new ECM proteins (including
collagens). Topical CSSC-derived exosomes can suppress
corneal inflammation and corneal scarring through the inhi-
bition of neutrophil infiltration. Moreover, murine corneal
epithelial wound healing can be promoted by exosomes from
human corneal mesenchymal stromal cells [72]. Umbilical
cord MSC-Exo carrying β-glucuronidase reduced the accu-
mulated glycosaminoglycans in a mouse mucopolysacchari-
dosis model, thereby reducing corneal haze. These data
have highlighted the potential for the therapeutic use of
MSC-Exo in ocular surface diseases and congenital corneal
metabolic disorders [73].

7. Opportunities and Challenges in
Regenerative Ophthalmology

From the earliest concepts such as replacement of the opaque
cornea to corneal wound healing and regeneration, ophthal-
mologists and material scientists across the world have faced
a collection of challenges [74, 75]. Advances in visualization
techniques and histology have made significant progress in
the fundamental understanding of cornea structure and its
microenvironment. As a result of this valuable information
and nanotechnology advances, therapeutic strategies in dev-
astating corneal diseases have turned from corneal replace-
ment into corneal wound healing and regeneration [76].
Ergo, studies on the limbus zone and immune and angio-
genic privilege have attracted more attention. In addition,
the exploration of cell signaling in the natural process of
wound healing and the attempts to mimic this process have
opened new horizons in corneal disease treatment.

A large number of the suggested treatments have shown
promising results for wound healing at the ocular surface,
and entire thickness dystrophies were neglected. At the same
time, in order to reduce transplantation of a donor cornea,
tissue engineering of the whole thickness of the cornea must
be considered. Corneal stromal and endothelium tissue engi-
neering has recently shown noticeable progress [77]. None-
theless, more focus should be on biomimetic strategies,
such as employing a combination of cell signaling agents with
tissue engineering. Rho-kinase (ROCK) inhibitor is a serine/-
threonine protein kinase that participates in regulating cell
signaling route. In recent past, ROCK has been announced

as an innovative therapeutic agent for corneal endothelial
dystrophy [78]. The combination of these approaches can
be a promising method for visual rehabilitation in patients
suffering from corneal dystrophies.

So far, most studies have worked on presenting new
materials and biochemical approaches in corneal wound
healing and regeneration, while putting accent on physical
properties of these approaches could be a leap in this area.
For instance, Long et al. have tried to use a cross-linking
agent in collagen membrane to regulate collagen fibril spac-
ing and hence improve optical clarity of collagen and
increase permeability of neurites [79]. Accordingly, advances
in visualization techniques will help in the improvement of
corneal physical structure identification that, in combination
with material science, will lead to new perceptions in the
typical treatment approaches. Slit-lamp biomicroscopy, opti-
cal coherence tomography (OCT), in vivo confocal fluores-
cence microscopy, and full-field optical microscopy are
part of visualization techniques which help to quantify cor-
neal architecture [80, 81]. As stated in previous studies,
investigation on visualization methods would expand cor-
neal medical treatments.

Considering the exceptional role of stem cells in tissue
regeneration, a large part of future studies is expected to
focus on the deployment of stem cells on corneal wound
healing and regeneration [82]. A certain number of studies
have been done to isolate and characterize multipotent stem
cells from different tissues in order to use their great potential
in regenerative medicine. Bone marrow-derived mesenchy-
mal stem cells [83], human umbilical cord mesenchymal
stem cells [84], postnatal periodontal ligament [85], and
limbal stem cells [86] are recently studied stem cells
sources in corneal wound healing and regeneration. Saghi-
zadeh et al. [30] have recently reviewed all major stem cell
usage in corneal wound healing. Contrarily, developing
innovative methods to produce 3D tissue-like architecture
has allowed mimicking the microarchitecture and physiol-
ogy of the native cornea. In this regard, 3D microfabrica-
tion methods are promising approaches in designing
cornea substitutes [87, 88]. Amidst additive manufacturing
methods, study on bioprinting and the development of
bionics provides a great promise in relation to the fabrica-
tion of human corneal substitutes that mimic the structure
of native corneal tissues [89, 90].

8. Conclusion

The concept of corneal stem cells has greatly enhanced the
understanding of corneal epithelial proliferation, migration,
and recovery. This has also contributed directly to improve
medical and surgical management of a wide range of ocular
surface disorders. On the other hand, control of scar tissue
formation is of great importance for corneal regeneration
and recovery of eyesight. However, it should be noted that
there are still several problems including insufficient data
regarding safe and successful LESC and CSSC engraftment
in the human cornea and their long-term efficacy, which
limit their capacity to be used as a main treatment approach
for corneal regeneration.
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The formation of neurofibrillary tangles has been implicated as an important pathological marker for Alzheimer’s disease (AD).
Studies have revealed that the inhibition of abnormal hyperphosphorylation and aggregation of tau in the AD brain might serve
as an important drug target. Using in vitro and in vivo experimental models, such as the AD mouse model (5xFAD mice), we
investigated the inhibition of hyperphosphorylation of tau using the human umbilical cord blood-derived mesenchymal stem
cells (hUCB-MSCs). Administration of hUCB-MSCs not only ameliorated the spatial learning and memory impairments but
also mitigated the hyperphosphorylation of tau in 5xFAD mice. Furthermore, in vivo experiments in mice and in vitro ThT
fluorescence assay validated galectin-3 (GAL-3) as an essential factor of hUCB-MSC. Moreover, GAL-3 was observed to be
involved in the removal of aberrant forms of tau, by reducing hyperphosphorylation through decrements in the glycogen
synthase kinase 3 beta (GSK-3β). Our results confirm that GAL-3, secreted by hUCB-MSC, regulates the abnormal
accumulation of tau by protein-protein interactions. This study suggests that hUCB-MSCs mitigate hyperphosphorylation of tau
through GAL-3 secretion. These findings highlight the potential role of hUCB-MSCs as a therapeutic agent for aberrant tau in AD.

1. Introduction

Alzheimer’s disease (AD) is a progressive, irreversible disor-
der characterized by amyloid plaques that form as a result of
amyloid-beta (Aβ) accumulation and neurofibrillary tangles
comprising of pathological tau aggregates [1]. Tau is a major
microtubule-associated protein (MAP), found in normal
mature neurons, and its expression is developmentally regu-
lated by alternative splicing with six different isoforms being
expressed in the adult human brain [2]. Phosphorylated tau
has important roles in the promotion of tubulin assembly
into microtubules and the structural stabilization of microtu-
bules [3, 4]. However, hyperphosphorylation of tau protein
in the AD brains induces aggregation of filament bundles
[5], which are the hallmark of AD progression [6]. Tau pro-
tein is also a major constituent of intraneuronal and glial
fibrillar lesions in many neurodegenerative diseases, referred
to as “tauopathies,” including AD [2]. Neurofibrillary degen-
eration induced by aberrantly hyperphosphorylated tau is

observed during the clinical evaluation of AD, which leads
to cognitive impairments [7]. In addition, pathological tau
may result in microtubule dysfunction, leading to neuronal
degeneration [8]. Therefore, lowering tau levels, stabilizing
tau structure, or clearing hyperphosphorylated tau aggre-
gates in the brain may be effective therapeutic strategies for
AD. Notably, antitau antibody or neurotrophic compound
treatment markedly reduces tau aggregation and improves
cognitive functions in animal models [9]. However, a thera-
peutic agent with an optimal efficacy has not yet been
elucidated.

Human umbilical cord blood-derived mesenchymal stem
cells (hUCB-MSCs) have emerged as an important source of
allogeneic MSC-based treatment [10] as they can be collected
in a noninvasive manner and exhibit beneficial properties,
including low immunogenicity [11], excellent tropism, and
therapeutic paracrine action [12]. In particular, our previous
studies demonstrated that the paracrine action of hUCB-
MSCs has multifunctional therapeutic effects in AD,
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including antiapoptotic effects on neuronal cells [12, 13],
promotion of neurogenesis [10], restoration of synaptic
dysfunction [14], and Aβ peptide clearance [15, 16]. In the
present study, we investigated whether hUCB-MSCs and
their secreted factors can modulate the aberrant tau proteins
in AD. We established the inhibitory effects of hUCB-MSCs
on tau abnormalities and subsequently identified the soluble
protein GAL-3 as an essential protein secreted by hUCB-
MSCs. GAL-3 reduced the formation of aggregated and
hyperphosphorylated tau both in vitro and in vivo. This study
is the first to identify the paracrine factors secreted by hUCB-
MSCs in response to tau toxicity and demonstrate that
hUCB-MSC secretes GAL-3 as a crucial factor with inhibi-
tory effects on abnormal tau in AD.

2. Methods

2.1. Preparation and Culture of hUCB-MSCs, Human
Foreskin Fibroblast 68 (Hs68), and Human Embryo Kidney
293 (HEK293) Cells. Neonatal hUCB was collected from
umbilical veins after obtaining informed maternal consent
in accordance with the guidelines approved by the Institu-
tional Review Board of MEDIPOST Co., Ltd. (MP-2015-6-
2). All the procedures were conducted in strict compliance
with the institutional guidelines and approved protocols.
The procedures used for isolation, acquisition, and culture
of hUCB-MSCs were as described previously [17]. hUCB-
MSCs were cultured in the minimum essential medium (α-
MEM; Gibco, Carlsbad, CA) supplemented with 10% (v/v)
fetal bovine serum (Gibco, Gibco, 17504-044) and 50mg/mL
gentamicin (Gibco, 15710-064). In all the experiments,
hUCB-MSCs were used at passage 6. Hs68 (CRL-1635;
ATCC, Rockville, MD, USA) and HEK293 (CRL-1573;
ATCC, Rockville, MD, USA) cells were used as controls
and cultured under identical culture conditions.

2.2. Animal Experiments. 5xFAD mice (B6SJL-Tg(APPSwFl-
Lon,-PSEN1∗M146L∗L286V)6799Vas/Mmjax) were pur-
chased from The Jackson Laboratory (Bar Harbor, ME,
USA) and maintained in accordance with the laboratory
guidelines. All animal experiments were approved by the
Institutional Animal Care and Use Committee of MEDI-
POST Co., Ltd. (MP-LAR-2016-6-2). 5xFAD mice display
predominant features of AD amyloid pathology and develop
cognitive dysfunction at 4 to 6 months of age [18]. In the
present study, 3μL of recombinant human GAL-3 protein
(1.0μg/kg) was inoculated into the bilateral hippocampi
(AP: −2.54, ML: ±3.0, DV: −2.5mm, with reference to the
bregma) of 4-month-old 5xFAD mice using a sterile
Hamilton syringe fitted with a 26-gauge needle (Hamilton
Company, Reno, NV, USA) with a Pump 11 Elite microinfu-
sion syringe pump (Harvard Apparatus, Holliston, MA,
USA) and an infusion rate of 0.5μL/min. For the administra-
tion of hUCB-MSCs, 6-month-old 5xFAD mice were cannu-
lated and subjected to cell transplantation using the
intracerebroventricular approach [19], and hUCB-MSCs
(15μL; 1 × 105 cells) were administered via a cannula into
the lateral ventricle (AP: −0.22, ML: 1.0, DV: −2.1mm, with
reference to the bregma) using a microinfusion syringe pump

(Harvard Apparatus) at an infusion rate of 1.0μL/min. Brain
tissues were homogenized in 3mL of Dulbecco’s phosphate-
buffered saline (DPBS; Corning, Manassas, VA, 20109).

2.3. Western Blotting Analysis. Cells and tissue lysates were
prepared by ultrasonication (Branson Ultrasonics, Slough,
United Kingdom) in buffer containing 9.8M urea, 2.8M
thiourea, 4% 3-((3-cholamidopropyl) dimethylammonio)-
1-propanesulfonate, 130mM dithiothreitol (DTT), 40mM
Tris-Cl (pH8.8), and 0.1% sodium dodecyl sulfate. Protein
levels were measured using Bradford assays (Bio-Rad
Laboratories, Inc., Hercules, CA). For the immunoblot anal-
ysis, BOLT 4%–12% Bis-Tris gels (Life Technologies,
Carlsbad, CA, USA) were electrophoretically transferred to
nitrocellulose membranes. Each membrane was blocked in
5% skimmed milk and incubated with primary antibodies
overnight at 4°C. After reaction with human recombinant
protein-conjugated secondary antibodies at room tempera-
ture (RT) for 1.5 h, the immunoreactivity was detected using
an ECL detection kit (GE Healthcare Life Sciences, Little
Chalfont, UK). The antibodies used were as follows: anti-
Tau (phospho T181; Abcam, Cambridge, United Kingdom),
anti-Tau (phospho T231; Abcam), anti-Tau (phospho S396;
Abcam), anti-Tau (phospho S404; Abcam), anti-glycogen
synthase kinase 3 beta (GSK-3β; phospho Y216; Abcam),
anti-total GSK-3β (Abcam), and anti-total tau (Wako,
Osaka, Japan).

2.4. Immunoprecipitation. Extracts of total brain tissue were
prepared in an immunoprecipitation buffer containing
50mM Tris (pH, 7.8), 150mM NaCl, 1mM EDTA, 5mM
NaF, 1mM Na3VO4, 1mM Na4P2O7, 1.5mM MgCl2, 1mM
DTT, 10% glycerol, 0.5% NP-40, and various protease inhib-
itors (complete, EDTA-free; Roche). The extracts were
centrifuged for 10min at 13,000 ×g at 4°C, and the superna-
tants were subjected to immunoprecipitation and analysis
using western blotting.

2.5. Small Interfering RNA (siRNA) and Reverse
Transcription-Polymerase Chain Reaction (RT-PCR). siRNAs
for human GAL-3, growth differentiation factor-15 (GDF-
15), and cluster of differentiation (CD) 147 were purchased
from Dharmacon (Lafayette, CO, USA) and transfected
using DharmaFECT (Dharmacon). Total RNA was isolated
using the TRIzol Reagent (Thermo Fisher Scientific Inc.
Waltham, MA, USA) following the manufacturer’s protocol.
The SuperScript® III Reverse Transcriptase kit was used for
cDNA synthesis. PCR reactions were performed using the
following oligonucleotides: Human GAL-3: sense, 5′-GGC
CAC TGA TTG TGC CTT AT-3′/antisense, 5′-TCT TTC
CCT TCC CCA GT-3′; human GDF-15: sense, 5′-AGA
TGC TCC TGG TGT TGC TG-3′/antisense, 5′-CTG GTG
TTG CTG GTG CTC TC-3′; human CD147: sense, 5′
-GTC CGA TGC ATC CTA CCC TCC TAT-3′/antisense,
5′-CCC GCC TGC CCC ACC ACT CA-3′; and human β-
actin: sense, 5′-GAC CTT CAA CAC CCC AGC CA-3′
/antisense, 5′-CCC AGG AAG GAA GGC TGG AA-3′.
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2.6. Inhibition of Tau Aggregation/Tau Disaggregation
Assays. Previous studies have well-established tau aggrega-
tion assays using ThT fluorescence [20]. Human tau K18
fragments (125 amino acids, 0.5mg/mL) were incubated at
37°C without shaking in buffers(0.1mg/mL heparin (Sigma);
DTT (Sigma); and DPBS (Corning), pH7.4) for 2, 3, and 5
days to test inhibitory effects of tau aggregation or for more
than 5 days to examine tau disaggregation in the presence
or absence of recombinant proteins and cells. After incuba-
tion with thioflavin T (ThT; 5μM in 50mM glycine buffer,
pH8.9) for 3 h, the samples were plated in triplicate in a
96-well black plate with a clear bottom. ThT fluorescence
was recorded at excitation wavelengths of 450nm and emis-
sion wavelengths of 485nm using an EnSpire Multimode
Plate Reader (PerkinElmer, Waltham, Massachusetts, USA).

2.7. hUCB-MSC Coculture System and Recombinant Protein
Treatment. Before hUCB-MSC coculture, a tau K18 fragment
mixture (with heparin and DTT) was placed in multiwell
plates in the presence of buffers. Then, hUCB-MSCs
(2 × 104 cells/cm2) were cocultured in the upper chamber of
a Transwell device (pore size, 1mm; BD Biosciences,
Franklin Lakes, NJ, USA) in serum-free conditions. The final
concentrations of recombinant human GAL-3 and GDF-15
were both 20 ng/mL and that of CD147 was 100ng/mL.

2.8. Immunofluorescence. Anesthetized mice were fixed by
cardiac perfusion of phosphate-buffered saline (PBS) and
4% paraformaldehyde in PBS. Mouse brains were carefully
dissected, postfixed for 24 h at 4°C in the same fixative solu-
tion, and incubated in 20% sucrose at 4°C until equilibration.
The fixative was discarded by aspiration, and the brains were
washed with PBS. Sequential 30μm-thick coronal sections
were obtained using a cryostat (CM1850UV; Leica Microsys-
tems GmbH, Wetzlar, Germany) at 22°C. The sections were
blocked in 5% normal goat serum and 5% normal horse
serum (VECTOR Laboratories, Burlingame, CA, USA). The
tissues were permeabilized with 0.3% Triton X-100 and
immunofluorescence was performed using standardmethods
with the following antibodies: anti-human mitochondria
(Merck Millipore, Burlington, Massachusetts, USA), anti-
3R-tau (Wako), anti-Tau (phospho T181; Abcam), and
anti-tau (phospho S404; Abcam). Alexa 488 and Cy3-
conjugated secondary antibodies (Jackson ImmunoResearch
Europe Ltd., Newmarket, United Kingdom) were used to
visualize the immune complexes. Antibody labeling was visu-
alized under an LSM 800 confocal microscope (Carl Zeiss
AG, Jena, Germany).

2.9. AlphaLISA Binding Assays. The FRET-based indirect
AlphaLISA (Amplified Luminescent Proximity Homoge-
neous) assay was used to determine the saturation binding.
The first sandwiching polyhistidine- (His-) tagged IgG was
bound to donor beads and the second sandwiching anti-
GAL-3 (Abcam) was captured by anti-rabbit IgG acceptor
beads. Anti-His donor beads and rabbit acceptor beads were
purchased from PerkinElmer and used at a final concentra-
tion of 20μg/mL. The 1× assay buffer (0.5% in DPBS (Corn-
ing)) was distributed into each well of a 1/2 AreaPlate-96

(PerkinElmer). Before the experiments, we prepared a 5×
working solution of untagged GAL-3 and His-tagged tau
K18 fragments in 1× assay buffer and performed serial dilu-
tion of all the proteins in Eppendorf tubes on ice. Donor
and acceptor beads were prepared from the 5× working solu-
tion (100μg/mL). For a subset of the experiments, untagged
GAL-3 protein and His-tagged tau K18 fragments were
added to a white 1/2 AreaPlate-96 and incubated for 60min
at 4°C with a TopSeal adhesive seal. Indirect AlphaLISA
was performed following the manufacturer’s protocol, which
involved capturing of the untagged proteins by adding an
anti-GAL-3 antibody to the plate with the proteins. In
another subset of experiments, acceptor and donor beads
were added to the abovementioned 96-well plates at a final
concentration of 20μg/mL and incubated with a TopSeal
adhesive seal for 60min at RT in the dark. The fluorescence
was measured using the EnSpire Multimode Plate Reader
(PerkinElmer), and response data were exported and ana-
lyzed using Combine graphs in a layout with the GraphPad
Prism (GraphPad, San Diego, USA) software. The binding
of tau K18 fragments to GAL-3 was reflected by the calcu-
lated Kd values in the saturation binding assay. The Kd value
is the concentration at which the binding signal reaches 50%
saturation, and it is a measure of the binding affinity [21, 22].
The binding efficiency takes different saturation levels into
account by calculating the ratios of the maximum binding
signals and Kd values.

2.10. Behavioral Tests

2.10.1. T-maze Test. T-maze was constructed with one start
arm and two-goal arms that formed a “T” shape. Spontane-
ous alternation performance was tested as previously
described [23]. Each mouse was placed in the center of the
symmetrical T-maze and allowed to explore freely through
the maze. The sequence and the total number of arms entered
were recorded. The experimenters were blinded with respect
to the genotype of the mice. The percentage alternation was
calculated as follows: number of triads containing entries
into all three arms/maximumpossible alternations. The trial
was started by placing the mouse into the start arm facing
the goal arms. The animals were then allowed to explore
freely until they were confined in the left or right goal arm.
They were moved back into the start arm and allowed to
move into one of the open goal arms again. All mice were
subjected to two trials conducted at a 1 h interval for 2 con-
secutive days. Scoring was performed as follows: 0, when
the same goal arm was repeatedly chosen in the same trial
and 1, when different goal arms were chosen in the same trial.

2.11. Open Field Test. Animals were allowed to explore an
empty field (44:5 × 44:5 cm) for 20min without any disturb-
ing factors. They were gently placed in the peripheral area of
the field. Auto-Track software (version 5.00) and the Opto-
Varimex-5 Auto-Track device (Columbus Instruments,
OH, USA) were used to measure the patterns of agility and
rearing as indicators of locomotion and exploration,
respectively.
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2.12. Human Cytokine Antibody Array. The conditioned
medium was collected from tau K18 fragments and the
hUCB-MSC cocultures under inducing conditions for tau
aggregation. The Human Cytokine Antibody Array C11
(Raybiotech Inc., Norcross, GA) was used to detect the
secreted proteins according to the manufacturer’s protocol.
Membranes were incubated in the blocking buffer for
30min at RT and each growth medium overnight at 4°C.
After washing, the membranes were incubated with a diluted
biotinylated antibody cocktail for 2 h at RT. After the second
washing step, the membranes were incubated in horseradish
peroxidase-conjugated streptavidin (1 : 1000) for 2 h at RT.
After the third washing step, the signals were detected using
the ChemiDoc™ Imaging System (Bio-Rad Laboratories
Inc.) and quantified with the ImageJ software (National Cen-
ter for Biotechnology Information, National Institutes of
Health, Bethesda, MD).

2.13. Enzyme-Linked Immunosorbent Assay (ELISA). A
human GAL-3-specific ELISA kit (R&D Systems, Inc.)
was used to determine the GAL-3 levels according to the
manufacturer’s instructions. The results were analyzed
using a VERSAmax microplate reader (Molecular Devices,
Sunnyvale, CA, USA).

2.14. Statistical Analysis. All data are presented as mean ±
standard error of the mean. Student’s t-tests were used to
analyze the between-group differences. Multiple sets of data
were compared using one-way analysis of variance followed
by Fisher’s least significant difference post hoc tests. p values
of < 0.05∗ and< 0.005∗∗ were considered statistically
significant.

3. Results

3.1. Administration of hUCB-MSCs Ameliorates Cognitive
Dysfunction in ADMice. To determine the ameliorative effect
of hUCB-MSCs on cognitive function in the AD mouse
model, hUCB-MSCs were injected three times at 4-week
intervals into the lateral ventricle of 6-month-old 5xFAD
mice, which is the age at which these mice display cognitive
dysfunction. For the control set, PBS was injected in a similar
manner. Behavioral tests were conducted 4 weeks after the
last injection (Figure 1(a)).

After repeated administration of hUCB-MSCs, the brains
of 5xFAD mice were analyzed using immunofluorescence.
Upon evaluation, we found that the transplanted hUCB-
MSCs were present in the brain parenchyma (red: human
mitochondria-labeled hUCB-MSCs), including the cortex,
hippocampal dentate gyrus (DG), caudate-putamen
(CPu), hypothalamus, and subventricular zone (SVZ)
(Figure 1(b)). To evaluate the changes in the cognitive
function of AD mice due to hUCB-MSC administration,
behavioral tests were conducted in both the hUCB-MSC-
treated 5xFAD and PBS-injected control groups. The open
field test conducted to evaluate the general activity, anxi-
ety, and exploratory behavior showed a significant
improvement in locomotion (general activity, distance in
the center (%), and resting duration (%)) and exploratory

behavior caused by curiosity (number of rears) in the
hUCB-MSC group. Moreover, a comparative analysis of
changes in alternation (%) in the T-maze, used to evaluate
spatial working memory, showed an ameliorative effect on
the spatial memory in the hUCB-MSC group (Figure 1(c)).

These findings indicate that the administration of hUCB-
MSCs can ameliorate cognitive dysfunction in the ADmouse
model.

3.2. Administration of hUCB-MSCs Decreases Tau
Phosphorylation and Inhibits the Formation of Aberrant
Tau in AD Mice. To assess the association between the ame-
liorative effect of hUCB-MSCs on the cognitive function and
aberrant tau pathology in AD mice, the mice were sacrificed
after the behavioral tests and examined for changes in tau
phosphorylation, which is significantly increased in AD and
other related tauopathies. Accumulating evidence indicates
that 5xFADmice particularly develop tau hyperphosphoryla-
tion before the learning and memory impairments [24]. The
brains of 5xFADmice injected with hUCB-MSCs were exam-
ined by western blotting for identifying changes in the
various disease-associated phosphorylated sites of tau,
including thr181, thr231, ser396, and ser404. Administration
of hUCB-MSCs significantly reduced the expression levels of
these phosphorylated sites compared with that of the vehicles
(Figure 2(a)). Also, immunofluorescence data revealed a
decrease in the expression levels of the phosphorylated sites,
including thr181 and ser404, in the hUCB-MSC group com-
pared with the control group (Figure 2(b)).

To determine whether the inhibitory effects of hUCB-
MSCs on tau phosphorylation also impacts the formation
of aberrant form of phosphorylated tau in AD, the abnormal
tau were examined in 5xFAD mice. Previous reports show
that abnormal phosphorylation of tau triggers the aggrega-
tion of tau into filament [25] and that the microtubule-
binding repeat region of tau is an important domain
associated with the aggregation [26, 27]. Besides, each tau is
expressed as 3-repeat (3R) and 4-repeat (4R) isoforms by
alternative splicing [28]. 3R- and 4R-tau isoforms accumu-
late in a hyperphosphorylated state in the AD brains, and
the 3R-tau contributes to the aggregation during the develop-
ment of tau pathology [5, 29, 30]. Therefore, to understand
the formation of the abnormal tau, we used a specific anti-
body for the 3R-tau isoforms targeting the microtubule
repeated binding domain.

Immunofluorescence analysis showed that the 3R-tau
antibody-positive signal was decreased in the hUCB-MSC
group compared with the control group (Figures 2(c) and
2(e)). The no primary antibody, serving as a negative control,
confirmed that this staining was not an artifact (Figure 2(d)).

Taken together, these results indicate that the adminis-
tration of hUCB-MSCs not only decreases tau phosphoryla-
tion but could also inhibit the formation of aberrant tau, a
stage that follows tau hyperphosphorylation in AD mice.

3.3. Decrease in Tau Aggregation by hUCB-MSC-Secreted
GAL-3. We next determined the effect of hUCB-MSCs on
tau aggregation using the ThT assay in vitro. Recombinant
K18 fragments from the paired helical fragments (PHF)
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core of full-length human tau, which is an important
microtubule-binding repeat domain involved in tau aggre-
gation, were used for the experiments [27] and were
mixed with heparin to induce aggregation [31]. Incubation
with hUCB-MSCs dramatically inhibited tau aggregation
that persisted during the incubation period (Figure 3(a)),
whereas no clear inhibitory effect on tau aggregation was
observed after incubation with Hs68 and HEK293 cells
(Figure 3(b)).

Aggregation-induced tau K18 fragments were cocultured
with hUCB-MSCs to identify specific paracrine factors
secreted by hUCB-MSCs that are associated with the inhibi-
tion of tau aggregation. The cocultured medium was ana-
lyzed using a human cytokine antibody array. The GAL-3
level was significantly increased in the hUCB-MSC+

aggregation-induced tau K18 group compared with the
aggregation-induced tau K18 only group (control). Although
GAL-3 was also detected in the hUCB-MSC only group,

its expression was significantly higher when hUCB-MSCs
were incubated with aggregation-induced tau K18 frag-
ments (Figure 3(c)). Using human GAL-3-specific ELISA,
higher expressions of GAL-3 were observed after coculture
with hUCB-MSCs (an approximately twofold increase)
than after coculture with HEK293 and Hs68 cells
(Figure 3(d)).

These results demonstrate that hUCB-MSCs can inhibit
the formation of tau aggregates and that the paracrine effect
of hUCB-MSC-secreted GAL-3 is specifically increased
under conditions favoring tau aggregation.

3.4. Gal-3 Is Essential for the Inhibition of Tau Aggregation In
Vitro. To confirm the role of GAL-3, a recombinant human
GAL-3 (rhGAL-3) protein was incubated with aggregation-
induced tau K18 fragments, and the medium was analyzed
by the ThT fluorescence assay. During incubation, treatment
with rhGAL-3 protein (20 ng/mL) inhibited aggregation;

i.c.v 
cannulation 1st

–7 Day 0 84

2nd

28

3rd

56

hUCB-MSC 
administration Behavioral test, 

sacrifice

(a)

0

20

40

Re
sti

ng
 d

ur
at

io
n 

(s
)

60

80

0

50

100

N
um

be
r o

f r
ea

rs

120
Open field test

0

10

20

D
ist

an
ce

 in
 ce

nt
er

 (%
)

30

40

⁎
⁎⁎

⁎⁎

0

20

40
A

lte
rn

at
io

n 
(%

)

60

80
T-maze

⁎

0

20

40

To
ta

l t
ria

ls 
(n

) 60

80

CTRL
MSC

(c)

CTRL

H
um

an
 m

ito
ch

on
dr

ia

MSC

(b)

Figure 1: Administration of hUCB-MSCs ameliorates behavioral dysfunction in 5xFADmice. (a) The schedule of repeated injection (3 times)
of hUCB-MSCs via the lateral ventricle of 5xFAD mice, which express human APP and PSEN1 transgenes with a total of five AD-linked
mutations. After 4 weeks at the last injection, mice were subjected to behavioral tests, and the brains were collected to analyze tau
phosphorylation with western blotting or IF. (b) The brains injected with hUCB-MSCs were stained with antihuman mitochondria (red).
Fluorescence signals were observed in the cortex, DG, CPu, hypothalamus, and SVZ (scale bar = 100μm). (c) Various behavioral tests for
hUCB-MSCs-injected 5xFAD mice (open field: resting duration, the distance in center, and number of rears; T-maze: alternation; n = 8
per group; ∗p < 0:05, ∗∗p < 0:005). CTRL: PBS-administrated 5xFAD; MSC: hUCB-MSC-administered 5xFAD.
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however, none of the other secreted proteins from hUCB-
MSCs (Supplementary Figure 1), such as GDF-15
(20ng/mL) or CD147 (100 ng/mL), were able to inhibit the
aggregation-induced tau K18 fragments (Figure 4(a)).
Treatment of tau K18 aggregates with rhGAL-3 protein was
able to significantly reduce the ThT fluorescence intensity
(Figure 4(b)).

In addition, the treatment of hUCB-MSCs with GAL-3-
specific siRNA markedly reduced the mRNA and protein
levels of GAL-3 (Figure 4(c)). Next, GAL-3-deficient culture

media harvested from GAL-3 knockdown hUCB-MSCs,
upon treatment with aggregation-induced tau K18 frag-
ments, showed reduced inhibition of tau aggregation as
compared to that in the control group (scrambled siRNA-
transfected hUCB-MSCs; Figure 4(e)). However, no change
was observed in the level of tau aggregation, after treatment
with hUSB-MSC cell cultures incubated with GDF-15- and
CD147-specific siRNAs or the control group, confirming
the specificity of GAL-3 in tau aggregation. (Figures 4(d)
and 4(e)).
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Figure 2: Administration of hUCB-MSCs inhibits the phosphorylation and formation of aberrant tau in 5xFAD mice. (a) Western blotting
analysis showing phosphorylation and total levels of tau proteins in the right side of the whole brains in 5xFADmice after injection of hUCB-
MSCs. β-Actin was used as a loading control. Western blotting was analyzed using densitometric quantification (n = 5 for the CTRL group,
n = 7 for the MSC group, ∗p < 0:05). (b) Sections of the cortical and DG regions in the brains were stained with specific antibodies for
phosphorylated tau (red) (tyr181 or ser404) (scale bar = 100μm). (c) Coronal sections. Each red box indicates regions assessed using
antibodies in (d, e). (d) Immunofluorescence performed in the absence of 3R-tau primary antibody was included to control for the
nonspecific binding of the secondary antibody (no primary antibody). (e) Each tissue section was stained with DAPI and anti-3R-tau
antibodies. The tile scan images acquired using a confocal microscope are shown in green (aberrant tau) in the hippocampal or cortex
region (scale bar = 200μm). The boxed areas represent magnified images. CTRL: PBS-administrated 5xFAD; MSC: hUCB-MSC-
administered 5xFAD.
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These results indicate that hUCB-MSC-secreted GAL-3
is an essential factor for specific inhibition of tau aggregation
in an in vitro assay.

3.5. GAL-3 Decreases Tau Phosphorylation by Modulation of
GSK-3β in AD Mice. To evaluate the effects of GAL-3 on tau
pathology in AD mice, rhGAL-3 protein (1.0μg/kg) was
injected into the bilateral hippocampi of 4-month-old
5xFAD mice. Mice were then sacrificed after 7 days
(Figure 5(a)) to study the expression of various disease-
associated phosphorylated sites of tau, including thr181,
thr231, ser396, and ser404. The expression of these sites
was significantly reduced in the rhGAL-3 protein group com-
pared with the PBS-injected control group (Figure 5(b)).
Results from immunofluorescence also showed a reduction
in the expression of phosphorylated sites, including thr181
and ser404, after rhGAL-3 protein administration
(Figure 5(c)).

To understand the mechanism underlying the modula-
tion of tau phosphorylation, we investigated the role of
kinases located upstream of tau. In particular, we tried to
establish the association between GAL-3 and GSK-3β, a
known tau phosphorylation-regulating kinase in AD,
in vivo. Using western blotting, we showed that GSK-3β-
tyr216 phosphorylation was significantly reduced after the
administration of rhGAL-3 protein (75.6% decrease relative
to that in the control group) and GAL-3-secreting hUCB-
MSCs (50.9% decrease relative to that in the control group)
in 5xFAD mouse brains (Figures 5(d) and 5(e)).

These findings suggest that GAL-3 modulates tau
phosphorylation by reducing phosphorylation at the tyr216
residue of activated GSK-3β in AD mice.

3.6. GAL-3 Prevents the Formation of Aberrant Tau and
Directly Interacts with Tau in AD Mice. To confirm the role
of GAL-3 secreted from hUCB-MSCs in the aberrant forma-
tion of phosphorylated tau in AD, we evaluated the changes
in abnormal tau after rhGAL-3 protein injection in AD mice.
Immunofluorescence using the 3R-tau antibody for the 3-
repeat tau isoform revealed that the 3R-tau-positive signal
was decreased in the GAL-3-treated group compared with
that of the control group (Figure 6(a)).

In addition, to verify the possibility of interference in
aberrant tau by protein-protein interaction, we measured
the binding kinetics between the tau K18 fragments and
GAL-3 using the fluorescence resonance energy transfer-
(FRET-) based AlphaLISA assay. The binding ability between
the two proteins was reflected by Kd values calculated using
the AlphaLISA saturation binding assay. In this experiment,
tau K18 fragments were used as an analyte at a concentration
ranging from 0 to 100nM. The assay demonstrated that the
binding of tau K18 fragments to GAL-3 (1, 3, and 10nM)
was saturable, with a high binding affinity. The Kd values at
1, 3, and 10nM were 8.31, 8.73, and 9.13 nM, respectively
(Figure 6(b)). This result indicates a high degree of direct
interaction between the tau K18 fragments and GAL-3.

Moreover, we analyzed the brain extract of AD mice
using immunoprecipitation in order to determine the actual
binding between tau and GAL-3 in vivo. After immunopre-

cipitation using the GAL-3 antibody, the binding complex
of GAL-3-tau was selected for immunoblotting, and the
binding was confirmed by the tau and GAL-3 expressions.
The expressions of both GAL-3 and tau were detected in
the brain extract using the GAL-3 antibody, but not with
the negative IgG antibody (n-IgG) (Figure 6(c)).

These results suggest that hUCB-MSC-secreted GAL-3
can hinder the formation of abnormal tau by directly binding
with tau in AD mice.

4. Discussion

In this study, we demonstrated the inhibitory effect of hUCB-
MSCs on the formation of aberrant tau and subsequently
identified a soluble protein GAL-3 as an essential protein
secreted by hUCB-MSC in response to tau abnormalities.
In addition, we showed that the interaction between GAL-3
and tau reduced the formation of abnormal tau by directly
binding and inhibiting the hyperphosphorylation of tau.
Moreover, we determined the mechanism underlying the
inhibition of tau hyperphosphorylation by GAL-3.

Abnormal hyperphosphorylation of tau protein and the
development of tau tangles along with amyloid accumulation
are the fundamental characteristics of AD progression in the
human brain. Induction of structural stabilization and clear-
ing of hyperphosphorylated tau aggregates by tau modula-
tion have emerged as alternative therapies [32, 33]. Tau
protein was initially identified as a microtubule-associated
protein in the brain microtubules [34]. Structurally, it is
divided into the acidic region of the N-terminal portion, a
proline-rich region, microtubule-binding four-repeat
domains (RD1~4), and the C-terminal region, and the alter-
native splicing of the tau primary transcript in the central
nervous system produces the six isoforms of 352-441 amino
acids [35]. Specifically, the exon 10 (RD2) contains the
microtubule-binding region and the insertion of exon 10
leads to the 4-repeat (4R) tau isoforms whereas the 3-repeat
(3R) tau isoforms are produced without the exon 10 [28].
3R- and 4R-tau contribute to the abnormal accumulation in
tau pathology in AD brain [36]. In particular, aberrant
modifications of hyperphosphorylated tau from increased
β-structure levels in the repeat domains eventually lead to
the formation of PHFs in AD [37]. Such modifications of
tau in the intracellular or extracellular space may be toxic
to neurons [38]. Therefore, inhibition of abnormal hyper-
phosphorylation and tau aggregation has become a strategi-
cally important therapeutic target. However, despite
extensive efforts for drug development, an approved drug
has not yet been developed [39].

Studies have revealed that hUCB-MSCs exert a therapeu-
tic effect on AD via the secretion of therapeutic factors. The
effects of hUCB-MSCs, including amyloid clearance, anti-
inflammatory effects, and recovery of synaptic function indi-
cate that hUCB-MSCs have the capacity to improve the
overall environment in AD, which has various pathologies
[14, 15, 40, 41]. Therefore, hUCB-MSCs might have multi-
functional therapeutic effects and play a pivotal role as a
therapeutic agent for AD. In the present study, we presented
clear evidence supporting a new therapeutic role of hUCB-
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MSCs in AD: modulation and inhibition of the abnormal
hyperphosphorylation of tau. Moreover, we also demon-
strated the modulatory effect of hUCB-MSCs on tau through
a paracrine action in an AD environment and identified
GAL-3 as the primary associated paracrine factor.

GAL-3, a member of the β-galactoside-binding protein
family, is a multifunctional protein involved in both intracel-
lular and extracellular functions [42, 43]. It is an extracellular
space protein secreted by a nonclassical secretory pathway

and it not only modulates the basic cellular functions, includ-
ing cell-cell interactions, proliferation, and differentiation,
but also plays a role in the pathogenesis of many human dis-
eases and promotion of neural cell adhesion and neurite out-
growth [44–46]. GAL-3 plays a critical role in MSC survival,
migration, and therapeutic application [47]. In our previous
study, we demonstrated the antiapoptotic role of hUCB-
MSC-secreted GAL-3 in neuronal cells [13]. GAL-3 aids in
autophagy-mediated removal of ruptured phagosomes and
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Figure 3: GAL-3 secreted from hUCB-MSCs suppresses aggregation of tau in vitro. (a, b) After treatment with two hUCB-MSC lots in tau
K18 fragments under the aggregation-inducing condition, each conditioned medium was analyzed by the ThT fluorescence assay to identify
the relative intensity of aggregated tau levels. Tau aggregation-inducing condition was used as a control (mean ± SEM, n = 3 per group). (c)
Cytokine arrays were conducted with the conditioned medium. Box 1 indicates GAL-3 protein levels under each condition. A densitometric
analysis of GAL-3 was performed. (d) Conditioned media from various human originated cells in the Transwell system were analyzed with
ELISA to identify the relative quantity of secreted human GAL-3. (mean ± SEM, n = 3 per group). MSC: hUCB-MSCs; Hs68: human foreskin
fibroblast; HEK293: human embryonic kidney 293.
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lysosomes via recognition molecules [48], and galectin-8-
mediated selective autophagy prevents seeded tau aggrega-
tion [49]. In contrast, GAL-3 enhances Aβ oligomerization
and Aβ toxicity, while GAL-3 deletion decreases the
microglia-associated immune response and improves cogni-
tive behavior in AD mice [50, 51]. These conflicting func-
tional roles of GAL-3 could be due to the difference in cell
types expressing GAL-3 or due to the difference in response
to the stimulating environment. In the present study, we
demonstrated that GAL-3 had a modulating effect on tau
protein phosphorylation and an inhibitory potential on the
formation of aberrant tau.

Tau protein functions in the brain via kinase-regulated
phosphorylation [52]. Of these kinases, GSK has two closely
related isoforms, GSK-3 alpha and GSK-3β. The latter is a

proline-directed kinase that plays a key role in controlling
the numerous signaling pathways in the central nervous sys-
tem and modulates important cellular processes [53, 54].
GSK-3β is structurally activated by autophosphorylation at
the Tyr216 residue and inactivated by phosphorylation at
the Ser9 residue [55]. Activation of GSK-3β results in hyper-
phosphorylation of most sites of tau and increases tau phos-
phorylation in AD [56–58]. Moreover, GSK-3β directly
participates in the microtubule destabilization and PHF
formation in the AD brains [59, 60]. Recently identified
GSK-3β-phosphorylated sites of tau include the Thr181,
Ser199, Thr231, Ser396, Ser404, Ser413, Ser46, Thr50, and
Ser202/Thr205 [54, 61]. In the present study, we show that
GAL-3 modulates the expression of GSK-3β. The present
findings are of clinical significance because the hUCB-
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Figure 4: GAL-3 secreted from hUCB-MSCs is an essential factor for inhibition of tau aggregation. (a) A variety of factors were administered
to the K18 fragments under the aggregation-induced condition, and each conditioned medium was used to analyze the level of aggregated tau
using the ThT fluorescence assay. Tau aggregation-inducing condition was used as a control (mean ± SEM, n = 3 per group). (b) The ThT
assay showed that the effects of GAL-3 on tau disaggregation were greatly substantial (mean ± SEM, ∗∗p < 0:005, n = 3 per group). (c)
hUCB-MSCs were transfected with control or GAL-3-siRNA at 37°C overnight. On the following day, the cells were incubated with tau
K18 fragments under the aggregation-inducing condition. GAL-3 and β-actin mRNA and protein levels were, respectively, assessed by
RT-PCR and ELISA (mean ± SEM, ∗∗p < 0:005 versus control-siRNA-treated hUCB-MSCs). (d) siRNAs of GDF-15 or CD147 could
effectively knockdown GDF-15 or CD147 expressions, as analyzed with RT-PCR. (e) Tau K18 fragments were treated with conditioned
media derived from hUCB-MSCs, in which CTRL, GAL-3, GDF-15, and CD147 were knockdown by siRNA. The relative quantity of
aggregated tau levels was estimated by the ThT fluorescence assay (mean ± SEM, ∗∗p < 0:005 versus control-siRNA-treated hUCB-MSCs).
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MSC-secreted protein GAL-3 may reduce the tau phosphor-
ylation through GSK-3β mediation and interfere with AD
progression due to the aberrant tau pathology.

In the present study, we selected 5xFAD as the double-
transgenic AD mouse model of choice as these mice mimic
most of the pathologic alterations, including early accumula-
tion of Aβ, neuronal loss, and cognitive deficits similar to

patients with AD [62]. Although these double-transgenic
AD mouse models, with only APP and PS1 mutation, are
not exact replicable models of tauopathy, they have the
potential to exhibit hyperphosphorylated tau as punctuate
deposits and neurofibrillary changes [62, 63]. Further, Aβ
peptides can induce the formation of tau fibrils in culture
and stimulate tau hyperphosphorylation in AD model [30,
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Figure 5: GAL-3 attenuates tau pathology in 5xFAD mice. (a) Schematics of human recombinant GAL-3 injection into the hippocampi of
5xFAD mice and the schedule of animal sacrifice. (b) After 1 week, GAL-3-injected 5xFAD mouse brains were extracted and assessed by
western blotting with various phosphorylated tau antibodies. β-Actin was used as a loading control. Western blotting was analyzed using
densitometric quantification (n = 5 per group, ∗p < 0:05, ∗∗p < 0:005). (c) Sections of the cortical and DG regions were stained with
specific antibodies for phosphorylated tau (red), tyr181, or ser404 (scale bar = 100 μm). (d) GAL-3-injected or hUCB-MSC-administrated
5xFAD mouse brains were analyzed by western blotting with tyrosine 216 phosphorylated GSK-3β or total GSK-3β antibodies. β-Actin
was used as a loading control. (e) Densitometric quantification of western blotting in (d) (∗p < 0:05, ∗∗p < 0:005, n = 5 per group or n = 5
~ 7 per group). CTRL: PBS-administrated 5xFAD; GAL-3: GAL-3-injected 5xFAD; MSC: hUCB-MSC-administrated 5xFAD; DG: dentate
gyrus; CA3: cornu ammonis 3.
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64, 65]. These previous reports show that the double-
transgenic AD mouse model may be partially helpful in
understanding the aberrant tau formation. In this study, we
present the possible regulation of abnormal tau by hUCB-
MSCs in an AD model.

Using AlphaLISA binding assay and immunoprecipita-
tion analysis of the brain extract from 5xFAD mice, we dem-
onstrated binding between tau and GAL-3. Binding between
proteins has been known to inhibit aggregation, for example,
small molecule curcumin binds to the monomeric form of α-
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synuclein, which belongs to aggregation-prone proteins, and
prevents α-synuclein aggregation [66]. Thus, based on the
results from this study we propose that hUCB-MSC-
secreted GAL-3 protein could inhibit the aggregated forma-
tion of tau by its interaction with tau.

Further studies are needed to investigate the pathways
associated with kinases that function as tau modulators. In
order to verify the ameliorative effect of hUCB-MSCs on
abnormal tau, it is important to establish an in vitro model,
which allows the coculture of tau with hUCB-MSCs, thus
unraveling the mechanism behind the beneficial effects of
GAL-3 secreted by hUCB-MSCs. Moreover, validation of
the efficacy of hUCB-MSC-secreted GAL-3 in tauopathy
animal models, such as Tau P301S Tg mice, will further dem-
onstrate its applicability as a therapeutic agent for neurode-
generative diseases associated with tauopathy.

5. Conclusion

This study suggests that hUCB-MSCs modulate hyperpho-
sphorylated tau in vivo and aggregation of tau in vitro, which
are the major pathological hallmarks of AD. hUCB-MSC-
secreted GAL-3 can inhibit tau phosphorylation by modulat-
ing GSK-3β and suppressing the formation of aberrant tau by
interacting with the tau protein. These findings indicate that
abnormal tau in AD may be modulated by the paracrine
action of proteins secreted by hUCB-MSCs, and GAL-3
may contribute to the beneficial effects of hUCB-MSCs.
Our findings (tau protein modulation by hUCB-MSCs) pres-
ent a new direction and possibility for the role of stem cell
therapy in AD.
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Mesenchymal stem cells (MSCs) are multipotent stem cells with strong immunosuppressive property that renders them an
attractive source of cells for cell therapy. MSCs have been studied in multiple clinical trials to treat liver diseases, peripheral
nerve damage, graft-versus-host disease, autoimmune diseases, diabetes mellitus, and cardiovascular damage. Millions to
hundred millions of MSCs are required per patient depending on the disease, route of administration, frequency of
administration, and patient body weight. Multiple large-scale cell expansion strategies have been described in the literature to
fetch the cell quantity required for the therapy. In this review, bioprocessing strategies for large-scale expansion of MSCs were
systematically reviewed and discussed. The literature search in Medline and Scopus databases identified 26 articles that met the
inclusion criteria and were included in this review. These articles described the large-scale expansion of 7 different sources of
MSCs using 4 different bioprocessing strategies, i.e., bioreactor, spinner flask, roller bottle, and multilayered flask. The
bioreactor, spinner flask, and multilayered flask were more commonly used to upscale the MSCs compared to the roller bottle.
Generally, a higher expansion ratio was achieved with the bioreactor and multilayered flask. Importantly, regardless of the
bioprocessing strategies, the expanded MSCs were able to maintain its phenotype and potency. In summary, the bioreactor,
spinner flask, roller bottle, and multilayered flask can be used for large-scale expansion of MSCs without compromising the
cell quality.

1. Introduction

Mesenchymal stem cells (MSCs) are multipotent stem cells
which can be isolated from various tissue sources such as
bone marrow [1], adipose tissue [2], and umbilical cord [3].
MCSs are able to self-renew and can be induced to differen-
tiate into adipocytes, chondrocytes, osteocytes, hepatocytes,
tenocytes, and cardiomyocytes [2, 4, 5]. MSCs can modulate
the immunoreactivity through mechanisms such as sup-
pression of T-cells and lymphocyte proliferation [6, 7]. In
addition, MSCs also possess antioxidative, antiapoptotic,
antifibrosis, and proangiogenesis properties [8]. Thus, MSCs
have remarkable clinical potential especially in immune
modulation and tissue regeneration. In fact, MSCs have been

evaluated in many clinical trials for the treatment of
immune-mediated diseases and tissue injuries. Diseases that
have been treated with MSCs include liver diseases, periph-
eral nerve damage, graft-versus-host-disease, autoimmune
diseases, diabetes mellitus, and heart diseases [9, 10].

A crucial limitation in therapeutic application of MSCs is
the low amount of MSCs in all tissues and the quantity of
isolated MSCs being insufficient for clinical use. A dosage
of 2 × 106 cells/kg body weight is commonly given to the
patients [6, 7]. For certain patients and diseases, multiple
administrations of MSCs up to several hundred million cells
are needed to achieve the desired therapeutic effect [11, 12].

MSCs can be expanded in vitro using a cell culture plate
and flask to obtain the sufficient cell number needed for

Hindawi
Stem Cells International
Volume 2020, Article ID 9529465, 17 pages
https://doi.org/10.1155/2020/9529465

https://orcid.org/0000-0001-9045-5145
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/9529465


experimental purposes. However, a similar strategy is not
ideal for expansion of MSCs meant for clinical use as the cell
number needed is much higher. More manpower and incu-
bator space are needed when performing large-scale cell
expansion using a cell culture flask. Apart from being inef-
fective, large-scale expansion using a cell culture flask also
affects the cell quality as MSCs expanded in vitro for a long
period of time may lose their stem cell characteristics [13].
Previous studies also reported that MSC proliferation and
differentiation potential decreased when they reached a
higher passage number [14]. Thus, identification of an effec-
tive large-scale expansion technique is very important to
obtain the huge number of cells in a short period of time
and in a cost-effective manner without compromising the
cell quality.

In this review, we identified the articles reporting the
large-scale expansion ofMSCs via systematic literature search.
A total of 4 bioprocessing strategies, i.e., bioreactor, spinner
flask, roller bottle, and multilayered flask, were found to be
used for large-scale expansion of MSCs, and all data reported
in these articles were extracted, analyzed, and discussed.

2. Methods

2.1. Search Strategy. A systematic literature search was car-
ried out to identify suitable articles reporting large-scale
expansion of human MSCs in vitro. Literature search was
performed using keywords, (1) human AND (2) mesenchy-
mal stem cells OR mesenchymal stromal cells OR MSCs
AND (3) large-scale OR scale-up, in a sentence of ((human)
AND ((mesenchymal AND stem AND cells) OR (mesenchy-
mal AND stromal AND cells) OR (MSCs)) AND ((large
AND scale AND expansion) OR (up AND scaling))) in the
Medline and Scopus databases. Next, only the literature arti-
cles reported in English language were selected. The articles
must also meet the inclusion and exclusion criteria to be
included in this study.

The first inclusion criterion is that the articles are work-
ing on human MSCs. Secondly, the articles described the
large-scale expansion of human MSCs. Thirdly, the articles
provide detailed information on the expansion process,
including the source of MSCs, cell seeding density, expansion
method, medium composition, culture period, and total cell
yield. Lastly, the articles characterized the expanded cells in
accordance with the minimal criteria established by the
International Society for Cellular Therapy (ISCT). Review
articles and proceedings were excluded. In addition, articles
describing the large-scale expansion of MSCs using the stan-
dard culture flask, i.e., T-25, T-75, and T-175 flasks, were
also excluded.

2.2. Data Extraction. Data were extracted from selected arti-
cles by two authors independently. The articles were selected
through 3 layers of screening, i.e., title screening, abstract
screening, and whole article screening, to exclude articles that
did not fulfill the inclusion and exclusion criteria. Data were
extracted from articles that provide detailed description of at
least one large-scale expansion process. For articles reporting

multiple large-scale expansion processes, information of all
the described expansion processes was collected.

2.3. Calculation. Efficiency of large-scale expansion was com-
pared by calculating the expansion fold using the following
formula:

Expansion ratio = Total cell yield
Total cell seeded

: ð1Þ

Some articles reported the number of cells seeded as the
total cell number while others as cell seeding density. For
standardization, all data were converted to the total cell num-
ber. This is to give an idea on the number of cells needed
prior to large-scale expansion as well as to show the total
cell yield upon expansion using the specific bioprocessing
methods. The total cell number was calculated using the
following formula:

Total cell number tð Þ = ρ × A, ð2Þ

where ρ represents cell seeding density or cell yield density
and A represents the surface area or working volume of
the vessel used for cell expansion.

3. Results

3.1. Literature Search. The literature search identified 361
articles: 144 articles were obtained from the Medline data-
base and 217 articles were obtained from the Scopus data-
base. A total of 130 duplicated articles were removed before
screening using the inclusion and exclusion criteria. A total
of 129 articles were rejected after the title screening because
they were not related to large-scale bioprocessing of human
MSCs. For the remaining 102 articles screened for the
abstract, only 64 articles were selected for thorough full-text
screening. Finally, a total of 26 articles were selected for data
extraction (Figure 1).

3.2. Data Extraction.Data from 26 articles published between
2007 and 2019 were extracted and are summarized in
Table 1. The articles described the large-scale expansion of
MSCs isolated from 7 different tissue sources, i.e., adipose
tissue-derived MSCs (AT-MSCs), umbilical cord matrix- or
Wharton’s jelly-derived MSCs (WJ-MSCs), bone marrow-
derived MSCs (BM-MSCs), periosteum-derived MSCs (PD-
MSCs), villous chorion-derived MSCs (VC-MSCs), dental
pulp-derived MSCs (DP-MSCs), and fetal MSCs (F-MSCs)
(Figure 2). A total of 4 bioprocessing strategies have been
used, i.e. bioreactor, spinner flask, roller bottle, and multilay-
ered flask (Figure 3). Four articles described the large scale of
expansion of MSCs frommultiple sources, and 5 articles used
more than 1 bioprocessing method. Most of the articles
described the large-scale expansion of MSCs from BM (13
articles, 43%), AT (6 articles, 20%), and WJ (6 articles,
20%), with PD-MSCs appearing in 2 articles (7%) and VC-
MSCs, DP-MSCs, and F-MSCs appearing in 1 article (3%)
each. Large-scale expansion using the bioreactor, spinner
flask, multilayered flask, and roller bottle was described in
11 (37%), 11 (37%), 7 (23%), and 1 (3%) articles, respectively.
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3.3. Culture Medium Selection. A total of 13 studies reported
the use of fetal bovine serum (FBS) at 10 or 15% (v/v) con-
centration for large-scale expansion of MSCs of which three
studies further supplemented the culture medium with basic
fibroblast growth factor (bFGF) ranging from 2 to 10 ng/ml
[6, 15, 16]. Another three studies compared the large-scale
expansion of MSCs using FBS versus human platelet lysate
(HPL) and defined medium [17–19]. All three studies
reported that FBS was inferior compared to HPL and defined
medium in promoting MSC proliferation. Instead of FBS,
seven studies used 5%, 8%, or 10% (v/v) HPL [17, 19–24],
one study used 5% (v/v) Ultragrow™ [25], and another one
used 15% (v/v) AB human serum as supplement [26].
Defined culture mediums, i.e., MesenCult™-XF medium
[27–29], StemPro® MSC SFM XenoFree medium [30–33],
Corning® stemgro® hMSC medium [29], and PRIME-XV™
SFMmedium [18], were used in seven studies (Table 2). Even
though different mediums and medium supplements were
used, nonetheless, all the studies reported that the expanded
cells maintained its phenotype and trilineage differentiation
potential. Five studies showed that the expanded MSCs
retained its immunomodulatory properties [6, 7, 20, 34, 35].

3.4. Large-Scale Expansion Using Multilayered Flask. A mul-
tilayered flask is a specially designed culture flask that con-
sists of multiple layers of a cell culture-treated surface to
provide a large surface area for cell growth. The usage of a
multilayered flask saves a lot of incubator space compared
to T-75 or T-175 flasks as it is more compact. A few types
of multilayered flasks, including Hyperflask, CellSTACK (2-

chamber and 5-chamber), and Cell Factory (4-chamber),
have been tested for the large-scale expansion of MSCs. The
surface area of a multilayered flask varies with types. The
hyperflask surface area is 1720 cm2, CellSTACK has a surface
area ranging from 1272 cm2 for 2-chamber to 3180 cm2 for 5-
chamber, and Cell Factory 4-chamber has a surface area of
2528 cm2. The cell expansion ratio using multilayered flasks
has been reported to be between 4.11-fold and 316.25-fold
(Table 2). Four studies [22, 23, 26, 36] achieved an expansion
ratio below 20-fold, and three studies [6, 17, 37] reported an
expansion ratio above 100-fold using a multilayered flask
(Figure 4).

3.5. Large-Scale Expansion Using Bioreactor. Many types of
bioreactors, including hollow fiber bioreactor (Quantum Cell
Expansion System) [19, 38], stirred tank bioreactor (UniVes-
sel® SU bioreactor [28], Mobius® bioreactor [21], Celligen
310 bioreactor [26, 31, 35], Vertical Wheel bioreactor [27],
Biostat Qplus bioreactor [27], and BioFlo 110 bioreactor
[32]), and multiplate bioreactor (Pall Life Sciences Xpansion
Multiplate Bioreactor) [39], have been tested for large-scale
expansion of MSCs. Most studies used commercially avail-
able bioreactors with capacity ranging from 1.3 l to 50 l except
Egger et al. who built their own stirred tank bioreactor for the
expansion of AT-MSCs [20]. As the bioreactor capacity
increased, the number of cells seeded and total cell yield
also increased. Typically, microcarriers, including collagen-
coated microcarriers, plastic P102L microcarrier, Cultispher
S microcarrier, and Synthemax II microcarrier, were used
to provide the culture surface for cells to attach and grow.

Literature search via
Medline

Total articles: 144

Literature search via
Scopus

Total articles: 217

Removal of duplicated
articles: 130

Excluded after title
screening: 129

Excluded after abstract
screening: 38

Excluded after full text
screening: 38

Total articles: 231

Remaining articles after
title screening: 102

Remaining articles after
abstract screening: 64

Total articles fulfilling the
inclusion and exclusion

criteria: 26

Figure 1: Flow chart of article selection process.
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The cell expansion ratio was reported to be between 1.85-fold
and 42.67-fold depending on the bioreactor and culture
protocol used.

3.6. Large-Scale Expansion Using Spinner Flask. Several types
of spinner flasks, including the Bellco spinner flask [18, 24,

25, 30, 31, 33], Techne spinner flask [7, 26], Corning spinner
flask [29], and Cellspin spinning bottle [16] with capacity
ranging from 100ml to 125ml, have been used for large-
scale expansion of MSCs. Microcarriers were used to pro-
vide the growth surface for cell proliferation. Different
types of microcarriers, i.e., plastic P102L microcarrier, Cul-
tispher S microcarrier, Cytodex 3 microcarrier, and Synthe-
max II microcarrier, were used in these studies. The cell
expansion ratio has been reported to be between 2.60-fold
and 21.00-fold.

3.7. Large-Scale Expansion Using Roller Bottle. A roller bottle
is a cylindrical vessel that requires a roller track to gently
rotate them. Only one study reported the use of roller bottles
for MSC large-scale expansion. Tozetti et al. seeded 4:25 ×
106 MSCs in a 2125 cm2 roller bottle containing 200ml of
culture medium for 6 days to yield 2:98 × 107 cells, achieving
an expansion ratio of 7.01-fold [26].

4. Discussion

MSCs have great therapeutic potential and have been tested
in many clinical trials. It is very important to produce
MSCs in a large scale to meet clinical demands. One of
the most crucial aspects to achieve this is the selection of
a culture medium to support rapid MSC expansion without
compromising its therapeutic potential. From the literature
search, we found that FBS, HPL, and defined medium are
frequently used for MSC expansion. FBS helps in cell adhe-
sion by providing the cell attachment factors and is rich in
growth factors that stimulate cell growth [40, 41]. However,
there are concerns about its safety as MSCs cultured with
FBS may trigger immunoreaction in recipients because of
the transfer of animal protein and animal pathogen [14].
In addition, FBS has high batch-to-batch variation which
leads to inconsistency in cell expansion [42]. These draw-
backs indicated that the use of FBS should be avoided if pos-
sible. Human serum and defined medium are alternatives for
FBS for large-scale expansion of MSCs. The main disadvan-
tage of human serum and defined medium is the cost. In
addition, human serum has batch-to-batch variation, and
most of the defined medium require an extra culture surface
coating step to improve cell attachment. Nonetheless, data
extracted from the studies showed that MSCs were able to
maintain its phenotype and trilineage differentiation poten-
tial as well as the immunomodulatory properties regardless
of the culture medium, bioprocessing strategies, and serum
supplement used, fulfilling the minimum criteria proposed
by the ISCT [43].

Govindasamy et al. and Haack-Sørensen et al. compared
the large-scale expansion of MSCs using FBS and HPL [17,
19]. Data from these studies showed that HPL significantly
increased the cell yield and shortened the population dou-
bling time compared to FBS without compromising the cell
viability or altering their phenotype and trilineage differenti-
ation potential. Similar results were reported in the study by
Picken et al. that compared FBS with defined medium [18].
Melkoumian et al. compared 2 defined mediums, i.e.,
Mesencult™-XF medium and Corning® stemgro® hMSC

43% (13)

WJ-MSCs

20% (6)

20% (6)

3% (1)3% (1)
3% (1)

7% (2)

AT-MSCs
BM-MSCs

VC-MSCs
F-MSCs
DP-MSCs

PD-MSCs

Figure 2: Frequency of the mesenchymal stem cell (MSC) sources
in the selected articles. Most of the studies expanded the MSCs
derived from bone marrow, adipose tissue, and Wharton’s jelly.
BM: bone marrow; AT: adipose tissue; WJ: Wharton’s jelly; PD:
periosteum; VC: villous chorion; F: fetal; DP: dental pulp.

37% (11)

37% (11)
23% (7)

Spinner flask

3% (1)

Bioreactor
Multilayered flask
Roller bottle

Figure 3: Frequency of the bioprocessing strategies used in the
selected studies. Most of the studies used bioreactor, spinner flask,
and multilayered flask for large-scale expansion of MSCs.
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Table 2: A summary of the expansion ratio achieved with different medium/serum supplement and bioprocessing strategies.

Medium/serum Bioprocessing method (working volume)
Initial cell
seeding

Final cell
yield

Expansion
ratio

Doubling
time (h)

Reference

FBS

Multilayered
flask

Hyperflask 5:16E + 06 7:36E + 07 14.26 23.75 [36]

CellSTACK 5-chamber 3:18E + 06 3:20E + 08 100.63 39.68 [17]

CellSTACK 2-chamber 1:27E + 06 2:48E + 08 195.28 15.77 [6]

Cell Factory 4-chamber 8:00E + 05 2:53E + 08 316.25 49.80 [37]

Spinner flask

Spinner flask (100ml) 3:00E + 06 8:58E + 06 2.86 94.99 [18]

Spinner flask (100ml) 9:60E + 06 8:50E + 07 8.85 53.40 [56]

Spinner flask (80ml) 2:00E + 06 5:40E + 06 2.70 167.50 [24]

Spinner flask (50ml) 6:25E + 06 2:41E + 07 3.86 86.28 [7]

Spinning bottle 5:00E + 06 1:30E + 07 2.60 104.46 [16]

Bioreactor

Quantum Cell Expansion
System

2:10E + 07 1:19E + 08 5.67 201.40 [19]

Quantum Cell Expansion
System

2:10E + 07 4:00E + 08 19.00 39.50 [38]

Pall Life Sciences Xpansion
Multiplate Bioreactor

1:60E + 08 5:35E + 08 3.34 96.47 [39]

Fibrous bed bioreactor (1.75 l) 1:00E + 07 9:20E + 07 9.20 67.47 [35]

Human serum/human
platelet lysate

Multilayered
flask

Hyperflasks 3:44E + 06 4:47E + 07 12.99 71.36 [26]

CellSTACK 2-chamber 5:09E + 06 5:28E + 07 10.37 49.79 [23]

CellSTACK 2-chamber 5:09E + 06 4:69E + 07 9.22 37.44 [23]

CellSTACK 2-chamber 5:09E + 06 3:64E + 07 7.15 59.21 [23]

CellSTACK 2-chamber 5:09E + 06 5:65E + 07 11.10 34.56 [23]

CellSTACK 5-chamber 3:18E + 06 4:98E + 08 156.60 36.21 [17]

Cell Factory 4-chamber 1:90E + 08 7:80E + 08 4.11 159.02 [22]

Spinner flask

Spinner flask (80ml) 4:00E + 06 2:80E + 07 7.00 47.02 [25]

Spinner flask (80ml) 2:00E + 06 10:40E + 06 5.20 100.90 [24]

Spinner flask (100ml) 2:00E + 06 4:20E + 07 21.00 32.78 [26]

Roller bottle Roller bottle 4:25E + 06 2:98E + 07 7.01 68.45 [26]

Bioreactor

Quantum Cell Expansion
System

2:10E + 07 6:05E + 08 28.81 29.70 [19]

Continuously stirred tank
reactor (130ml)

1:30E + 07 2:40E + 07 1.85 162.80 [20]

Continuously stirred tank
reactor (130ml)

1:30E + 07 2:90E + 07 2.23 124.40 [20]

Mobius® 50 l single-use
bioreactor

3:00E + 08 1:28E + 10 42.67 48.75 [21]

Stirred tank bioreactor (800ml) 8:00E + 06 7:92E + 07 9.90 50.79 [26]

Defined medium Spinner flask

Spinner flask (80ml) 4:00E + 06 1:92E + 07 4.80 53.03 [31]

Spinner flask (80ml) 4:00E + 06 2:88E + 07 7.20 67.42 [30]

Spinner flask (80ml) 1:50E + 06 1:52E + 07 10.13 57.80 [30]

Spinner flask (100ml) 3:00E + 06 3:01E + 07 10.03 43.29 [18]

Spinner flask (35ml) 7:50E + 05 3:75E + 06 5.00 72.35 [29]

Spinner flask (35ml) 7:50E + 05 5:25E + 06 7.00 59.84 [29]

Spinner flask (80ml) 4:00E + 06 1:60E + 07 4.00 168.00 [33]

Spinner flask (80ml) 4:00E + 06 1:12E + 07 2.80 226.20 [33]
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medium [29]. The authors found that the Corning® stemgro®
hMSC medium gave higher fold of cell expansion compared
to Mesencult™-XF medium. None of the large-scale expan-
sion studies compared HPL and defined medium. However,
using a small-scale culture system, Riis et al. found that
HPL gave the highest cell yield, followed by FBS, while the
StemPro® MSC SFM XenoFree medium failed to maintain
AT-MSC expansion beyond passage 5 [44]. Similarly, Oiko-
nomopoulos et al. reported that expansion with HPL resulted
in the highest cell proliferation, followed by StemPro® MSC
SFM XenoFree medium and FBS [45]. Surprisingly, the
authors observed that HPL failed to maintain BM-MSC and
AT-MSC immunosuppressive properties. However, several
previous studies reported contradicting results whereby
Menard et al. found that BM-MSCs and AT-MSCs cultured
with HPL were able to maintain their immunosuppressive
properties compared to BM-MSCs cultured with FBS [46].
Tsai et al. reported that BM-MSCs cultured with HPL supple-
mented medium were able to maintain the immunosuppres-
sive properties [35]. Thus, HPL is superior compared to FBS
and defined medium for large-scale expansion of MSCs as it
increases the proliferation of MSCs without compromising
the characteristic and plasticity of the cells. Furthermore,
the use of HPL also reduces the risk of animal pathogen
transmission and animal protein transfer to host. Moreover,
HPL is cheaper compared to defined medium that is still very
costly right now. In the future, the cost of defined medium
might reduce when the demand increases.

There were four bioprocessing strategies used to archive
large-scale production of MSCs, i.e., multilayered flask, spin-

ner flask, roller bottle, and bioreactor. Each bioprocessing
strategy has its own advantages and disadvantages
(Table 3). Generally, a bioreactor allows fully automated cell
bioprocessing with higher efficiency. The multilayered flask,
spinner flask, and rotating bottle are manual bioprocessing
strategies with lower efficiency. Since the spinner flask, roller
bottle, and multilayered flask require substantive manual
manipulations, more manpower are needed when these cul-
ture systems are used. Among the four bioprocessing strate-
gies, the multilayered flask is the only static cell culture
system, while the rest are dynamic cell culture systems. A
dynamic culture system creates shear stress to cells as it
involves mechanical agitation of the culture medium or cul-
ture vessel to allow more efficient nutrient transfer. Regard-
less of the bioprocessing strategies, the cell culture vessels
used come in multiple dimensions, from milliliters to liters.
A smaller vessel is suitable for large-scale expansion of autol-
ogous MSCs to meet a relatively lower cell number require-
ment while a larger vessel is ideal for the expansion of
allogenic MSCs to maximize the cell yield to produce thou-
sands of therapeutic doses per batch production.

The bioreactor is very useful for ultra-large-scale MSC
expansion as it allows more control over the culture environ-
ment such as oxygen concentration. The bioreactor is rela-
tively difficult to operate but allows easier monitoring and
scaling up using a single vessel of different capacities to gen-
erate the desired quantity of cells. Before large-scale expan-
sion in a bioreactor, most studies expanded MSCs in
standard culture flasks to obtain sufficient cells for seeding
in the bioreactor. Nonetheless, two studies expanded MSCs
starting from passage 0 in the bioreactor and reported a cell
expansion ratio of 1.66-fold to 8.15-fold (AT-MSCs from
seeded stromal vascular fraction (SVF)) and 4.11-fold (BM-
MSCs from seeded bone marrow mononuclear cells
(BMMCs)), respectively [19, 22]. Cunha et al. found that bio-
reactors can be used for large-scale expansion of AT-MSCs
and BM-MSCs without compromising the cell viability, sur-
face marker expression, and differentiation potential, even
though the positive expression of CD105 dropped below
95% (88% for BM-MSCs and 92% for AT-MSCs) [28]. Sim-
ilarly, several other studies also reported a reduction in the
expression of CD90 and CD105 on MSCs expanded using
bioreactors [26, 31, 32]. A few studies that used a spinner
flask for MSC expansion also found that the expression of
CD90 and CD105 decreased [31, 33]. The authors postulated

Table 2: Continued.

Medium/serum Bioprocessing method (working volume)
Initial cell
seeding

Final cell
yield

Expansion
ratio

Doubling
time (h)

Reference

Bioreactor

2 l Univessel® SU bioreactor (2 l) 2:50E + 07 4:22E + 08 16.88 41.20 [28]

2 l Univessel® SU bioreactor (2 l) 2:50E + 07 5:06E + 08 20.24 38.72 [28]

Stirred tank bioreactor (800ml) 2:00E + 07 1:12E + 08 5.60 38.63 [31]

Vertical Wheel bioreactor (2.2 l) 5:50E + 07 6:60E + 08 12.00 93.72 [27]

Stirred tank bioreator (200ml) 6:25E + 06 6:88E + 07 11.00 97.10 [27]

1 l bioreactor (1 l) 5:00E + 06 1:10E + 08 22.00 21.59 [32]

1 l bioreactor (1 l) 5:00E + 06 4:50E + 07 9.00 25.88 [32]
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Figure 4: Expansion ratios achieved using different bioprocessing
strategies. Multilayered flask and bioreactor can achieve higher
expansion ratio compared to spinner flask and roller bottle.
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that this is likely due to cell damage caused by shear stress or
enzymatic cell detachment process. CD105- MSCs have been
reported to be more prone to differentiate into adipocytes
and osteocytes and are more efficient in suppressing the pro-
liferation of CD4+ T-cells compared to CD105+ MSCs [47].
A separate study found that CD105- MSCs have poorer car-
diac regeneration potential compared to CD105+ MSCs
[48]. CD90- MSCs have been linked with weaker immuno-
suppressive activity and enhanced osteogenic and adipo-
genic differentiation [49, 50]. Thus, the loss of CD90 and
CD105 expression after bioreactor and spinner flask expan-
sion might enhance the potency of the MSCs in treating cer-
tain diseases.

There are several important parameters to optimize when
using bioreactors including oxygen concentration, frequency
of medium change, and rotation speed of the impeller. It has
been reported that the expression of MSC surface markers
decreased due to the shear stress [26, 28, 31, 32]. Importantly,
the cell loading and harvesting of specific bioreactors need to
be improved as Haack-Sørensen et al. reported 30% cell loss
during cell loading and another 30% during cell collection
[19] and Luyten et al. found that the cell harvesting was as
low as 45% [51]. The level of dissolved oxygen partial pres-
sure in culture medium can affect the expansion of MSCs.
Kwon et al. found that hypoxic culture enhanced MSC prolif-
eration by increasing the number of cells in the S phase of the
cell cycle [52]. HIF-1a is an important factor for cell adapta-
tion to varying oxygen concentrations and usually highly
expressed during hypoxia. HIF-1a has been linked with
higher MSC proliferation and survival in hypoxic condition
[53, 54]. Only one study compared the large-scale expansion
of MSC in hypoxic and normoxic conditions. Egger et al.
found that hypoxic culture increased the proliferation and
enhanced the chondrogenic and adipogenic differentiation
potential of MSCs but suppressed the osteogenic differentia-
tion potential [20]. Similar studies have been conducted by
Longaker et al. [34] and Dos Santos et al. [55] using small-
scale cultures. Longaker et al. found that hypoxia condition
diminished in vitro chondrogenesis and osteogenesis of AT-
MSCs, while Dos Santos et al. did not find any difference in
the BM-MSC osteogenic and adipogenic differentiation
potential in hypoxic and normoxic cultures. Thus, even
though hypoxic culture increases the proliferation of MSCs,

the use of low oxygen concentration in culture must be care-
fully monitored as it might alter the cell therapeutic potential.

The spinner flask and roller bottle can be considered as a
simpler and smaller scale bioreactor [14]. The spinner flask
and roller bottle are less complicated and require more man-
ual manipulation compared to the bioreactor. Just like the
bioreactor, the rotation speed for the spinner flask impeller
and roller bottle needs to be optimized to reduce shear stress
that may damage the cells.

Generally, it appears that the bioreactor and multilayered
flask are the most effective bioprocessing strategies as it has
the potential to achieve an expansion ratio 20-fold and above.
However, for the multilayered flask, the expansion ratio var-
ies greatly from study to study whereby some of the studies
reported an expansion ratio below 20-fold and a few studies
achieved above 100-fold expansion ratio. The higher expan-
sion ratio in these studies is likely due to the low initial seed-
ing density [6, 17, 37]. For example, Nekanti et al. seeded
1:27 × 106 cells (1000 cells/cm2) in a CellSTACK 2-chamber
and yielded 2:48 × 108 cells, achieving an expansion ratio of
195.28-fold [6]. In a different study, the authors seeded 5:09
× 106 cells (4000 cells/cm2) in the same multilayered flask
and yielded 3:64‐5:65 × 107 cells to achieve 7.15-fold to
11.10-fold expansion ratio [23].

Most of the studies characterized the MSCs based on the
ISCT guideline by checking at the phenotype and trilineage
differentiation potential. However, this is not sufficient as
the cell therapeutic potential, e.g., immunomodulatory prop-
erty, is not reflected in these characterization techniques.
Thus, many studies performed the immune-suppression
assay to determine the functionality of expanded cells. Fur-
thermore, some studies also performed extra experiments
to detect the chromosome abnormality, genomic stability,
and expression level of tumor markers to ensure the safety
of the expanded cells. It is highly recommended to perform
these extra testing, especially the potency assay, when the
MSCs expanded in large scale are intended for clinical use.

5. Conclusion

Large-scale expansion of MSCs is commonly done using a
multilayered flask, spinner flask, and bioreactor. Nonetheless,

Table 3: Comparison between the large-scale bioprocessing strategies for mesenchymal stem cells.

Characteristic Multilayered flask Spinner flask Rotating bottle Bioreactor

Automation No No No Yes

Cost Low Medium Medium High

Technical difficulty Low Medium Medium High

Manpower needed High Medium Medium Low

Shear stress No Yes Yes Yes

Mass transfer Low High High High

Ease of scale-up Low High Medium High

Ease of monitoring Low Medium Medium High

Ease of cell collection High Medium to high High Medium to high

2D or 3D culture 2D 3D 2D 3D
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optimization of a few parameters, including cell seeding den-
sity, impeller agitation speed, oxygen partial pressure, medium
formulation and feeding strategy, pH, and microcarrier selec-
tion, is crucial to ensure the development of a sustainable and
reproducible platform to produce cells that suit clinical appli-
cations. In some instances, e.g., expansion of autologous cells
that normally require a lower cell number, a multilayered flask
is sufficient for upscaling in a cost-effective manner while a
bioreactor is more suitable for ultra-large-scale expansion.
However, none of the studies mentioned significant loss of cell
characteristics and functionality when the bioreactor, spinner
flask, roller bottle, and multilayered flask were used.

Additional Points

Highlights. (i) Mesenchymal stem cells required large-scale
expansion for clinical use. (ii) Multiple bioprocessing strate-
gies have been explored for large-scale expansion of mesen-
chymal stem cells (MSCs). (iii) Expanded cells maintain the
MSC characteristics.
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There is still a lively debate about whether mesenchymal stem cells (MSCs) promote or suppress antitumor immune response.
Although several possible explanations have been proposed, including different numbers of injected and engrafted MSCs,
heterogeneity in phenotype, and function of tumor cells, the exact molecular mechanisms responsible for opposite effects of
MSCs in modulation of antitumor immunity are still unknown. Herewith, we used a B16F10 murine melanoma model to
investigate whether timing of MSC administration in tumor-bearing mice was crucially important for their effects on antitumor
immunity. MSCs, intravenously injected 24 h after melanoma induction (B16F10+MSC1d-treated mice), significantly enhanced
natural killer (NK) and T cell-driven antitumor immunity, suppressed tumor growth, and improved survival of melanoma-
bearing animals. Significantly higher plasma levels of antitumorigenic cytokines (TNF-α and IFN-γ), remarkably lower plasma
levels of immunosuppressive cytokines (TGF-β and IL-10), and a significantly higher number of tumor-infiltrating, IFN-γ-
producing, FasL- and granzyme B-expressing NK cells, IL-17-producing CD4+Th17 cells, IFN-γ- and TNF-α-producing CD4
+Th1 cells, and CD8+cytotoxic T lymphocytes (CTLs) were observed in B16F10+MSC1d-treated mice. On the contrary, MSCs,
injected 14 days after melanoma induction (B16F10+MSC14d-treated mice), promoted tumor growth by suppressing antigen-
presenting properties of tumor-infiltrating dendritic cells (DCs) and macrophages and by reducing tumoricidal capacity of NK
cells and T lymphocytes. Significantly higher plasma levels of TGF-β and IL-10, remarkably lower plasma levels of TNF-α and
IFN-γ, and significantly reduced number of tumor-infiltrating, I-A-expressing, and IL-12-producing macrophages, CD80- and
I-A-expressing DCs, granzyme B-expressing CTLs and NK cells, IFN-γ- and IL-17-producing CTLs, CD4+Th1, and Th17 cells
were observed in B16F10+MSC14d-treated animals. In summing up, the timing of MSC administration into the tumor
microenvironment was crucially important for MSC-dependent modulation of antimelanoma immunity. MSCs transplanted
during the initial phase of melanoma growth exerted tumor-suppressive effect, while MSCs injected during the progressive stage
of melanoma development suppressed antitumor immunity and enhanced tumor expansion.

1. Introduction

Melanoma is nowadays considered as one of the most aggres-
sive and the fastest growing malignant tumors worldwide [1].

Although a primary cutaneous melanoma can be managed
by surgery, the advanced metastatic melanoma requires use
of modern molecular mechanism-based therapeutic
approaches [1]. The immuno- and targeted drug therapies,
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which interfere with oncoprotein and immune checkpoint
pathways, were able to positively impact survival of patients
with advanced melanoma [2]. Unfortunately, the success rate
is being hampered by a number of factors including drug
resistance, heterogeneous phenotype of melanoma cells,
and impaired activation of antitumor immune response [2].
Therefore, new and more effective strategies are needed for
patients who did not receive optimal benefit from currently
used therapeutic approaches.

Mesenchymal stem cells (MSCs) are nonhematopoietic,
multipotent stem cells that reside in almost all postnatal tis-
sues [3]. As cells of mesodermal origin, MSCs are considered
as an integral part of the tumor stromal microenvironment,
where, together with malignant cells, fibroblasts, pericytes,
and endothelial cells, it produces trophic and growth factors
and immuno- and angiomodulatory molecules and regulates
tumor development [4]. Additionally, MSCs express a large
number of chemokine receptors and exhibit strong tropism
towards cancer cells [5]. After systemic administration, MSCs
engraft in the tumormicroenvironment where, in a juxtacrine
and paracrine manner, it regulates expansion of malignant
cells and modulates antitumor immunity [6]. Due to their
tumor-homing capacity, MSCs were used as a vehicle to
deliver cytotoxic drugs, proinflammatory cytokines, and cell
cycle-interfering microRNAs in the tumors, attenuating their
growth and progression [7]. MSCs modulate phenotype and
function of all immune cells that play an important role in
antitumor immune response [8]. MSCs regulate antigen-
presenting properties of macrophages and dendritic cells
(DCs), cytotoxicity of natural killer (NK) and CD8+T cells
(CTLs), and cytokine production in CD4+T helper cells [8].
Accordingly, effects ofMSC-dependentmodulation of antitu-
mor immunity have been explored in a large number of exper-
imental studies, but surprisingly, opposite results were
reported. While several research groups demonstrated that
MSCs suppressed antitumor immune response and enhanced
tumor progression [9–11], experimental findings presented
by other researchers indicated that MSC-based therapy
favored development of strong antitumor immunity that
inhibited expansion of malignant cells [9–13]. Although
several possible explanations for these contradictory findings
have been proposed, including different numbers of injected
and engrafted MSCs, diverse route of their administration,
heterogeneity in phenotype, and function of tumor cells [12,
13], the exact molecular mechanisms responsible for opposite
effects of MSCs in modulation of tumor growth are still
unknown. Recently, Zong and colleagues indicated that
MSC-based effects on progression and metastasis of hepa-
tocellular carcinoma (HCC) depended on the time of MSC
administration in the tumor-bearing animals [14]. Injec-
tion of MSCs in the initial phase of HCC development
resulted in tumor suppression, while MSCs administered
in the progressive stage of tumor growth promoted pro-
gression and metastasis of HCC [14]. In line with these
findings, herewith, we used a murine model of melanoma
to investigate whether the timing of MSC administration
in melanoma-bearing mice was crucially important for
MSC-dependent modulation of antitumor immunity and
melanoma progression.

2. Material and Methods

2.1. Cells.MSCs isolated from bone marrow of C57BL/6 mice
were purchased fromGibco (Catalog number S1502-100). The
murine melanoma cell line B16F10, which is syngeneic to the
C57BL/6 background, was purchased from the American
Type Culture Collection (CRL-6475; ATCC, USA). Both types
of cells were cultured in complete Dulbecco’s modified Eagle
medium (DMEM) containing 10% heat-inactivated fetal
bovine serum (FBS), 100 IU/mL penicillin G, and 100μg/mL
streptomycin (Sigma-Aldrich, Munich, Germany), at 37°C in
a 5% CO2 incubator. MSCs in passage 4 and B16F10 cells in
passage 4 were used throughout the experiments.

2.2. Animals. Eight- to ten-week-old C57BL/6 mice were
used. Mice were maintained in animal breeding facilities of
the Faculty of Medical Sciences, University of Kragujevac,
Serbia. All procedures were performed in accordance with
the guidelines for the Principles of Laboratory Animal Care
and the Guide for the Care and Use of Laboratory Animals,
and all animals received humane care according to the cri-
teria outlined in the Guide for the Care and Use of Laboratory
Animals (National Institutes of Health publication 86-23,
1985 revision). All experiments were approved by the Animal
Ethical Review Board of the Faculty of Medical Sciences,
University of Kragujevac, Serbia. Mice were housed in a
temperature-controlled environment with a 12-hour light-
dark cycle and were administered with standard laboratory
chow and water ad libitum. At least eight mice per group
were used in each experiment.

2.3. Melanoma Induction and Injection of MSCs. B16F10 cells
(5 × 105 cells, suspended in 200μL of phosphate-buffered
saline (PBS)) were subcutaneously injected in the left flank
of C57BL/6 mice. Immediately after, mice were divided into
four experimental groups. The first experimental group of
mice, 1 day after injection of B16F10 cells, intravenously
received MSCs (5 × 105 cells, suspended in 200μL of PBS;
B16F10+MSC1d-treated mice). The second experimental
group of B16F10-treated animals, 14 days after administra-
tion of B16F10 cells, intravenously received MSCs (5 × 105
cells, suspended in 200μL of PBS; B16F10+MSC14d-treated
mice). Mice from the third and fourth experimental groups
intravenously received 200μL of PBS at appropriate time
points (1 day (B16F10+PBS1d-treated mice) or 14 days after
B16F10 administration (B16F10+PBS14d-treated animals)).
All animals were sacrificed 28 days after the injection of
B16F10 cells.

2.4. Measurement of Tumor Growth and Progression. Once the
tumors were palpable, they were measured daily and tumor vol-
ume was calculated with the following formula: V = 4/3π ∗ a/2
∗ b/2 ∗ c/2 (a = length, b = width, and c = thickness) [15].

2.5. Measurement of Cytokines in Plasma Samples of Tumor-
Bearing Mice. Blood samples were collected from the facial
vein at days 1, 14, and 28 after the injection of B16F10 cells.
Mouse blood was kept in anticoagulant-containing tubes
and centrifuged for 10 minutes at 2000 g at 4°C. Supernatants
were stored at -20°C until needed. Concentration of tumor
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necrosis factor alpha (TNF-α), interferon gamma (IFN-γ),
transforming growth factor beta (TGF-β), and interleukin-
(IL-) 10 in mouse plasma samples were measured by using
enzyme-linked immunosorbent assay (ELISA) sets (R&D
Systems, Minneapolis, MN, USA), according to the manufac-
turer’s instructions [16].

2.6. Isolation of Tumor-Infiltrating Leucocytes. By using
forceps and scissors, subcutaneous tumors were resected en
bloc, including overlying and surrounding skin. After the
removal of surrounding skin, tumors were measured and
weighed. By using scissors, the tumors were minced, until all
large sections were processed into 1-2mm pieces which are
digested in 5mL of DMEM containing 1mg/mL collagenase
I, 1mMEDTA, and 2%FBS (all from Sigma-Aldrich,Munich,
Germany). After incubation of 2 hr at 37°C, the digested
tumor tissue was incubated with 4mL of trypsin and DNase
I (Roche Diagnostics), followed by passing through a 40μm
nylon filter. Single-cell suspensions were then processed for
flow cytometry analysis [17].

2.7. Flow Cytometry Analysis and Intracellular Staining of
Tumor-Infiltrating Leucocytes. Tumor-infiltrating leucocytes
were investigated for different cell surface and intracellular
markers with flow cytometry. Briefly, 1 × 106 cells were incu-
bated with anti-mouse F4/80, CD4, CD8, CD11c, NK1.1,
CD80, I-A, granzyme B, and Fas ligand (FasL) monoclonal
antibodies conjugated with fluorescein isothiocyanate
(FITC), phycoerythrin (PE), peridinin chlorophyll protein
(PerCP), or allophycocyanin (APC) (all from BDBiosciences,
San Jose, CA,USA) following themanufacturer’s instructions.
Immune cells derived from the tumors were concomitantly
stained for the intracellular content of TNF-α, IFN-γ, IL-12,
IL-4, and IL-17 by using the fixation/permeabilization kit
and anti-mouse monoclonal antibodies conjugated with
FITC, PE, PerCP, andAPC (BDBiosciences). For intracellular
cytokine staining, cells were stimulated with 50 ng/mL PMA
and 500ng/mL ionomycin for 5 h, and GolgiStop (BD Biosci-
ences) was added. Cells were fixed in Cytofix/Cytoperm,
permeated with 0.1% saponin, and stained with fluorescent
Abs. Flow cytometric analysis was conducted on a BD Biosci-
ences’ FACSCalibur and analyzed by using the Flowing Soft-
ware analysis program [17].

2.8. Statistical Analyses. The data were analyzed using statis-
tical package SPSS, version 21. The normality of distribution
was tested by the Kolmogorov-Smirnov test. The results were
analyzed using the Student t-test. All data in this study were
expressed as the mean ± standard error of themean ðSEMÞ.
Values of p < 0:05 were considered as statistically significant.

3. Results

3.1. MSC-Based Modulation of Melanoma Growth Depends on
the Time of MSC Administration. First, we examined whether
systemic application of MSCs affected melanoma growth. As
it is shown in Figure 1(a), tumors become palpable in B16F10
+MSC1d-treated mice 8 days later compared with other
experimental groups, suggesting that MSCs, intravenously
injected 24h after melanoma induction, prevented rapid tumor

growth. Starting from day 18, average tumor volumes were
significantly lower in B16F10+MSC1d-treated mice than in
B16F10+PBS1d-treated animals (p < 0:05; Figure 1(a)). Addi-
tionally, the average volume and weight of tumors removed
from B16F10+MSC1d-treated mice at day 28 were signifi-
cantly lower than melanomas taken from B16F10+PBS1d-
treated animals (Figures 1(b) and 1(c)), confirming that
MSCs, intravenously injected 24 h after melanoma induction,
efficiently suppressed tumor growth and progression.

Opposite to these data were results observed in
melanoma-bearing animals that intravenously received
MSCs 14 days after tumor induction (B16F10+MSC14d-
treated mice). Starting from day 18 (4 days after MSC injec-
tion), average tumor volumes were significantly greater in
B16F10+MSC14d-treated animals than in B16F10+PBS14d-
treated mice (p < 0:05; Figure 1(a)). Accordingly, at day 28,
average volume and weight of tumor removed from
B16F10+PBS14d-treated mice were significantly lower than
those of melanomas of B16F10+MSC14d-treated animals
(Figures 1(b) and 1(c)), confirming that MSCs administered
14 days after tumor induction remarkably enhanced mela-
noma growth and progression. In line with these findings,
the time of MSC injection was crucially important for their
effects on survival of melanoma-bearing mice. While the
lowest survival rate was observed in B16F10+MSC14d-
treated mice, all of the melanoma-bearing animals that
received MSCs 24 h after tumor induction survived till the
end of the experiment (Figure 1(d)).

Starting from day 14, MSCs transplanted 24 h after tumor
induction significantly reduced weight loss of melanoma-
bearing mice (p < 0:05; Figure 1(e)). Interestingly, weight
gain was also noticed in B16F10+MSC14d-treated animals
(p < 0:05; Figure 1(e)). While reduced weight of B16F10
+MSC1d-treated mice could be contributed to the MSC-
dependent suppression of tumor progression, weight gain,
noticed in B16F10+MSC14d-treated animals, may be a conse-
quence of significantly increased tumor weight which was
observed in these mice.

Since MSCs adopt proinflammatory (MSC1) or immu-
nosuppressive (MSC2) phenotype in response to the inflam-
matory and immunosuppressive cytokines to which they are
exposed [18], we analyzed and compared the concentration
of inflammatory (TNF-α, IFN-γ) and immunosuppressive
cytokines (IL-10, TGF-β) in plasma samples of melanoma-
bearing mice at the time of MSC administration. The ratios
of proinflammatory to anti-inflammatory cytokines (TNF-
α : IL-10, TNF-α : TGF-β, IFN-γ : IL-10, IFN-γ : TGF-β, IL-
12 : IL-10, and IL-12 : TGF-β) were significantly lower in
plasma samples of B16F10+PBS1d-treated mice compared
to B16F10+PBS14d-treated animals (p < 0:001; Figure 1(d)),
suggesting that MSCs, administered 1 day after the injection
of tumor cells, were exposed to the higher concentration of
immunosuppressive cytokines, while MSCs transplanted 14
days after tumor induction were exposed to the higher
concentration of inflammatory cytokines. Therefore, we
assume that, in response to the different concentration of
inflammatory and immunosuppressive cytokines to which
they were exposed, MSCs injected during the initial phase
of melanoma growth adopted proinflammatory (MSC1)
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Figure 1: Continued.
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phenotype, while MSCs that were transplanted during the
progressive stage of melanoma development adopted immu-
nosuppressive (MSC2) phenotype.

3.2. MSCs, Injected 24 h after Melanoma Induction,
Significantly Enhanced NK and T Cell-Driven Antitumor
Immunity and Suppressed Tumor Growth and Progression.

Cellular makeup of tumors obtained from B16F10+PBS1d-
and B16F10+MSC1d-treated mice revealed that MSCs,
injected 24 h after melanoma induction, significantly
increased the total number of tumor-infiltrating cytotoxic
NK1.1+NK cells (p < 0:05; Figure 2(a)). The significantly
higher number of IFN-γ-producing (p < 0:05; Figure 2(b))
and FasL- and granzyme B-expressing (p < 0:05; Figures 2(c)
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Figure 1: MSC-based modulation of melanoma growth depends on the time of MSC administration. Delayed tumor growth, observed in
B16F10+MSC1d-treated mice, and rapid melanoma growth, noticed in B16F10+MSC14d-treated animals from day 18, were evidenced by
the measurement of tumor volumes at different days after tumor induction (a). Significantly lower average tumor volume (b) and tumor
weight (c) were observed in B16F10+MSC1d-treated mice than in B16F10+PBS1d-treated animals at day 28. Oppositely, average tumor
volume (b) and tumor weight (c) were significantly greater in B16F10+MSC14d-treated mice than in B16F10+PBS14d-treated animals at
day 28. The lowest survival rate was noticed in B16F10+MSC14d-treated animals, while all of B16F10+MSC1d-treated mice survived to the
last, 28th day of experiment (d). The difference in the survival between experimental groups was statistically nonsignificant (“ns”). Average
animal weight at different days after tumor induction demonstrates reduced weight loss in MSC-treated, melanoma-bearing mice (e). The
ratios of proinflammatory to anti-inflammatory cytokines (TNF-α : IL-10, TNF-α : TGF-β, IFN-γ : IL-10, IFN-γ : TGF-β, IL-12 : IL-10, and
IL-12 : TGF-β) were significantly lower in plasma samples of B16F10+PBS1d-treated mice than in plasma samples of B16F10+PBS14d-
treated animals (f). Plasma samples were collected 24 h and 14 days after tumor induction. Values are presented as the mean ± SEM; n = 8
mice/group. ∗p < 0:05, ∗∗∗p < 0:001.
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Figure 2: Continued.
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and 2(d)) NK cells in the tumors of B16F10+MSC1d-treated
mice indicated that MSCs, injected 24h after melanoma
induction, enhanced cytotoxic and antitumorigenic potential
of NK cells in tumor-bearing animals.

A significantly higher number of CD4+T helper (p < 0:05
; Figure 2(e)) and CD8+CTLs (p < 0:05; Figure 2(i)) were
present in the tumors of B16F10+MSC1d-treated mice than
in melanomas of B16F10+PBS1d-treated animals. Phenotype
and function of CD4+T helper and CD8+CTLs revealed that
MSCs, injected 24 h after melanoma induction, significantly
increased the presence of antitumorigenic and IFN-γ- and
TNF-α-producing CD4+Th1 cells (p < 0:05 for IFN-γ,
Figure 2(f); p < 0:001 for TNF-α, Figure 2(g)), IL-17-
producing CD4+Th17 cells (p < 0:001, Figure 2(h)), and
IFN-γ- and TNF-α-producing CD8+CTLs (p < 0:001,
Figures 2(j) and 2(k)) in melanoma-bearing animals.

In line with these findings, significantly higher plasma
levels of inflammatory and antitumorigenic cytokines TNF-
α (p < 0:05, Figure 2(l)) and IFN-γ (p < 0:05, Figure 2(m))

and significantly lower plasma levels of immunosuppressive
cytokines TGF-β (p < 0:05, Figure 2(n)) and IL-10 (p < 0:05,
Figure 2(o)) were observed in B16F10+MSC1d-treated mice,
indicating that MSCs, transplanted during the initial phase
of melanoma growth, enhanced antitumor immune response
in melanoma-bearing animals.

3.3. MSCs, Injected 14 Days after Melanoma Induction,
Promoted Tumor Growth by Suppressing Antigen-Presenting
Properties of Tumor-Infiltrating DCs and Macrophages and
by Reducing Tumoricidal Capacity of NK Cells and T
Lymphocytes. Compared to the tumors of B16F10+PBS14d-
treated mice, the significantly lower number of innate
immune cells that play an important role in antitumor immu-
nity (cytotoxic NK cells, inflammatory M1 macrophages and
DCs) was observed inmelanomas of B16F10+MSC14d-treated
animals. MSCs, transplanted 14 days after melanoma
induction, attenuated tumoricidal capacity of NK cells, as evi-
denced by the lower number of tumor-infiltrating granzyme
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Figure 2: MSCs, injected 24 h after melanoma induction, significantly enhanced NK and T cell-driven antitumor immunity and suppressed
tumor growth and progression. Significantly higher number of NK1.1+NK cells (a), IFN-γ-producing NK cells (b), FasL- and granzyme B-
expressing NK cells (c, d), CD4+T cells (e), IFN-γ- and TNF-α-producing CD4+Th1 cells (f, g), IL-17-producing CD4+Th17 cells (h),
CD8+CTLs (i), and IFN-γ- and TNF-α-producing CD8+CTLs (j, k) were noticed in the tumors of B16F10+MSC1d-treated mice compared
to the B16F10+PBS1d-treated animals. Significantly higher concentration of inflammatory and antitumorigenic cytokines TNF-α and IFN-
γ (l, m) and significantly lower concentration of immunosuppressive cytokines TGF-β and IL-10 (n, o) were noticed in plasma samples of
B16F10+MSC1d-treated mice compared to B16F10+PBS1d-treated animals. Values are presented as the mean ± SEM; n = 8 mice/group.
∗p < 0:05, ∗∗∗p < 0:001.
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B-expressing NK1.1+ cells in B16F10+MSCs14d-treated mice
(p < 0:05, Figure 3(a)). The significantly lower number of
tumor-infiltrating, I-A-expressing (p < 0:001, Figure 3(b)),
and IL-12-producing (p < 0:05, Figure 3(c)) F4/80+macro-
phages and CD80- and I-A-expressing CD11c+DCs
(p < 0:001, Figures 3(d) and 3(e)) indicated that MSCs allevi-
ated capacity of antigen-presenting cells for optimal activa-
tion of T cell-driven antitumor immune response.

As it is shown in Figure 4, MSCs, injected 14 days after
melanoma induction, suppressed tumoricidal capacity of
CD8+CTLs, CD4+Th1, and Th17 lymphocytes. Both sub-
populations of effector T lymphocytes, CD4+T helper cells
(p < 0:001, Figure 4(a)) and CD8+CTLs (p < 0:001,
Figure 4(d)), were significantly reduced in the melanomas
of B16F10+MSC14d-treated mice compared to B16F10
+PBS14d-treated animals. Intracellular staining revealed that
MSCs suppressed production of tumoricidal cytokines
(IFN-γ and IL-17) in CD4+Th1 and Th17 cells (p < 0:05
for TNF-α and IL-17, Figures 4(b) and 4(c)) and in CTLs
(p < 0:05 for IFN-γ and IL-17, Figures 4(e) and 4(f)) of
B16F10+MSC14d-treated mice, preventing generation of
optimal TNF-α, IFN-γ, and IL-17-driven antitumor immune
response. Additionally, a significantly lower number of gran-
zyme B-expressing CD8+CTLs were observed in the tumors

of B16F10+MSC14d-treated mice (p < 0:05, Figure 4(g)), indi-
cating that MSCs injected 14 days after tumor induction sig-
nificantly reduced the presence of cytotoxic and proapoptotic
CD8+CTLs in the tumors of melanoma-bearing animals.

Furthermore, significantly lower levels of antitumori-
genic cytokines TNF-α and IFN-γ (p < 0:05, Figures 4(h)
and 4(i)) and significantly higher levels of TGF-β and
IL-10 (p < 0:001, Figures 2(j) and 2(k)) were noticed in
the plasma samples of B16F10+MSC14d-treated mice, indi-
cating that MSCs, injected during the progressive stage of
melanoma development, attenuated antitumor immunity
by increasing production of immunosuppressive cytokines
in tumor-bearing animals.

4. Discussion

It is well known that exogenously administered MSCs could
migrate to the tumor site where it regulates tumor growth
and progression by modulating antitumor immune response
[19]. Opposite findings, demonstrating a pro- or anticancer
action of transplanted MSCs, were reported in different
experimental studies [9–11]. While several research groups
revealed that MSCs increased tumor progression [9–11];
results presented in other animal studies showed that
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Figure 3: MSCs, injected 14 days after melanoma induction, promoted tumor growth by suppressing cytotoxicity of NK cells and by reducing
antigen-presenting properties of tumor-infiltrating macrophages and DCs. Significantly lower number of granzyme B-expressing NK1.1+
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Figure 4: Continued.
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transplantation of MSCs led to the alleviation of tumor
growth [12–14]. Herewith, we demonstrated that MSCs exert
opposite, anti- or protumorigenic action, in the different
stages of melanoma progression. MSCs injected in the initial
phase of melanoma growth showed a tumor-suppressive
effect, while MSCs, administered in the progressive stage of
melanoma development, significantly enhanced tumor
growth and expansion (Figure 1). In line with our findings
are results obtained by Zong and colleagues which are show-
ing that MSC-based effects on progression and metastasis of
HCC depend on the stage of cancer development [14].
Although MSCs exhibit tumor-inhibitory effects in the initial
phase of HCC development, potent suppression of antitumor
immunity accompanied by enhanced HCC progression and
metastasis is observed in HCC-bearing rats that received
MSCs in the progressive stage of tumor growth [14]. MSCs
injected in the initial stage of HCC progression engraft in
the microenvironment with the reduced expression of proin-
flammatory cytokines, while MSCs injected in the progres-
sive phase of HCC growth are exposed to the high levels of
inflammatory cytokines [14]. According to the conclusion
of Zong and coworkers, the interactions between transplanted
MSCs and tumormicroenvironment and diverse outcomes of
MSC-based therapy depend on the strength of local and
systemic inflammatory response during the different phases
of hepatocarcinogenesis [14].

Several lines of evidence demonstrated that the ratio
between inflammatory and anti-inflammatory cytokines in
the microenvironment to which MSCs are exposed directly
affects their phenotype and function [18, 20, 21].WhenMSCs
engraft in the tissue with low levels of inflammatory cytokines
and high levels of immunosuppressive cytokines, they adopt
proinflammatory (MSC1) phenotype, becoming capable of
eliciting potent inflammatory response [20]. On the contrary,
MSCs exposed to the high concentration of inflammatory
cytokines develop immunosuppressive (MSC2) phenotype,
produce a large number of anti-inflammatory factors, and
inhibit immune response [18, 20, 21].

Dynamic balance of pro- and anti-inflammatory cyto-
kines within tumor microenvironment regulates melanoma
growth and progression [22]. Melanoma cell-derived immu-
nosuppressive cytokines TGF-β and IL-10 play a crucially
important role in the process of tumor initiation [23–25].
Tumor cell-derived TGF-β acts on CTLs to specifically
repress the expression of perforin, granzyme B, and FasL
and to reduce the production of IFN-γ, resulting in a signif-
icant attenuation of CTL-mediated tumor cytotoxicity [26].
Through the production of IL-10, melanoma cells prevent
maturation of DCs, suppress production of Th1-inducing
cytokine IL-12 in DCs, and inhibit their antigen-presenting
properties, attenuating generation of effector CD4+Th1 and
CD8+CTLs [27]. Furthermore, melanoma cell-primed DCs
produce large amounts of immunosuppressive cytokines
and significantly contribute to the development of immuno-
suppressive microenvironment that favors enhanced tumor
growth and progression [23–25]. Excessive proliferation of
melanoma cells activates stromal and melanoma-residing
immune cells (macrophages, DCs, NK, and NKT cells) which
produce a large amount of proinflammatory chemokines and
cytokines (TNF-α, IL-12, IFN-γ, and IL-17) that facilitate the
massive influx of circulating leucocytes in the tumors and
enable generation and expansion of tumorotoxic CD8+CTLs,
CD4+Th1, and Th17 cells in the peripheral lymph organs
[28]. Generation of potent antitumor immune response
during the progressive phase of melanoma growth results in
the development of local and systemic inflammation that
attenuates melanoma progression [22]. In line with these
findings, we assume that changes in the balance between
pro- and anti-inflammatory cytokines at the time of MSC
administration (initial versus progressive stage of melanoma
growth) were crucially responsible for the generation of
inflammatory (MSC1) or immunosuppressive (MSC2) phe-
notype in MSCs after their engraftment in the melanoma-
bearing mice (Figure 1).

MSC1, generated in the immunosuppressive microenvi-
ronment, produce lymphocyte-attracting chemokines (CCL5,

TGF-𝛽

⁎ ⁎⁎
3000

2500

2000

pg
/m

l

1500

1000

500

0

B16F10+PBS14d

B16F10+MSC14d

(j)

IL-10

⁎ ⁎⁎
2500

2000

pg
/m

l 1500

1000

500

0

B16F10+PBS14d

B16F10+MSC14d

(k)

Figure 4: MSCs, injected 14 days after melanoma induction, increased plasma levels of immunosuppressive cytokines and suppressed T cell-
driven antitumor immune response in melanoma-bearing animals. Significantly lower number of tumor-infiltrating CD4+T cells (a), TNF-α
and IL-17-producing CD4+Th1 and Th17 cells (b, c), CD8+CTLs (d), IFN-γ and IL-17-producing CD8+CTLs (e, f), granzyme B-expressing
CD8+CTLs (g), significantly lower plasma levels of antitumorigenic cytokines TNF-α and IFN-γ (h, i), and significantly higher plasma levels
of immunosuppressive cytokines TGF-β and IL-10 (j, k) were noticed in B16F10+MSC14d-treated mice compared to the B16F10+PBS14d-
treated animals. Values are presented as the mean ± SEM; n = 8 mice/group. ∗p < 0:05, ∗∗∗p < 0:001.
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CXCL9, and CXCL10) that recruit CTLs and NK cells to the
sites of injury and inflammation [20]. Additionally, MSC1
enhance NK and T cell-dependent antitumor immune
response by increasing production of proinflammatory cyto-
kines (TNF-α, IFN-γ, and IL-17) in these cytotoxic cells [18].
NK cells and CTLs, in a FasL, perforin, and granzyme B-
dependent manner, induce apoptosis of melanoma cells [29,
30], while, in an IFN-γ and IL-17-dependent manner, enhance
antigen-presenting properties of DCs and proinflammatory
properties of tumor-infiltrating neutrophils, contributing to
the generation of the strong antitumor immune response
[31, 32]. In line with these findings, we assume that MSC
transplanted in the immunosuppressive microenvironment
of B16F10+MSC1d-treated animals acquired MSC1 pheno-
type. MSC1 cells inhibited production of immunosuppres-
sive cytokines (IL-10 and TGF-β) in tumor-infiltrating
immune cells and promoted generation and influx of cyto-
toxic, FasL, perforin, and granzyme B-expressing and IFN-
γ- and IL-17-producing CTLs and NK cells in the tumors
of B16F10+MSC1d-treated mice which resulted in reduced
melanoma growth and progression (Figure 2).

In contrast to the B16F10+MSC1d-treated animals, MSCs
that were transplanted in B16F10+MSC14d-treated mice were
exposed to the higher levels of inflammatory cytokines
(Figure 1) and generated immunosuppressive, MSC2 pheno-
type. MSC2, in an IL-10 and TGF-β-dependent manner,
inhibit maturation of DCs and reduce production of inflam-
matory cytokines and expression of costimulatory and major

histocompatibility class (MHC) II molecules on DCs and
macrophages, attenuating their antigen-presenting proper-
ties [33]. In line with these findings, we observed a signifi-
cantly lower number of CD80 and I-A-expressing DCs and
reduced presence of IL-12-producing and I-A-expressing
macrophages in the tumors of B16F10+MSC14d-treated mice
compared to B16F10+PBS14d-treated animals (Figure 3).
MSC2-mediated alleviation of antigen-presenting capacity
of tumor-infiltrating DCs resulted in unoptimal activation
of naïve CD4+ and CD8+T lymphocytes which led to the
reduced presence of effector CD4+Th1 and Th17 cells and
CD8+CTLs in the tumors of B16F10+MSC14d-treated mice
(Figure 4). The reduced number of tumor-infiltrating CTLs,
Th1, and Th17 cells corresponded to the increased plasma
levels of TGF-β and IL-10 in B16F10+MSC14d-treated ani-
mals, indicating the important role of TGF-β and IL-10 in
MSC-mediated suppression of T cell-driven antitumor
immune response. It is well known that MSC2, through the
production of TGF-β and IL-10, directly suppress activation
of the Jak-Stat signaling pathway in proliferating T lympho-
cytes, causing the G1 cell cycle arrest [34]. Additionally,
MSC2-sourced TGF-β and IL-10 downregulate production
of inflammatory cytokines and reduce cytotoxicity of Th1
and Th17 cells and CTLs, contributing to the enhanced
tumor growth and progression [35, 36]. Therefore, we believe
that MSCs that were injected in B16F10-treated mice during
the progressive stage of melanoma growth adopted immuno-
suppressive MSC2 phenotype and in a TGF-β and IL-10-
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Figure 5: The effects of MSCs on antimelanoma immunity depend on the timing of their administration. MSCs transplanted during the
initial phase of melanoma growth exerted tumor-suppressive effects. Since these MSCs were exposed to the immunosuppressive
microenvironment (established by IL-10 and TGF-β-producing tumor cells), they acquired inflammatory, MSC1 phenotype and induced
expansion of cytotoxic NK cells and antitumorigenic CD8+CTLs, CD4+Th1, and Th17 lymphocytes, resulting in attenuated melanoma
growth and progression. On the contrary, MSCs transplanted during the progressive stage of melanoma development were exposed to the
high concentration of inflammatory cytokines (TNF-α and IFN-γ) and generated immunosuppressive, MSC2 phenotype. Accordingly,
enhanced melanoma growth and reduced number of tumor-infiltrating antigen-presenting cells (macrophages and DCs), cytotoxic CTLs
and NK cells, and antitumorigenic CD4+Th1 and Th17 lymphocytes were observed in melanoma-bearing mice which received MSCs
during the progressive stage of tumor development.
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dependent manner attenuated antitumor immune response,
resulting in increased melanoma growth.

In summing up, MSCs have an opposite role in the
different stages of melanoma progression. MSCs trans-
planted during the initial phase of melanoma growth exert
tumor-suppressive effect, whileMSCs injected in the progres-
sive stage of melanoma development suppressed antitumor
immunity and enhanced tumor expansion (Figure 5). There-
fore, the timing ofMSC administration into the tumormicro-
environment is crucially important for MSC-dependent
modulation of melanoma progression.
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Mesenchymal stem cells (MSCs) are being widely investigated for the development of novel therapeutic approaches for different
cancers, including breast cancer, the leading form of cancer in women. Our previous study showed that the factors secreted by
human umbilical cord MSCs (hUCMSCs) induced pyroptosis in the breast cancer cell line MCF7 and our RNA sequencing
studies revealed an increase in the expression of the pyroptosis-related gene caspase-4 (CASP4) and nucleotide-binding, leucine-
rich repeat pyrin domain-containing protein 1 (NLRP1) in pyroptotic MCF7 cells. Cellular pyroptosis can occur via the
canonical pathway (involving caspase-1 and NLRP1) or the noncanonical pathway (involving caspase-4). In this study, we first
confirmed that the inflammasome complex formed by NLRP1 and ASC is involved in MCF7 cell pyroptosis induced by
hUCMSC-CM. Further, we investigated the role of CASP4 and NLRP1 in MCF7 cell pyroptosis induced by hUCMSC-secreted
factors using shRNA-mediated transfection of CASP4 or NLRP1 in MCF7 cells. Cytotoxicity analyses revealed that neither
CASP4 knockdown nor NLRP1 knockdown could inhibit the hUCMSC-CM-induced pyroptosis in MCF7 cells. Gene and
protein expression analysis showed that hUCMSC-CM induced pyroptosis mainly via the canonical pathway in CASP4
knockdown MCF7 cells but mainly via the noncanonical pathway in NLRP1 knockdown MCF7 cells. Our study provides a
foundation for further studies aimed at elucidating the precise mechanism underlying hUCMSC-induced pyroptosis in breast
cancer cells and aid the identification of potential therapeutic targets for breast cancer.

1. Introduction

Pyroptosis, a type of programmed cell death accompanied
with the release of several proinflammatory factors, plays
an important role in immune response against infection.
The morphological changes associated with pyroptosis
involve pore formation in the plasma membrane, water
influx, cell swelling, and the subsequent rupture of the
plasma membrane and release of intracellular proinflamma-
tory molecules [1]. In humans, pyroptosis is mediated by
inflammatory caspases (caspase-1, caspase-4, and caspase-
5), which may be activated by inflammasomes. The inflam-
masome pathways include the caspase-1-dependent canoni-

cal pathway and caspase-1-independent noncanonical
pathway [2]. Caspase-1 activation induces gasdermin D
cleavage, thereby leading to pore formation in the cell mem-
brane and the maturation and release of IL-1β and IL-18
cytokines, which induce pyroptosis [3]. Nucleotide-binding,
leucine-rich repeat pyrin domain-containing protein 1
(NLRP1), a member of NOD-like receptor (NLR) family, is
an important natural immune molecule [4]. In humans, it
activates pro-caspase-1 directly by interacting with it or indi-
rectly by recruiting the adaptor protein ASC and pro-
caspase-1 to form an inflammasome [5]. Therefore, NLRP1
plays an important role in cell pyroptosis mediated by the
canonical pathway. The noncanonical pathway in humans
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involves the activation of caspase-4/caspase-5 [2].Caspase-
4/caspase-5 cleaves gasdermin D, thereby triggering pyropto-
sis [6]. In human macrophages, caspase-4 activation by
Legionella pneumophila induced cell death and IL-1α secre-
tion [7]. Intracellular lipopolysaccharide (LPS) directly inter-
acts with caspase-4 and induces cell pyroptosis [8].

Breast cancer is the leading type of cancer among women
[9], and rising breast cancer incidence has been reported in
China [10]. However, an effective treatment for breast cancer
is not yet available. Mesenchymal stem cell- (MSC-) based
approaches are being studied extensively for the development
of new cancer therapeutic strategies. Human umbilical cord
mesenchymal stem cells (hUCMSCs) are widely used in
research focused on cancer treatment owing to their easy
availability and no ethical issues [11–13]. We previously
demonstrated that the factors secreted by hUCMSCs induced
pyroptosis in the breast cancer cell line MCF7.Furthermore,
RNA sequencing studies revealed a significant increase in
the expression of pyroptosis-related genes CASP4 and
NLRP1 in pyroptotic MCF7cells [14]. Thus, caspase-4 and
NLRP1 may play a role in this process. Although some of
the mechanisms underlying the function of NLRP1 and
CASP4 in pyroptosis are known, the effects of these two genes
in MCF7 cell pyroptosis induced by hUCMSC-secreted fac-
tors remain unclear. Therefore, in the present study, we elu-
cidated the role of caspase-4 and NLRP1 on MCF7 cell
pyroptosis induced by hUCMSC-secreted factors. Our study
provides the possible mechanism underlying hUCMSC-
induced pyroptosis in breast cancer cells and may provide
potential therapeutic targets for breast cancer.

2. Materials and Methods

2.1. Cell Culture. The breast cancer cell line MCF7 (Kunming
Cell Bank of the Chinese Academy of Sciences, Kunming,
China) was maintained in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco by Thermo Fisher Scientific™,
Suzhou, China) containing L-glutamine, 4.5 g/L glucose, and
110mg/L sodium pyruvate and supplemented with 10%
MSC-qualified fetal bovine serum (FBS; Biological Industries,
Australia), 100mg/L streptomycin, and 100mg/L penicillin
(Gibco by Thermo Fisher Scientific™, NY, USA) at 37°C with
5% CO2.

The hUCMSCs were isolated from the human umbilical
cord Wharton jelly and identified as described previously
[14]. The study was approved by theMedical Ethics Commit-
tee of Yunnan University Medical School, and informed con-
sent was obtained from all the donors. hUCMSCs were
cultured in minimum essential medium alpha modification
(αMEM; HyClone by GE Healthcare, Beijing, China) supple-
mented with 10% MSC-qualified FBS, 100mg/L streptomy-
cin, 100mg/L penicillin, and 10ng/mL basic fibroblast
growth factor (bFGF; Merck Millipore, Darmstadt, Ger-
many) at 37°C with 5% CO2. The hUCMSCs were used
before the eighth passage.

2.2. shRNA Vectors. Four different sets pGPH1/GFP/Neo
vectors (Shanghai GeneChem Co., Ltd., Shanghai, China)
expressing CASP4 or NLRP1shRNA were used for CASP4

or NLRP1 knockdown. The sequences used for shRNA-
mediated knockdown are listed in Table 1. The shRNA vec-
tors were identified by sequencing, and the successful inser-
tion of the target sequence in pGPH1/GFP/Neo vectors and
the accuracy of the nucleotide sequences was confirmed
(Additional file 1).

2.3. Exposure of MCF7 Cells to hUCMSC-Conditioned
Medium (hUCMSC-CM). hUCMSCs were cultured in plastic
flasks (25 cm2; Corning, NY, USA). At ~90% confluency, the
cultured medium was collected and filter sterilized using a
0.22μm Millex-GP Filter Unit (Millipore, Carrigtwohill, Ire-
land). Conditioned medium (CM) was prepared using 80%
hUCMSC-cultured medium and 20% fresh medium, as
described previously [14]. MCF7 cells were seeded in 6-well
plates (Corning) at a density of 1 × 105 cells/mL in normal
medium and cultured overnight. Then, the cells were trans-
fected with 2.5μg shRNA expression vectors per well using
Lipofectamine 3000 reagent for 72h. The medium was then
replaced with hUCMSC-CM.

2.4. ASC Speck Staining. MCF7 cells were seeded on cover
slips in a 24-well plate (Corning, NY, USA) containing nor-
mal medium and cultured overnight. Then, the medium
was replaced with hUCMSC-CM. After 24 h, the cells were
fixed with 4% paraformaldehyde, permeabilized with 0.1%
Triton X-100, and blocked with PBS buffer containing 5%
BSA. Cells were stained with anti-ASC antibody (1 : 100; Pro-
teintech, Wuhan, China) and AlexaFluor488-conjugated sec-
ondary antibody (1 : 200; Thermo Fisher Scientific, Shanghai,
China), and with anti-NLRP1 antibody (1 : 100; Santa Cruz
Biotechnology) and AlexaFluor594-conjugated secondary
antibody (1 : 200; Thermo Fisher Scientific, Shanghai, China).
DAPI was used to stain nuclei. Cell images were captured
using inverted phase contrast optics (Leica DFC420C).

2.5. Annexin V/Propidium Iodide (PI) Analysis. MCF7 cells
were collected at 72 h after transfection and cultured in
hUCMSC-CM for 24 h. The percentage of dead cells was
determined using the Annexin V-FITC/PI apoptosis detec-
tion kit (CWBio, Beijing, China). Briefly, cells were collected
after trypsin digestion without EDTA and washed three

Table 1: Sequences used for shRNA knockdown.

Name Sequences

Control 5′- TTCTCCGAACGTGTCACGT-3′
CASP4-100 5′- GCCACTTAAGGTGTTGGAATC -3′
CASP4-265 5′- GCAACGTATGGCAGGACAAAT -3′
CASP4-1104 5′-GGAAGGTACAGCAATCATTTG -3′
CASP4-801 5′- GCCTCAGTCTGAAGGACAAAC -3′
NLRP1-2009 5′- GCAGGAAGGAATATTTCTACA-3′
NLRP1-1634 5′- GCTTCCAGCATGTCTTCTACT-3′
NLRP1-2523 5′- GCTAGAAGCATATGGAATACA-3′
NLRP1-630 5′- GCTTCTGCTCGCCAATAAAGC-3′
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times with cold PBS. The cells were resuspended in a binding
buffer at a density of 1 × 106 cells/mL, incubated with 10μL
PI and 5μL Annexin V-fluorescein isothiocyanate (FITC)
for 10min at 37°C, and analyzed using the CyFlow Space flow
cytometer (Sysmex Partec) and FloMax 2.82 software (Sys-
mex Partec).

2.6. LDH Cytotoxicity Assay. The degree of cell damage was
determined using LDH-Glo™ Cytotoxicity Assay (Promega,
Beijing, China). MCF7 cells were collected at 48 h after trans-
fection, seeded in 96-well plates (Corning) at a density of 5
× 103 cells/mL, and cultured overnight. The medium was
replaced with hUCMSC-CM, and the cells were cultured
for 24h. Then, 5μL cultured medium was added into 95μL
LDH Storage Buffer, and the resulting solution was diluted
five times using the LDH Storage Buffer. Diluted standard
solutions were prepared per the manufacturer’s instructions.
Then, 50μL sample/standard was incubated with 50μL LDH
Detection Reagent in each well of an opaque 96-well plate at
20–25°C for 1 h, and the luminescence was recorded using
the Modulus Microplate Multimode Reader (Turner Biosys-
tems, California, USA).

2.7. Reverse Transcription Quantitative Real-Time
Polymerase Chain Reaction (RT-qPCR).MCF7 cells were col-
lected at 72h after transfection and cultured in hUCMSC-
CM for 24 h. Total RNA was extracted using the TRIzol™
reagent (Invitrogen, Carlsbad, CA, USA). The quantity and
quality of RNA were assessed using the Nano-300 spectro-
photometer (Hangzhou Allsheng Instruments Co., Ltd.,
Hangzhou, China). First-stand cDNA was synthesized using
the PrimeScript™ RT Reagent Kit with gDNA Eraser (Takara
Bio., Beijing, China). The primer sequences were designed
using the PrimerQuest Tool (http://http://www.idtdna
.com); the sequences are listed in Table 2. q-PCR was per-
formed using FastStart Universal SYBR Green Master
(Roche, Mannheim, Germany) and Bio-Rad CFX96™ Real-
Time PCR Detection System (Bio-Rad, Shanghai, China).
Relative quantification was performed using the comparative
Ct (2-ΔΔCt) method [15].

2.8. Western Blotting. MCF7 cells transfected for 72h and
cultured in hUCMSC-CM for 24h were lysed in 50μL RIPA
lysis buffer (strong) containing 0.5μL phenylmethylsufonyl
fluoride (CWBio, Jiangsu, China) and incubated on ice for
2 h. The lysed cells were incubated with 50μL of 2x SDS-
PAGE protein loading buffer (Bio-Rad) in boiling water for
10min. After centrifugation, the protein samples were sub-
jected to 10% SDS-PAGE and transferred onto polyvinyli-
dene difluoride membranes (Merck Millipore). The
membranes were blocked in TBST (3.0 g Tris-HCl, 8.0 g
NaCl, 0.1% Tween-20, and pH7.4) containing 5% nonfat
dried milk for 1 h and incubated overnight at 4°Cwith diluted
primary antibodies against GAPDH (1 : 2000; CWBio,
Jiangsu, China), caspase-1 (1 : 500; Santa Cruz Biotechnol-
ogy, Delaware, USA), NLRP1 (1 : 100; Santa Cruz Biotech-
nology), caspase-4 (1 : 500; Proteintech, Wuhan, China),
and ASC (1 : 1000; Proteintech, Wuhan, China). The mem-
branes were incubated with horseradish peroxidase-

conjugated goat anti-mouse IgG or goat anti-rabbit IgG
(1 : 2000; CWBio, Jiangsu, China) at 20–25°C for 1 h and then
with ECL substrate solution (1 : 1 (v/v); CWBio, Jiangsu,
China). The bands were quantified using Photoshop 7.0,
and the gray value ratio of bands was determined.

2.9. ELISA-Based Quantification of Secreted IL-α, IL-1β, and
IL-18. Media from MCF7 cells transfected with shRNA vec-
tors for 72h (control group) and media from MCF7 cells
transfected with shRNA vectors for 72h and cultured in
hUCMSC-CM for 24 h (treatment group) were collected.
All the samples were stored at -80°C before detection. The
amounts of IL-α, IL-1β, and IL-18 secreted by MCF7 cells
in the control and treatment groups were determined using
the Human IL-α ELISA Kit (ExCell Biotech, Jiangsu, China),
Human IL-1β/IL-1F2 Valukine™ ELISA Kit (NOVUS Bio-
logicals, Taiwan, China), and Human IL-18 Kit (OriGene,
Rockville, MD, USA) separately, according to the manufac-
turer’s instructions.

2.10. Statistical Analyses. Statistical analyses were performed
using Microsoft Excel 2007 and GraphPad Prism 5 software;
graphs were prepared using the GraphPad Prism 5 software.
Differences with P values < 0.05 were considered statistically
significant.

3. Results

3.1. Effect of hUCMSC-CM Treatment on mRNA and Protein
Levels of Caspase-1, Caspase-4, and NLRP1 in MCF7 Cells.
We previously demonstrated that the factors secreted by
hUCMSCs induced pyroptosis in MCF7 cells and that such
pyroptotic cells showed significantly increased CASP4 and
NLRP1 expression [14]. To further confirm this result, we
analyzed the expression of CASP1, CASP4, and NLRP1in
MCF7 cells cultured in hUCMSC-CM for 48 h. RT-qPCR
analysis showed that CASP1, CASP4, and NLRP1 mRNA
levels in MCF7 cells cultured in hUCMSC-CM were signifi-
cantly higher (fold increase of 5:16 ± 1:92, 5:48 ± 2:62, and

Table 2: Primer sequences for quantitative real-time polymerase
chain reaction.

Gene name NCBI ID Primer sequences

CASP1 NM_033292

S: 5′TACAGAGCTGGAGG
CATTTG 3′

A: 5′GGACTTGCTCAGAGT
GTTTCT 3′

NLRP1 NM_033004

S: 5′ATCTCATGCCTGCAA
CTACTC 3′

A: 5′CTCTCGATACTGGT
CCACAAAG 3′

CASP4 NM_001225

S: 5′GAATCTGACAGCCA
GGGATATG 3′

A: 5′CCATGAGACATGAGTA
CCAAGAA 3′
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2:89 ± 0:79, respectively) than those in the control cells
(P < 0:001; Figure 1(a)). These results were consistent with
our previous RNA sequencing results.

In order to know whether the changes of mRNA level
affect the protein expression, we did the western blotting
analysis. Compared to the control cells, the cells cultured in
hUCMSC-CM showed a significant increase in CASP1 pro-
tein levels (P < 0:001), no significant change in CASP4 pro-
tein levels (P > 0:05), and significant decrease in NLRP1
protein levels (P < 0:001; Figures 1(b) and 1(c)). These results
indicate that the changes in protein levels of these three mol-
ecules are not consistent with the changes in their respective
mRNA levels. Caspase-1 usually exists in cells in the inactive
form as pro-caspase-1. In response to cellular stress or micro-
bial infection, pro-caspase-1 is cleaved to p10 and p20 sub-
units, and the activated caspase-1 is a tetramer composed of
two p20 and two p10 subunits (p20/p10) [16]. Caspase-1
recruitment to inflammatory signaling hubs was reported to
enable its activation likely by increasing the local concentra-
tion of pro-caspase-1 to facilitate the dimerization of the
monomers [17]. Full-length caspase-1 monomers can
undergo dimerization, activation, and self-cleavage only
when they are recruited to the inflammasomes; this enables
a high local concentration of monomers [18]. In our study,
pyroptotic MCF7 cells showed a significant increase in
CASP1 protein levels, which is consistent with these theories.
Similar to caspase-1, caspase-4 exists in cells in an inactive
form and its active form is a tetramer composed of two p20
and two p10 subunits (p20/p10). In the present study, pyrop-
totic MCF7 cells showed increased CASP4 mRNA but not

protein levels, possibly because of homeostasis, indicating
that caspase-4 activation requires pro-caspase-4 consump-
tion, and the increase in CASP4 mRNA replenished the
procaspase-4 amount consumed. NLRP1 interacts with the
adaptor protein ASC to form an inflammasome complex,
which recruits pro-caspase-1 [5]. Therefore, reduced NLRP1
protein levels observed in this study may be because the
NLRP1 protein molecules were consumed for formation of
the NLRP1 inflammasome, and these molecules were not
detected by the antibody used in western blotting.

3.2. Effect of Inflammasome Complex Formed by NLRP1 and
ASC on hUCMSC-CM-Induced Pyroptosis in MCF7 Cells.
Next, we performed immunofluorescence analysis to investi-
gate whether NLRP1 interacts with the adaptor protein ASC
to form an inflammasome complex in pyroptotic MCF7 cells
induced by hUCMSC-CM. Colocalization of NLRP1 protein
and ASC protein to form a complex was observed in certain
parts of some MCF7 cells cultured in hUCMSC-CM (red
arrow, Figure 2), and strong colocalization and increased
fluorescence intensities of both NLRP1 and ASC proteins
were observed in pyroptotic cells (white arrow, Figure 2).
These results indicate that NLRP1 could interact with ASC
to form an inflammasome complex and that this complex is
involved in hUCMSC-CM-induced pyroptosis in MCF7
cells.

3.3. Effect of CASP4 or NLRP1 Knockdown on hUCMSC-CM-
Induced Pyroptosis in MCF7 Cells. On the basis of RT-qPCR
analysis performed to assess the inhibition rate of shRNA
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Figure 1: Detection of pyroptosis-related genes. (a) The results of q-PCR. Data are presented as Ct (2-△△Ct) relative to control. Data are
presented as mean ± S:D:, n = 3. (b) The results of western blotting. (c) The gray value ratio of western blotting results. C: control group,
MCF7 cells cultured in the hUCMSC medium; T: treatment group, MCF7 cells cultured in hUCMSC-CM medium. ∗P < 0:05, ∗∗P < 0:01,
and ∗∗∗P < 0:001.
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vectors, the vectors shRNA-CASP4-100, shRNA-CASP4-
1104, shRNA-NLRP1-1634, and shRNA-NLRP1-2523 were
selected for the transfection experiments (Additional file 2).

We first observed the morphological changes in the
transfected MCF7 cells cultured in hUCMSC-CM. The
plasma membrane of these cells remained intact but showed
pore-induced invaginations. Distinctly ruptured plasma
membrane and cell death were observed (Figure 3). These
morphological changes indicate the occurrence of pyroptosis
in transfected MCF7 cells after treatment with hUCMSC-
CM.

To understand whether cell death decreased after CASP4
or NLRP1 knockdown, we performed the Annexin V-
FITC/PI analysis in CASP4 knockdown and NLRP1 knock-
down MCF7 cells. The numbers of FITC+/PI+ cells and
FITC+/PI– cells remained unchanged after hUCMSC-CM
treatment. However, the number of PI+/FITC– cells among
the transfected cells increased significantly after treatment
with hUCMSC-CM for 24 h. The numbers increased from
9:27 ± 0:60 to 39:42 ± 5:74, 8:86 ± 1:05 to 39:46 ± 1:18,
12:30 ± 0:22 to 33:55 ± 1:02, 11:81 ± 0:27 to 35:57 ± 0:33,
and 14:56 ± 0:60 to 33:20 ± 0:14 in cells transfected with
shRNA-NC (negative control), shRNA-CASP4-100,
shRNA-CASP4-1104, shRNA-NLRP1-1634, and shRNA-
NLRP1-2523, respectively (Figures 4(a) and 4(b)). The num-
ber of apoptotic cells in the groups transfected with the target
genes was not significantly different from that in the NC
group (P > 0:05). These results suggest that hUCMSC-CM
treatment for 24h induced pyroptosis in all the transfected

MCF7 cell groups, including the cells transfected with NC.
Thus, MCF7 cells cannot be rescued from hUCMSC-CM-
induced pyroptosis by inhibiting the expression of CASP4
or NLRP1.

To further confirm these results, we assessed cytotoxicity
by measuring the LDH levels in the medium of the trans-
fected MCF7 cells treated with hUCMSC-CM. The LDH
levels in all the cell groups, including the NC group, increased
after treatment with hUCMSC-CM for 24h; however, no sig-
nificant difference was observed between the LDH levels of
the target gene-transfected groups and the NC group
(Figure 4(c)). These results are consistent with those of
Annexin V-FITC/PI analysis and indicate that CASP4 or
NLRP1 inhibition could not prevent hUCMSC-CM-
induced pyroptosis in MCF7 cells.

3.4. Effect of hUCMSC-CM Treatment on Gene Expression in
Transfected MCF7 Cells. Although inhibition of CASP4 or
NLRP1 gene expression did not suppress the effect of
hUCMSC-CM on inducing MCF7 cell death, we attempted
to elucidate the mechanism underlying pyroptosis induction
in MCF7 cells. Here, we analyzed the mRNA levels for cas-
pase-1, caspase-4, and NLRP1 in CASP4 knockdown, NLRP1
knockdown, and NC-transfected cells treated with
hUCMSC-CM. RT-qPCR analysis (Figure 5(a)) revealed a
significant decrease in CASP4 mRNA levels in the
hUCMSC-CM-treated CASP4 knockdown MCF7 cells, com-
pared to the NC-transfected MCF cells (P < 0:001); however,
no considerable change was observed in the CASP1 mRNA
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Figure 2: The immunofluorescence images of ASC specks. Representative micrographs from at least three independent experiments are
shown. All images were taken using 20x magnification.
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levels of the CASP4 knockdown MCF7 cells (P > 0:05). Fur-
thermore, treatment with hUCMSC-CM significantly
increased the NLRP1mRNA levels in MCF7 cells transfected
with shRNA-CASP4-100 (P < 0:001). The NLRP1 mRNA
levels in NLRP1 knockdown MCF7 cells showed a significant
decrease initially (P < 0:001) but increased after treatment
with hUCMSC-CM (P < 0:001). CASP4 mRNA levels in
NLRP1 knockdown MCF7 cells did not change considerably
(P > 0:05); however, treatment with hUCMSC-CM signifi-
cantly increased the CASP1 mRNA levels in MCF7 cells
transfected with shRNA-NLRP1-2523 (P < 0:001).

To further know the changes of protein level in trans-
fected MCF7 cells, we performed western blotting. Western
blotting results (Figures 5(b) and 5(c)) revealed significantly
decreased caspase-4 protein levels in CASP4 knockdown
MCF7 cells (P < 0:05); however, the decrease was more
prominent in cells transfected with shRNA-CASP4-100
(P < 0:001). Compared to NC-transfected MCF7 cells, the
MCF7 cells transfected with shRNA-NLRP1-2523 showed a
significant decrease in NLRP1 protein levels (P < 0:05), and
hUCMSC-CM treatment further decreased the NLRP1 pro-

tein levels in these cells. Therefore, shRNA-CASP4-100 and
shRNA-NLRP1-2523 are more effective for gene inhibition,
and we selected MCF7 cells transfected with shRNA-
CASP4-100 and shRNA-NLRP1-2523 for further research.

3.5. Involvement of the Two Pyroptosis Pathways in
hUCMSC-CM-Induced Pyroptosis in MCF7 Cells. To eluci-
date the effect of CASP4 or NLRP1 knockdown on MCF7 cell
pyroptosis, we investigated the protein levels of pro-CASP1,
cleaved CASP1, pro-CASP4, and cleaved CASP4 and the
changes in ASC speck formation in MCF7 cells transfected
with shRNA-CASP4-100 and shRNA-NLRP1-2523. In
CASP4 knockdown MCF7 cells, hUCMSC-CM treatment
for 24 h significantly decreased the levels of cleaved CASP4
but significantly increased the levels ofcleaved CASP1, ASC,
and NLRP1. These findings indicate that the noncanonical
pathway was inhibited in CASP4 knockdown MCF7 cells
and that hUCMSC-CM-induced pyroptosis mainly occurs
via the caspase-1-mediated canonical pathway. Conversely,
24 h treatment with hUCMSC-CM in NLRP1 knockdown
MCF7 cells did not affect the levels of cleaved CASP4 and
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pro-CASP1 but significantly decreased the levels of cleaved
CASP1. This indicates that NLRP1 inhibition did not affect
the noncanonical pathway but could reduce cleaved CASP1
protein levels. Furthermore, the ASC speck in NLRP1 knock-
down cells was significantly lower than that in CASP4 knock-
down cells, indicating the inhibition of inflammasome
formation and the subsequent partial inhibition of the canonical
pathway in NLRP1 knockdown cells. Therefore, the canonical
pathway was inhibited in NLRP1 knockdown MCF7 cells, and
hUCMSC-CM-induced pyroptosis in these cells mainly occurs
via the caspase-4-mediated noncanonical pathway.

IL-1α secretion is caspase-1 independent [19] but is pos-
itively correlated with the activity of caspase-4 [7, 20], a key
factor of the noncanonical pathway. The secretion of IL-1β
and IL-18 is positively correlated with the activity of cas-
pase-1, a key factor of the canonical pathway [21, 22]. There-
fore, we assessed the levels of IL-1α, IL-1β, and IL-18 in the

culture medium of transfected MCF7 cells treated with
hUCMSC-CM for 24h to determine the involvement of the
noncanonical and canonical pathways in hUCMSC-CM-
induced pyroptosis in MCF7 cells in the absence of caspase-
4 or NLRP1, respectively. The control groups showed low
secretion of all the three cytokines. Compared with
hUCMSC-CM-treated NLRP1 knockdown cells, the
hUCMSC-CM-treated CASP4 knockdown cells showed
reduced IL-1α secretion but increased IL-1β and IL-18 secre-
tion (Figure 6(d)). These results are consistent with the results
of western blotting, confirming that the noncanonical pathway
was inhibited and hUCMSC-CM-induced pyroptosis mainly
occurred via the caspase-1-mediated canonical pathway in
CASP4 knockdown MCF7 cells, whereas the canonical path-
way was inhibited and hUCMSC-CM-induced pyroptosis
mainly occurred via the caspase-4-mediated noncanonical
pathway in NLRP1 knockdown MCF7 cells.
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Figure 4: Detection of dead cells. (a) Flow cytometry results of Annexin V-FITC/PI staining. (b) Quantitative analysis for the Annexin V-
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Figure 6: Continued.
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4. Discussion

Breast cancer, the cancer that originates in the breast tissues,
is divided into five types based on its molecular characteris-
tics: Luminal A, Luminal B, HER2 enriched, basal like/tri-
ple-negative, and other special types of breast cancer [23].
The response to treatment and prognosis varies with the type
of breast cancer. Therefore, cancer type-specific treatments
are prescribed [24]. Our study focused on investigating the
effect of hUCMSC-CM on breast cancer cell line MCF7.
The MCF7 cells are Luminal A type, which is ER/PR positive
and HER2 negative, with a high expression of ER-related
genes and low expression of proliferation-related genes
[25]. Typically, it is a low-grade cancer with an excellent
prognosis.

MSCs show several promising applications in cell therapy
and gene therapy owing to their unique characteristics. The
relationship between MSCs and cancer has been studied
widely by many research groups. Several studies have shown
that the use of MSCs in cancer therapy is a two-edged sword
that can suppress or promote cancer growth [26]. The differ-
ent effects of MSCs on cancer growth depend on the source of
MSCs and the type of cancer cells. Chen et al. [27] reported
that aggressive ER-negative breast cancer cells show stronger
ability to engulf MSCs than the aggressive ER-positive MCF7
cells and nontumorigenic MCF10A cells do and that such
engulfment results in the development of breast cancer with
enhanced migration, invasion, and metastatic properties.

MSCs interact with cancer cells via various mechanisms,
including direct contact and subsequent engulfment of can-
cer cells [27, 28] and immunomodulation to influence the
survival of tumor cells [29, 30]. Paracrine actions of MSCs
might be crucial for their immunomodulatory functions.
Extracellular vesicles (EVs) represent a group of cell-
derived bilayered membrane structures that contain bioac-
tive paracrine molecules, which can affect the target cells
[31]. EVs are commonly classified into three subtypes: exo-
somes, microvesicles (MVs), and apoptotic bodies [32].
Recently, many studies reported that EVs derived fromMSCs
(MSC-EVs) can regulate cancer cell proliferation, angiogene-
sis, and metastasis. EVs derived from hUCMSCs were also
reported to be effective against cancer cells. Wu et al. [33]
found that hUCMSC-EVs might inhibit bladder tumor T24
growth by downregulating Akt protein kinase phosphoryla-
tion and upregulating cleaved caspase-3. Hendijani et al.
[34] showed that the hUCMSC secretome displayed an anti-
proliferative effect on the leukemia cell line and exerted an
additive cytotoxic effect in combination with doxorubicin.
Usually, hUCMSC-CM can be used in preliminary studies
investigating the effect of hUCMSC-EVs. He et al. [35] dem-
onstrated that hUCMSC-CM inhibited cancer growth and
radiosensitivity of the breast cancer cell line MDA-MB-231
by downregulating the Stat3 signaling pathway. Hong et al.
[36] showed that hUCMSC-CM can decrease the cisplatin-
induced apoptosis of oocytes and granulosa cells in a
cisplatin-induced ovarian injury model. We previously
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Figure 6: Study on the effect of CASP4 and NLRP1 genes on MCF7 pyroptosis induced by hUCMSC-CM. (a) The western blotting results of
pro-CASP1, cleaved-CASP1, and ASC proteins. (b) The western blotting results of pro-CASP4 and cleaved-CASP4. (c) The western blotting
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reported that hUCMSC-CM could induce MCF7 pyroptosis
in vitro, and our RNA sequencing studies revealed a signifi-
cant increase in the expression of pyroptosis-related gene
NLRP1 and CASP4 in pyroptotic MCF7 cells. Therefore, in
this study, we further investigated the effects of these two
genes on MCF7 cell pyroptosis induced by hUCMSC-CM.

We first assessed the gene and protein expression of cas-
pase-1, caspase-4, and NLRP1 in MCF7 cells undergoing
hUCMSC-CM-induced pyroptosis. Although the mRNA
levels of these three genes increased, the protein levels
showed a different trend. In particular, NLRP1 protein
decreased significantly. During pyroptosis, NLRP1 interacts
with the adaptor protein ASC to form an inflammasome
complex. Similarly, we detected the expression and localiza-
tion of NLRP1 and ASC in pyroptotic MCF7 cells via immu-
nofluorescence and found that these two proteins colocalized
in pyroptotic MCF7 cells, suggesting the formation and
involvement of the inflammasome in hUCMSC-CM-
induced pyroptosis in MCF7 cells.

Next, we investigated the role of caspase-4 and NLRP1 in
hUCMSC-CM-induced pyroptosis in MCF7 cells. shRNA-
mediated knockdown of CASP4 or NLRP1 in MCF7 cells
resulted in a 50–70% reduction in the corresponding tran-
script levels (Supplementary2). Pyroptosis occurs via the
canonical and noncanonical pathways. Caspase-1 is the key
molecule involved in the canonical pathway, and NLRP1
recruits ASC and pro-caspase-1 to form the NLRP1 inflam-
masome or directly interacts with pro-caspase-1 to activate
caspase-1 and induce pyroptosis [5]. Caspase-4 is the key
molecule involved in the noncanonical pathway. In this
study, deficiency of caspase-4 or NLRP1 could not
completely block either of these two pathways. Therefore,
studying the role of one pathway by blocking the other could
not be performed in this study. Nevertheless, we found some
interaction between these two pathways.

Cell morphology and cell death analysis using Annexin
V-FITC/PI and LDH assays showed that levels of
hUCMSC-CM-induced pyroptosis in CASP4 knockdown
and NLRP1 knockdown MCF7 cells were not significantly
different from that observed in the NC group. This indicates
that inhibition of caspase-4 or NLRP1 could not inhibit
MCF7 cell pyroptosis induced by the factors secreted by
hUCMSCs. Therefore, to elucidate the mechanisms underly-
ing these observations, we further investigated the changes in
the expression of pyroptosis-related genes in the shRNA-
transfected MCF7 cells.

Caspase-1, also known as IL-1β-converting enzyme, is
responsible for maturation and secretion of the proinflam-
matory cytokines IL-1β and IL-18 [16, 37–39]. Caspase-1
dimerization and self-activation is induced by inflamma-
somes, which are composed of a PRR, the adaptor ASC,
and pro-caspase-1 [38]. ASC interacts with PRRs and pro-
caspase-1 through its pyrin domain (PYD) and recruitment
domain (CARD), respectively. PRRs such as NLRP1,
NLRP3, NLRC4, AIM2, and Pyrin, respond to microbial,
environmental, and host-derived danger-associated molecu-
lar patterns; microbe-associated molecular patterns; and
pathogen-associated molecular patterns [40]. Activated
caspase-1 cleaves gasdermin D to promote membrane pore

formation and pyroptosis [41, 42]. In humans, NLRP1 con-
tains a PYD, a function to find domain (FIND), and CARD.
Therefore, NLRP1 can directly activate procaspase-1 by
interacting with it or indirectly by recruiting ASC and pro-
caspase-1 to form the NLRP1 inflammasome, which activates
caspase-1 [5]. However, agents that can selectively activate
human NLRP1 inflammasomes have not yet been identified.
We previously reported significantly high expression of
NLRP1and CASP1 during hUCMSC-CM-induced pyroptosis
in MCF7 cells. These results suggest that some factors in the
hUCMSC-CM interact with NLRP1 and activate caspase-1 to
induce MCF7 cell pyroptosis. However, hUCMSCs secrete a
vast array of molecules, and the precise factors that interact
with NLRP1 remain unknown and further studies are war-
ranted to identify these factors. In this study, we knocked
down NLRP1 to elucidate its role in hUCMSC-CM-induced
pyroptosis. hUCMSC-CM treatment did not considerably
change caspase-4 expression at both mRNA and protein
levels and did not change the amount of cleaved CASP4 but
increased pro-caspase-1e xpression in NLRP1 knockdown
MCF7 cells.NLRP1mutations have been reported to increase
systemic amounts of caspase-1 in patients with arthritis and
dyskeratosis [43]; our results are consistent with these find-
ings. Furthermore, compared to pro-caspase-1 levels, the
number of active ASC complexes was reported to be a more
important limiting factor for caspase-1 maturation/release
[21]. The secretion of IL-1β and IL-18 is positively correlated
with the activity of caspase-1. Therefore, in NLRP1 knock-
downMCF7 cells, we found ASC complexes, cleaved-CASP1,
and the levels of secreted IL-1β and IL-18 decreased. These
results suggest that NLRP1 knockdown partly inhibited the
canonical pyroptosis pathway but did not affect the nonca-
nonical pathway.

Caspase-4 detects cytoplasmic LPS and triggers the non-
canonical pyroptosis pathway in humans. Caspase-5 has a
synergistic effect with caspase-4 [36, 44]. The oligomeriza-
tion and activation of caspase-4 and caspase-5 are triggered
by binding of their CARDs with the lipid portion of LPS.
However, the CARD of caspase-5 is 56% divergent from that
of caspase-4, suggesting that caspase-5 binds and responds to
lipids with specificities different from those of caspase-4 [45].
In fact, these two caspases play different roles in different
cells. LPS stimulation induced processing of procaspase-5,
but not of caspase-4, and mediated IL-1 release in monocytes
[44]. Caspase-5 expression was undetectable in U937 cells,
and ectopic expression of caspase-5 partially triggered
inflammasome activation in response to Escherichia coli
LPS but did not trigger inflammasome activation in response
to Francisella novicida LPS [21]. Caspase-5 could not be
detected in LPS-stimulated THP1 cells [6]. In contrast,
caspase-4 played an important role in epithelial cell death
during Shigella infection [46], and in pyroptosis and IL-1α
secretion in human gingival fibroblasts in response to Td92,
a surface protein of the periodontal pathogen Treponema
denticola [20]. We previously demonstrated that hUCMSC-
CM-treated pyroptotic MCF7 cells did not show significant
changes in caspase-5 expression but showed significantly
increased caspase-4 expression. Therefore, we hypothesized
that one or more of the factors secreted by hUCMSCs
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interact with caspase-4 and trigger MCF7 cell pyroptosis. In
this study, we found that hUCMSC-CM treatment did not
considerably change pro-caspase-1 expression at both
mRNA and protein levels but moderately increased NLRP1
expression and ASC speck formation and decreased
cleaved-CASP4 level in CASP4 knockdown MCF7 cells. Fur-
thermore, the levels of secreted IL-1α were lower but the
levels of IL-1β and IL-18 in the CASP4 knockdown MCF7
cells were higher than those in the NC and NLRP1 knock-
downMCF7 cells. These results are consistent with the previ-
ous reports [21, 44] and suggest that the noncanonical
pathway is partly inhibited and MCF7 cell death occurs
mainly via the canonical pathway in the absence of caspase-
4. Caspase-4-mediated cell death was reported to trigger
NLRP3-dependent caspase-1 activation and secretion of IL-
1β and IL-18 [6, 21, 47, 48]. In addition, canonical inflamma-
somes can control the activation of noncanonical inflamma-
somes [49], and blocking the noncanonical pathway alone
may not be sufficient to change the susceptibility to infections
[50]. Therefore, other mechanisms affecting the canonical
pathway may be involved in mediating pyroptosis in CASP4
knockdown MCF7 cells, and further research is essential to
elucidate these mechanisms.

5. Conclusions

We previously demonstrated that the factors secreted by
hUCMSCs could induce pyroptosis in the breast cancer cell
line MCF7. Moreover, our previous RNA sequencing analy-
sis showed that the expression of pyroptosis-related gene
NLRP1 and CASP4 increased significantly. In this study, we
elucidated the role of these two genes in hUCMSC-CM-
induced pyroptosis in MCF7 cells. We found that although
CASP1, CASP4, and NLRP1mRNA levels increased, the pro-
tein levels showed a different trend. In particular, NLRP1
protein decreased significantly. Further analysis for identify-
ing the underlying reason revealed that NLRP1 interacts with
ASC to form a complex, which is involved in MCF7 cell pyr-
optosis. Further investigation using NLRP1 and CASP4
knockdown MCF7 cells showed that knockdown of either
CASP4 or NLRP1 could not rescue MCF7 cells from
hUCMSC-CM-mediated pyroptosis. Further study on
CASP4- or NLRP1-knockdown cells revealed that MCF7 cell
pyroptosis occurred via both canonical and noncanonical
pyroptosis pathways; when one pathway was inhibited,
hUCMSC-CM induced MCF7 cell pyroptosis via the other
pathway. Our study provides a foundation for further studies
aimed at elucidating the precise mechanism underlying
hUCMSC-induced pyroptosis in the breast cancer cell line
MCF7 and aid the identification of potential therapeutic tar-
gets for breast cancer.
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Mesenchymal stem/stromal cells (MSCs) are multipotent stem cells that can be derived from various tissues. Due to their
regenerative and immunomodulatory properties, MSCs have been extensively researched and tested for treatment of different
diseases/indications. One mechanism that MSCs exert functions is through the transfer of mitochondria, a key player involved
in many biological processes in health and disease. Mitochondria transfer is bidirectional and has an impact on both donor and
recipient cells. In this review, we discussed how MSC-mediated mitochondrial transfer may affect cellular metabolism, survival,
proliferation, and differentiation; how this process influences inflammatory processes; and what is the molecular machinery that
mediates mitochondrial transfer. In the end, we summarized recent advances in preclinical research and clinical trials for the
treatment of stroke and spinal cord injury, through application of MSCs and/or MSC-derived mitochondria.

1. Introduction

Mesenchymal stem/stromal cells (MSCs) have attracted a lot
of interest in basic science and clinical applications, not only
due to the unique properties such as fewer ethical issues, little
(if not lacking) tumorigenicity, and mild immune responses
compared with other stem cell sources such as embryonic
stem cells (hESCs) and induced pluripotent stem cells
(iPSCs) but also because it seems to be the only stem cell type
that presents both regenerative and immunomodulatory
functions [1]. Engrafted MSCs can be differentiated into cer-
tain types of cells that help replenish the tissue in an autolo-
gous or allogeneic manner. In addition, MSCs show
immunomodulatory properties mainly via a paracrine mech-
anism that involves secretion of microvesicles (MVs), micro-
RNA, and exosomes [2, 3]. MSC-based cell replacement and

immunomodulatory approaches have been employed in the
treatment of some degenerative and inflammatory diseases.

Mitochondrial transfer between MSCs and damaged cells
has emerged to be a promising therapeutic strategy partly
because it can act as a bioenergetic supplementation [4].
Transferred mitochondria can also regulate the biological
functions of cells that have taken the mitochondria (accep-
tor) [5, 6]. Speed and colleagues proved that mitochondria
or mitochondrial DNA (mtDNA) transfer can take place
between adult stem cells and somatic cells and that human
lung alveolar epithelial cells harboring nonfunctional mito-
chondria are repaired by transfer of functional mitochondria
or mtDNA from donor human bone marrowMSCs (BMSCs)
[4]. This pioneer study revealed that mitochondrial donation
can repair aerobic respiration in cells with dysfunctional
mitochondria and protect cells from damage and apoptosis
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[7]. The discovery about the ability of BMSCs to transfer
mitochondria to injured cells prompted a series of further
studies aimed at uncovering the underlying mechanism [8–
12]. Not only exerting an impact on tissues/cells in the
peripheral system, mitochondrial motility is also involved
in the central nervous system (CNS) diseases [13, 14], and
mitochondrial transfer may open an avenue to treatment of
certain neurological diseases, such as stroke and spinal cord
injury (SCI). In this review, we will discuss the biological pro-
cesses/outcomes at injury sites following MSC-based mito-
chondrial transfer and the molecular machinery required to
achieve such cell-to-cell communication. In the last section,
we will summarize the latest advances in therapeutic applica-
tions of MSCs and/or mitochondrial transfer to treat CNS
diseases such as stroke and SCI.

2. Mitochondrial Transfer Impacts Cellular
Metabolism and Inflammation

2.1. Dynamics of Mitochondria. Mitochondria are semiau-
tonomous and self-reproducing organelles that exist in the
cytoplasm of most eukaryotes [15]. Inside a cell, the number
of mitochondria is regulated by two opposite processes,
fusion and fission. Mitochondrial fusion process can be
divided into two steps [16]: fusion of outer mitochondrial
membrane (OMM) that is mediated by OMM proteins Mito-
fusin 1 andMitofusin 2 (Mfn1 andMfn2) and fusion of inner
mitochondrial membrane (IMM) that is mediated by OPA1.
Fission is a division event that highly depends on dynamin-
related protein 1 (Drp1) to produce one or more daughter
mitochondria. Drp1, together with adaptor proteins Fission
1 (Fis1), mitochondrial fission factor (MFF), and mitochon-
drial dynamics proteins of 49 kDa and 51 kDa (Mid49 and
Mid51), are able to hydrolyze guanosine triphophate (GTP)
and mediate the division of OMM and IMM. The knock-
down of fusion proteins (Mfn or OPA1) or fission proteins
(Drp1, Fis1, and Fis2) in MSCs disturbs otherwise a healthy
mitochondria network and can even alter the stemness of
MSCs [17].

Dysfunctional mitochondria are selectively degraded in a
process termed “mitophagy” to maintain mitochondrial
homeostasis. Activation of mitophagy in BMSCs occurs at
an early stage of reactive oxygen species (ROS) stress through
Jun N-terminal kinase (JNK) pathway, but declines at a late
stage of ROS stress [18]. Phosphatase and tensin homolog-
(PTEN-) induced kinase 1 (PINK1)/Parkin pathway, which
is normally involved in the clearance of dysfunctional mito-
chondria [19, 20], is also required for infusedMSCs to restore
mitophagy pathways in hyperglycemia-challenged endothe-
lial cells [21]. Disruption of the PINK1 pathway, and conse-
quently the mitophagy process, may be regulated by
microRNAs. MicroRNA-155 (miR-155) is one of the most
prominent miRNAs detected in inflammatory and aged tis-
sues, which directly targets B cell lymphoma-2- (Bcl-2-) asso-
ciated athanogene 5 (BAG5). Reduction of BAG5 in MSCs
leads to the destabilization of PINK1 and abnormality of
mitophagy [22]. Also, the mitophagy process is conducive
to selectively keeping healthy mitochondria and suppressing
generation of ROS in MSCs, which further contributes to an

immunomodulatory effect via limiting caspase-1 and inter-
leukin-1β (IL-1β) stimulation and inhibiting inflammasome
activation in macrophages [23].

2.2. Transferred Mitochondria Serve as a “Bioengine.” Mito-
chondria are known as the “powerhouse” of the cell. Each
mitochondrion is surrounded by a double membrane. The
inner membrane is highly invaginated, and its projection is
termed cristae. Mitochondria are the source of chemical
energy, generating most of the cell’s adenosine triphosphate
(ATP) supply via oxidative phosphorylation (OXPHOS) pro-
cesses. Along with bioenergetic production, mitochondrial
complexes I and III generate endogenous ROS, including
oxygen radicals and hydrogen peroxide, which are involved
in mitophagy and cellular apoptosis [24, 25]. The increase
in ROS accumulated in normal aging or disease/injury leads
to a higher rate of mitophagy and a lower level of mitochon-
drial biogenesis, together resulting in a reduction of mito-
chondrial mass [26]. Mitochondrial transfer may be able to
reverse this phenomenon. For example, using an acute kid-
ney injury mouse model, Perico et al. showed that transplan-
tation of healthy MSCs can rejuvenate damaged tubular cells
throughmitochondrial transfer and restoring the energy pro-
duction capacity in acceptor cells [27].

2.3. Mitochondrial Transfer Improves Cell Viability. Mito-
chondria play a critical role in cellular apoptosis [28]. ROS,
a major product of mitochondria metabolism, in turn exerts
a significant impact on mitochondria and mitochondria-
mediated apoptosis [18]. Normally, the first stage of apopto-
sis involves elevated mitochondrial membrane permeability,
which allows apoptogenic factors such as Bcl-2 to pass
through OMM and to interrupt the electrochemical gradient
in IMM. Then, the disruption of mitochondrial membrane
properties results in insufficient production of ATP and acti-
vation of specific apoptogenic proteases such as caspases.
Caspase-3 acts as an executor of apoptosis and activates the
early steps of cellular apoptosis. Bcl-2 is able to suppress
the release of cytochrome c from mitochondria via inhibiting
the activation of proapoptotic factors such as Bcl-2-
associated X protein (Bax) and Bcl-2-associated K protein
(Bak). The imbalance of the Bax/Bcl-2 ratio is a feature that
often occurs during the process of apoptosis [29]. Mitochon-
drial transfer from MSCs can reduce apoptosis levels and
promote cell viability in recipient cells [30] via regulating
the balance of Bax/Bcl-2 and reducing the expression of
caspase-3 [31]. Interestingly, transfer of dysfunctional mito-
chondria from damaged cells to MSCs also has an influence
on MSCs. Using in vitro and in vivo experiments, Gozzelino
et al. showed that mitochondria released from damaged
somatic cells (cardiomyocytes or endothelial cells) can be
engulfed by MSCs and trigger upregulation of Heme
oxygenase-1 (HO-1), a protein that protects against pro-
grammed cell death [32], and biogenesis of mitochondria in
MSCs, which in turn promotes an adaptive reparative
response [33].

2.4. Mitochondrial Transfer Promotes Anti-inflammatory
Responses. The immunomodulatory functions of MSCs are
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implemented by a paracrine mechanism and cell-cell contact.
The cytokines secreted by MSCs can exert a modulatory
impact on various immune cells, such as T cells, B cells, nat-
ural killer cells, and macrophages [34]. It was found that
mitochondrial transfer can take place between MSCs and
immune cells, which influences the functions/properties of
immune cells (Figure 1). Using an acute respiratory distress
syndrome (ARDS) model, Krasnodembskaya’s group
reported that MSCs can donate mitochondria to host macro-
phages and enhance the phagocytic capacity and bioenerget-
ics of macrophages, leading to an improved clearance of
pathogenic bacteria [5, 35]. Along with the transfer of mito-
chondria, MSCs secrete exosomes containing microRNAs.
After intake by macrophages, the microRNAs can target the
Toll-like receptor (TLR)/NF-κB pathway and dampen proin-
flammatory responses [36]. Nevertheless, how macrophages
keep an improved phagocytotic capacity while showing a
reduced proinflammatory reaction after mitochondrial
transfer remains elusive. To address this issue, using an
ARDS model, Morrison et al. reported that extracellular
vesicle-mediated transfer of mitochondria can induce

monocyte-derived macrophages (MDMs) to differentiate to
an M2 phenotype with a high phagocytic capacity; and this
phenotypic change mediated by mitochondrial transfer
requires the OXPHOS process in macrophages [35]. In
another study, Kim and Hematti cocultured MSCs with mac-
rophages in vitro and found that MSCs can educate macro-
phages to adopt a IL-10-high, IL-12-low, IL-6-high, and
tumor necrosis factor-α- (TNF-α-) low phenotype, an anti-
inflammatory phenotype similar to the M2 one [37].

MSC-mediated mitochondrial transfer can also regulate
T cell differentiation. Instructed by the niche cues, especially
the cytokines secreted by antigen-presenting cells (APCs), T
helper (CD4) cells can be activated and differentiated to var-
ious subsets, including T helper 1 (Th1), Th2, Th17, Th9, T
regulatory (Treg), or T follicular helper (Tfh) cells. Among
them, Th17 cells can be further divided into two subsets: pro-
inflammatory Th17 effector cells and immunosuppressive
Th17 regulatory cells. The cytokine set that drives differenti-
ation of Th17 effector cells normally inhibits differentiation
into Th17 regulatory cells, and vice versa. Luz-Crawford
et al. reported that coculturing healthy donor-derived
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M2 macrophage 
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Figure 1: MSC-mediated mitochondrial transfer impacts cellular metabolism and differentiation. (a) Mitochondrial dynamics maintains a
healthy mitochondria network in MSCs via regulating mitochondrial fusion, fission, and mitophagy. Activation of HIF1α under a hypoxic
condition suppresses PGC1-α expression, leading to inhibition of mitochondrial biogenesis and the stimulation of anaerobic glycolysis. (b)
The change of mitochondrial dynamics contributes to MSC differentiation and proliferation. Mitochondrial transfer may exert similar
effects. (c) Somatic cell-derived damaged mitochondria are transferred and degraded in MSCs via autophagy to initiate the rescue
processes; the engulfed mitochondria in MSCs lead to the upregulation of HO-1, which enhances the mitochondrial transfer capacity. (d)
Mitochondrial transfer affects immune cell functions and differentiation. For example, mitochondrial transfer can suppress inflammation
by promoting transition of macrophages to a M2 phenotype or inducing Treg cell differentiation.
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BMSCs with Th17 effector cells leads to mitochondrial trans-
fer, which increases respiration in recipient Th17 cells and
reprograms the energetic metabolism from glycolysis to
OXPHOS; this change is associated with a reduced produc-
tion of IL-17 and suppresses proinflammatory functions
of Th17 effector cells. Interestingly, coculture with rheuma-
toid arthritis patient-derived BMSCs showed that mito-
chondrial transfer is impaired compared with that with
healthy donor-derived BMSCs, suggesting that resident tis-
sue MSCs may represent a regulatory niche to balance the
proinflammatory and anti-inflammatory responses; and
part of the regulatory mechanisms may be mediated by
mitochondrial transfer from MSCs [38]. Similarly, a study
from Court et al. demonstrated that mitochondrial transfer
facilitates Treg differentiation through the enhanced
expression of mRNA transcripts such as FOXP3, IL2RA,
CTLA4, and TGFb1, which are involved in Treg cell differ-
entiation [39].

Another important player in the choice-making process
between Th17 effector vs. regulatory cells is hypoxia-
inducible factor 1α (HIF1α). HIF1α and the upstream mTOR
pathway are required for glycolytic activity and Th17 effector
cell development, whereas deficiency in HIF1α leads to bias
towards Th17 regulatory cell differentiation [40]. However,
it is unclear how the HIF1α pathway may interact with mito-
chondrial transfer, which remains an interesting subject of
future study.

Another evidence of the immunomodulatory effect is
that MSCs are able to suppress airway inflammation through
mitochondrial transfer to stressed epithelial cells in an
asthma model. The transfer of mitochondria seems to be
mediated through Miro1, a calcium-sensitive cohesive pro-
tein that can attach mitochondria to Kif5c motor protein to
enhance mitochondrial transportation. MSCs that overex-
press Miro1 show an improved therapeutic effect in amelio-
rating epithelia-mediated amplification of the immune
response, through an enhanced mitochondrial donation
capacity [41].

Tissue injury or degeneration is normally accompanied
with inflammation, which is identified to be a driving force
for mitochondrial transfer. Zhang et al. showed that the proin-
flammatory cytokine TNF-α is engaged in regulating the TNF-
α/NF-κB/TNF-αip2 signalling pathway that leads to F-actin
polymerization and formation of TNTs via actin-driven protru-
sions of cytoplasmic membrane in MSCs [42, 43]. Similarly,
oxidative inflammation enhances mitochondrial transfer and
increases TNT formation via the Rot/NF-κB/TNF-αip2 signal-
ling pathway in a corneal wound model [11].

The impact on inflammation by mitochondrial transfer is
also associated with changes in cytokine expression profiles.
Lian's group reported that treatment with human iPSC-
MSCs in a NADH dehydrogenase iron-sulfur protein 4
(Ndufs4) gene deficiency mouse model can protect retinal
ganglion cells and reduce murine proinflammatory cytokines
such as TNF-α, MIP-1g, GM-CSF, IL-5, IL-17, and IL-1β
[44]. Of note, TNF-α, GM-CSF, MCP-1, IL-17, IL-1β, IL-
12p70, and CD30L are closely related to NF-κB signalling
pathway which is involved in the regulation of TNT forma-
tion and mitochondrial transfer [45–48]. Downregulation

of the above cytokines may inhibit the formation of TNTs
and mitochondrial transfer. It is possible that the temporal
regulation of cytokine levels correlates with the different
stages of immune responses. Increased production of proin-
flammatory cytokines, for example TNF-α, may trigger the
formation of TNTs and enhance mitochondrial transfer in
the early phase of immune response; in the late phase of
immune response, downregulation of cytokines through a
paracrine mechanism by MSCs may slow down mitochon-
drial transfer. The results highlight the importance of apply-
ing MSCs in a right time and a right condition.

The above studies suggest that transferred mitochondria
have a marked impact on immune responses via regulating
macrophage and T cell functions, and through the alteration
of cytokine expression. Next, we continue to discuss the
impact of mitochondria biology on MSC proliferation and
differentiation.

3. Mitochondria and MSC Proliferation
and Differentiation

Mitochondrial dynamics includes the fusion and fission of
mitochondria, which is crucial in maintaining the number
of healthy mitochondria [49]. The morphology, distribution,
density, and activity of mitochondria change along with the
differentiation of MSCs to somatic terminal cells. In an
undifferentiated stem cell state of MSCs, mitochondria
mainly gather around the nucleus; along differentiation,
mitochondria are dispersed in the cytoplasm [50, 51]. In
addition, the morphology of mitochondria gradually
becomes slender and elongated with well-developed cristae
and an electron-dense matrix. The quantity, morphology,
and distribution of the mitochondria constantly change to
accommodate the energy needs which switch from a glycoly-
sis mode at a stem cell state to an OXPHOS mode at a
somatic cell state [52]. The copy number of mtDNA, protein
subunits of the respiratory enzymes, oxygen consumption
rate, and intracellular ATP content are all markedly
increased after the induction of MSCs to osteocytes [53].

Likewise, mitochondrial transfer may influence stem
cell proliferation and/or differentiation. Using a coculture
system of MSCs with vascular smooth muscle cells, Val-
labhaneni et al. found that mitochondrial transfer from
smooth muscle cells to MSCs results in proliferation of
MSCs [54]. By adding isolated normal mitochondria to
iPSCs, mitochondria enter stem cells within minutes and
facilitate the differentiation into neurons [55]. The evi-
dences related to the effect of mitochondrial transfer were
summarized in Table 1.

3.1. Mechanisms Underlying the Impact of Mitochondria
Dynamics on MSC Differentiation. The morphology, quan-
tity, and distribution of mitochondria are changed along
the differentiation of MSCs. Is this change a cause or simply
a consequence of differentiation? Forni et al. found that
changes in mitochondria dynamics take place during the
early stage of MSC differentiation; enhanced mitochondrial
elongation and fusion were observed during adipogenesis
and osteogenesis, and increased fission and mitophagy were
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observed during chondrogenesis. Knockdown of Mfn2—a
factor critical in mitochondria fusion and overexpression of
a dominant negative form of Drp1—a factor necessary in fis-
sion, both lead to failure of MSC differentiation, suggesting
that the early changes in the mitochondria dynamics and
consequently the alteration of bioenergetics are required for
MSC differentiation [17].

Other factors that are closely related to mitochondrial
metabolism, such as oxygen levels and ROS, may also play
a role in the regulation of MSC self-renewal and differentia-
tion. BMSCs that reside inside the bone marrow normally
live in a hypoxic microenvironment, and HIF1α is a key reg-
ulator that can sense environment oxygen levels and adapt to
it [56]. HIF1α pathway is activated in a hypoxic condition,
which suppresses expression of peroxisome proliferator-
activated receptor γ (PPARγ) coactivator 1-α (PGC1-α),
facilitates anaerobic glycolysis, and inhibits mitochondrial
biogenesis [57]. MSCs cultured for a long term in a hypoxic
milieu are more prone to preserve the stemness feature, as
indicated by enhanced self-renewal and multipotency [58].
Compared with MSCs cultured in normoxia, hypxia leads
to increased differentiation to osteocytic lineage, as exhibited
by enhanced expression of markers such as osteocalcin, type I
collagen, and alkaline phosphatase [59]. Meanwhile, hypoxia
inhibits adipocytic differentiation, possibly by HIF1α-medi-
ated suppression of PGC1-α, which together with the PPARγ
pathway promotes adipocyte differentiation [60]. The other
related factor, ROS, is mainly produced by mitochondria in
a cell. Accordant with the higher energy needs when MSCs
differentiate to somatic cells, mitochondrial biogenesis is
induced and more ROS is produced; ROS is considered to
be toxic to most cellular components. To cope with elevated
ROS, somatic cells usually upregulate antioxidant enzymes,
which renders somatic cells more resistant to ROS than do
MSCs [61]. In aged MSCs, the augmented ROS levels associ-
ated with damaged mitochondrial function may bias lineage
specification towards an adipocyte fate vs. osteocyte fate
[62]. It was also shown that the up-regulation of ROS can
suppress osteocyte differentiation from MSCs, possibly
through the inhibition of the hedgehog pathway. Further-
more, ROS seems to be necessary to initiate adipocyte speci-
fication [63], which can be inhibited by the addition of
antioxidants [64]. The results suggest that oxygen levels and
ROS may not simply be the consequence of differentiation
but can actively influence this process. The effects and mech-
anisms of mitochondrial transfer between cells were shown
in Figure 1.

4. Factors That Affect Mitochondrial Transfer

4.1. “Machinery” for Mitochondrial Transfer. Intercellular
mitochondrial transfer involves three steps. First, specific sig-
nals are required from the damaged cells and/or other niche
factors to trigger the process; second, the machinery/struc-
ture is formed to facilitate the transfer; and third, mitochon-
dria are transported and perform certain functions in the
receptor cells.

Using an ischemic cellular model, Liu et al. reported that
phosphatidylserines exposed on the apoptotic endothelial

cells can trigger mitochondrial transfer from infused MSCs
to rescue the respiration functions of endothelial cells [6].
Secreted mitochondria released from damaged cells may also
act as a “danger signal” to trigger mitochondrial donation
[33, 65]. Specifically, somatic cell-derived mitochondria are
transferred and degraded inside MSCs to initiate the rescue
processes. It would not be surprising that other initiating sig-
nals also exist and exert functions in different settings.

Different molecular structures have been reported that
mediate intercellular mitochondrial transfer, including
tunneling nanotubes (TNTs), gap junction, extracellular ves-
icles (EVs), free extracellular mitochondria, and cytoplasmic
fusion [66, 67]. Due to the limit on the scope of this review,
we will mainly focus on the formation of TNTs and gap junc-
tion. For a more comprehensive review on this subject, please
refer to these articles [68, 69]. TNTs are identified as a nano-
tube that can transport proteins, lipid droplets, ions, RNAs
(including mircoRNAs), organelles, viruses, and cytosol in
both directions [70]. Membrane-bound proteins were also
observed to be transported between cells via TNTs [71].
MSCs are often used in coculture systems to study the func-
tion of TNTs, which can be formed over “long” distances
(150mm) when cells are far away from each other [71].
Two types of TNTs have been observed between human
monocyte-derived macrophages, thin TNT and thicker
TNT, which can be distinguished by their cytoskeleton struc-
ture, size, and functional characteristics [72]. Thicker nano-
tubes are longer, larger (600-700nm in diameter) channels
that contain microfilaments, microtubules, and F-actin,
whereas thin-membrane nanotubes normally only contain F-
actin. Most of mitochondrial transfer and intracellular vesicles
transfer, but not all, seem to take place within thick-
membrane TNTs between macrophages. As for some other
types of cells, for example, kidney cells and neurons, TNTs
formed between cells seem to mainly contain F-actin, but
not microtubules [73]. Rustom and colleagues showed that
multiple TNTs could form between cells, forming a complex
3-D network [70]. It is possible that the types of TNTs and
the cargoes transported would vary between different cell
types. In addition to transportation via TNTs, Li and col-
leagues revealed that gap junction is also involved in mito-
chondrial transfer from BMSCs to motor neurons [74]. In
certain context, the tip of the nanotube can be embedded with
gap junction proteins that are juxtaposed to the other gap
junction proteins in the membrane of receptor cells. The gap
junctions may facilitate mitochondrial transfer and allow elec-
trical coupling between distant cells, which may represent
another important means of intercellular signalling [75].

4.2. Origin and Status of MSCs Affect Mitochondrial Transfer.
Several factors impact the formation of TNTs and further
influence the efficiency of mitochondrial transfer. Motor pro-
tein, Kif5c, enables mitochondria to transfer along the micro-
tubule network [76, 77]. Miro1 (mitochondrial Rho-
GTPase), a calcium-sensitive cohesive protein, with the help
of accessory proteins such as Miro2, TRAK1, TRAK2 and
Myo19, can associate the mitochondria to Kif5c motor pro-
tein and assist the mitochondria to move along microtubules
[78, 79]. Bioengineered MSCs that overexpress Miro1 show
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increased mitochondrial transfer to injured epithelial cells
and a greater reparative capacity, while knockdown of Miro1
results in loss of reparative effect [41]. PINK1 and Parkin tar-
get Miro for degradation and thus can arrest mitochondrial
mobility [80]. In addition, shRNA-mediated knockdown of
CD38 [81] and TNF-α [82] inhibits TNT formation and
blocks mitochondrial transfer in vitro. Connexin 43 (CX43)
is a gap junction protein. In an allergic airway inflammation
model, Yao et al. showed that the overexpression of CX43
enhances the rescue efficacy of mitochondrial dysfunction
and allergic inflammation, while silencing of CX43 partially
nullifies this protective effect [83]. Apart from the factors that
directly affect the formation of TNTs, hypoxia/reoxygenation
[31], inflammatory stresses [11], and chemotherapy stress
[84] may indirectly stimulate TNT formation. Besides, the
microenvironment is a significant factor that regulates mito-
chondrial transfer. A study from Zhang’s group suggested
that the proinflammatory microenvironment is critical to pro-
voke mitochondrial transfer from iPSC-MSCs to damaged
cardiomyocytes [42]. NADPH oxidase 2- (NOX2-) derived
superoxide in distressed cells stimulates ROS generation in
BMSCs, which further leads to increased mitochondrial dona-
tion from BMSCs [85]. Oxygen-glucose deprivation (OGD)
treatment on astrocytes or pheochromocytoma (PC12) cells
promotes mitochondrial transfer fromMSCs [82]. In addition,
several factors that affect mitochondrial biogenesis or dynam-
ics can enhance the process of mitochondrial transfer, such as
HO-1, OPA1, and KD (mitochondrial fusion protein knock-
down). The above results indicate that manipulation of the
transfer machinery and/or the microenviroment may offer
an effective approach to further enhance the efficiency and
extent of mitochondrial transfer.

The origins and cellular states of donor cells also impact
mitochondrial transfer. MSCs can be obtained from various
tissues or differentiated from pluripotent stem cells. MSCs
isolated from different tissues such as the bone marrow
(BM), adipose (AD), dental pulp (DP), and Wharton’s jelly
(WJ) display differential mitochondrial donation capacity
and therapeutic effects [86]. WJ-MSCs and DP-MSCs, com-
pared with AD-MSCs and BM-MSCs, show higher respira-
tory capacity and bioenergetics and achieve a better rescue
effect in damaged cardiomyocytes with a relatively smaller
number of transferred mitochondria [86]. Moreover, com-
pared with BM-MSCs, iPSC-derived MSCs (iPSC-MSCs)
show superior effects in a limb ischemia model [45] and
exhibit a higher efficiency of mitochondrial transfer to
stressed cells in a chronic obstructive pulmonary disease
model [87] and an anthracycline-induced cardiomyopathy
model [42]. The greater ability of mitochondrial transfer in
iPSC-MSCs could be attributed to a higher expression level
of Miro1 and TNF-αIP2 [42]. Mitochondrial transfer from
iPSC-MSCs was also shown to be beneficial in CoCl-
insulted pheochromocytoma cells (PC12) [88] and cigarette
smoke-exposed airway cells [89]. Interestingly, the beneficial
effects of iPSC-MSCs on damaged cells may not only be
entirely attributable to mitochondrial transfer but also to
paracrine effects. iPSC-MSCs vs. bone marrow- or cord-
derived MSCs are enriched with certain cytokines. For exam-
ple, macrophage migration inhibitory factor (MIF) and

growth differentiation factor-15 (GDF-15) are uniquely
released from iPSC-MSCs to account for a cardioprotective
effect, which is independent of mitochondrial transfer [90].
Notably, MSCs show beneficial effects through paracrine
actions in cardiac repair [91] and hypoxia-conditioned
media contain a higher expression of several growth factors
that further promote the cardioprotective effects [92].

The cellular state of MSCs is also an important factor
affecting the efficiency of mitochondrial transfer. By compar-
ing the efficacy in a corneal wound healing experiment
between healthy iPSC-MSCs and Rotenone-treated iPSC-
MSCs, Jiang et al. pointed out that only healthy iPSC-MSCs
display a beneficial effect [11]. Compared with Rotenone-
treated iPSC-MSCs, healthy iPSC-MSCs show a higher level
of basal mitochondrial oxygen consumption rate, ATP pro-
duction, and maximal respiration. MSCs with impaired
mitochondria (i.e., aged MSCs) may not be suitable thera-
peutic donors as only healthy functional mitochondria could
fully exert the protective effects [11, 42]. Furthermore, the
cell types that mitochondria are derived from also impact
the outcome. Court et al. showed that exogenous mitochon-
dria freshly isolated from MSCs can induce T cells to adopt
a Treg phenotype; but this effect is not achieved by mito-
chondria isolated from other cell types such as fibroblasts
or peripheral blood mononuclear cells, stressing the impor-
tance of the source of mitochondria [39].

In short, successful mitochondrial transfer requires
sophisticated orchestration of several processes/signals, such
as initiating signals, formation of transfer structure, and reg-
ulatory factors to control the speed of transfer. Besides, the
significance of the source and status of mitochondrial donor
cells should not be underestimated. Next, we will discuss the
application of mitochondrial transfer in treatment of some
neurological diseases.

5. Mitochondria-Based Therapy in Treatment of
Neurological Diseases

Mitochondrial dysfunction is associated with various neuro-
logical pathologies, and transferring healthy mitochondria
may be a new approach to restore mitochondrial functions
[13, 14]. Mitochondrial transfer can be used to correct a
range of problems caused by mitochondrial dysfunction via
activating metabolic or immunomodulatory signalling path-
ways. In addition, cellular transfer of mitochondria is accom-
panied with the horizontal transfer of mitochondrial genes.
Thus, genetically normal or enhanced mitochondria could
be introduced to treat mitochondrial gene-related diseases
(this topic is not discussed in this article due to scope limit).
Below, we will summarize recent advances in mitochondria-
based treatment on two common neurological diseases,
stroke and SCI.

5.1. Mitochondria-Based Therapeutics for Treatment of
Stroke. Acute ischemic stroke (AIS) occurs when the arter-
y/arteries supplying the brain are blocked. The reduced blood
flow results in cellular dysfunction, damage, and/or death,
which underscores the importance of rapid blood flow recov-
ery. Although revascularization is desired for stroke
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treatment [93], transport of oxygen and nutrient to the dam-
aged tissues often leads to the activation of the innate and
adaptive immune responses that may cause secondary dam-
age to the remaining cells [94, 95].

Mitochondrial dysfunction has been recognized as a
hallmark in the complex cellular processes of ischemia/re-
perfusion (I/R) injury, which is characterized by reduced
ATP production, increased ROS production, and elevated
cell death [6]. When the blood supply is reduced or absent
during ischemia, cells switch to anaerobic glycolytic
metabolism, which gives rise to accumulation of lactic
acid, H+, NADH+, and a lower level of ATP production.
Consequently, Ca2+ reuptake from cytosol is impaired
and additional Ca2+ influx is promoted by reperfusion,
together leading to Ca2+ overload in cells [96]. A high
level of Ca2+ and oxidative stress result in the opening
of mitochondrial permeability transition pore (MPTP) in
the inner mitochondrial membrane and mitochondrial
membrane uncoupling, which further augments ROS pro-
duction [97, 98]. The excessive ROS production may cause
damage on protein, DNA, and lipid, eventually leading to
cell death [99, 100]. On the other hand, ROS can also
induce astrogliosis [101], and chronic astrogliosis may
impede regeneration of neural tissues [102]. Interestingly,
although previous studies suggested that ROS and calcium
participate in a viscous cycle of tissue damage, the latest
research indicates that calcium may not stimulate the pro-
duction of free radicals but suppress them [103].

To cope with the pathological damage caused by mito-
chondrial dysfunction in ischemia-reperfusion injury, mito-
chondrial transfer may be beneficial. Sources of
mitochondrial transfer include astrocytes, endothelial cells,
and MSCs. In brain, neurons and astrocytes can exchange
mitochondria. Damaged mitochondria are released from
neurons and taken by astrocytes for disposal and recycling.
In a transient focal ischemia model, Lo's group found that
astrocytic mitochondria are released and taken by injured
neurons as a protective mechanism; and the process is medi-
ated via a calcium-dependent mechanism involving CD38
and cyclic ADP ribose signalling [104]. Extracellular mito-
chondria collected from astrocytes, when injected into the
peri-infarct area of a focal cerebral ischemia mouse model,
can be taken by the neurons [104], suggesting that mitochon-
drial injection may be a novel therapeutic approach to treat
stroke. In a follow-up study, the authors reported that free
mitochondria exist in the cerebrospinal fluid in subarachnoid
hemorrhage patients, and the membrane potentials of the
mitochondria correlate with the clinical outcomes three
months after stroke [105].

In stroke, not only neurons but also the neurovascular
units are damaged, which include neurons, astrocytes, endo-
thelia, and pericytes. Lo's group also pioneered in investigat-
ing the effect of mitochondria secreted from endothelial
progenitor cells (EPCs) in an OGD model [106]. EPCs exist
in circulating blood and are capable of homing to damaged
areas to promote vasculogenesis. Addition of EPC-derived
mitochondria into OGD-injured brain endothelium can
restore endothelial tightness, promote angiogenesis, and
increase intracellular ATP levels [106].

The most often used source of mitochondrial transfer is
MSCs. Coculture of MSCs with OGD-treated human umbil-
ical vein endothelial cells results in mitochondrial transfer to
the damaged cells, and the process is initiated by recognition
of the phosphatidylserines exposed on the surface of apopto-
tic endothelial cells. Using a middle cerebral artery occlusion
(MCAO) and reperfusion rat model, Li et al. found that
MSCs engrafted into the damaged area can donate mito-
chondria to the injured cerebral microvasculature [87]. Due
to the ease of access, low immunogenicity, and good safety,
MSCs are currently being trialled in stroke patients. On the
website of ClinicalTrials.gov, as of the writing of this review,
more than 20 clinical trials have been registered in which
MSCs are applied to treat stroke patients. The MSCs used
were derived from different sources such as the bone marrow,
adipose, and umbilical cord, as either autologous or alloge-
neic graft, and the locations of those trials include various
countries such as the United States, China, South Korea,
and Spain. The delivery routes and the types of strokes
selected also vary across trials. The extensive clinical trials
hold great promise for the development of new MSC-based
therapeutic drugs and/or approaches to treat stroke.

5.2. Therapeutics for the Treatment of Spinal Cord Injury.
SCI, normally resulting from traumatic external forces, is cat-
egorized into two stages—primary injury and secondary
injury [107]. During the secondary injury, ruptured blood
vessel and reflexive vasoconstriction that result from the
acute spinal cord injury may lead to a reduction in oxygen
delivery and consequently damage those oxygen-dependent
organelles such as mitochondria. The impaired mitochondria
are less capable of maintaining its homeostasis and dynamics,
resulting in energy insufficiency [108]. Secondary damage in
SCI also comprises a cascade of events that trigger additional
pathologies, such as mitochondrial permeability damage, cal-
cium overload, excitatory toxicity, oxidative stress, and
increased ROS production [109]. Different approaches such
as repairing or replacing damaged mitochondria (mitochon-
drial transplantation), introduction of alternate energy
sources (“biofuels”), use of antioxidant, and restoring mito-
chondrial permeability are currently being contemplated to
deal with the second injury in SCI [110].

Mitochondrial transplantation, either of endogenous or
exogenous origin, has shown encouraging outcomes in the
replacement of dysfunctional mitochondria [111]. Recently,
exogenous mitochondria isolated from PC12 cell line or rat
muscle tissues were transplanted into injured rat spinal cord
and observed to restore energy supply to injured tissues.
Unfortunately, these transplanted mitochondria failed to
produce long-term (6 weeks after injury) functional neuro-
protective effects [112]. The reason for the mild long-term
efficacy was not fully understood, but one possibility may
lie in the cellular source of engrafted mitochondria. In a sep-
arate study, Li et al. injected either MSCs or MSC-derived
mitochondria into the injured spinal cord of a rat contusion
SCI model and observed significantly improved locomotor
functions 6 weeks after injury [74]. Further studies are
needed to compare the efficacy of mitochondria isolated from
different sources in the same experimental setting. The
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secondary injury in SCI consists of many different aspects,
such as inflammation, damaged bioenergetics, and inhibitory
niche for axonal regrowth, and addressing any single aspect
by a particular approach may not be sufficient to amount to
a dramatic interventional effect [109, 110, 113]. The multifac-
torial properties of MSCs may be advantageous in this
regard. MSCs can regulate inflammatory responses, have a
good capacity to donate mitochondria, and are able to secrete
trophic factors; these properties may underlie the popular use
of MSCs for treatment of different indications that include
SCI [114, 115]. In vitro and in vivo studies showed that MSCs
seem to be able to alleviate the secondary injury caused by
inflammation [116], restore myelin insulation, promote axo-
nal regeneration, and assist in angiogenesis [117–121].
Sykova et al. reported that the survival and efficacy of MSC
graft can be enhanced by cotransplantation of appropriate
biomaterials [122, 123]. In this study, Sykova and colleagues
also tested intravenous and intraarterial delivery of MSCs in
20 SCI patients and confirmed the safety of this approach
[122, 123]. Deng and colleagues conducted a phase I clinical
trial by engrafting umbilical cord-derived MSCs with colla-
gen biomaterial in 20 SCI patients (acute complete cervical
injury), with the other 20 patients (acute complete cervical
injury) who received biomaterial only as the control group.
After a 12-month follow-up, the treatment group vs. control
group showed significantly improved American Spinal Injury
Association scores and better bowel and urinary functions
[124]. In earlier clinical trials in which MSCs were applied
to treat SCI patients, some clinical benefits were also
observed [125–127]. Nevertheless, larger patient cohorts
and randomized double-blind trials are necessary to draw a
firm conclusion on the efficacy of this approach. At present,
more than 30 clinical trials using MSCs for SCI treatment
have been registered at ClinicalTrials.gov. In the coming
years ahead, we will for sure see more data on the clinical effi-
cacy of various types of MSCs on different types of SCIs.
However, in those trials, it is the live MSCs that are applied
for treatment of SCI; yet, no MSC-derived extracellular mito-
chondria have been tested in clinical trials. With the fast
advance of the field and more consolidating preclinical data
emerging on the efficacy of mitochondrial engraftment, clin-
ical trials that involve transplantation of mitochondria alone
or in combination with other effectors are warranted in the
future.

6. Limitation and Future Perspectives

The ability of mitochondria to be transferred between cells
has attracted a lot of attention in the past decades and an
increasingly larger body of literature are emerging to unravel
the detailed mechanisms of this phenomenon. However,
there are still many open questions existing in the field which
require further studies.

(1) MSCs are used as a popular donor of mitochondria in
many studies that mostly focused on the transfer of mito-
chondria from MSCs to damaged cells. The transfer of mito-
chondria is actually a “two-way” transportation, and it is still
unclear under what conditions would one way dominate the
other and how this directionality of transport is initiated and

regulated. (2) Different means of mitochondrial transfer have
been reported that include TNTs, gap junctions, microvesi-
cles, free extracellular secretion, and cell fusion. Can cells
use multiple ways to transfer mitochondria at the same time?
Is the choice of means cell type specific and/or microenviron-
ment dependent? If so, how is this decision-making process
determined and regulated? (3) To what extent is mitochon-
drial transfer participating in cellular repair as an intrinsic
mechanism in organisms and to what extent following exog-
enous transplantation in disease? Is there any way to manip-
ulate the extent of mitochondrial transfer to be clinically
meaningful or to further increase the clinical efficacy? (4)
Mitochondrial dynamics is regulated by both mitochondrial
genome and nuclear genome. An indepth understanding of
the regulatory mechanisms would definitely facilitate designs
of small molecules, gene editing approaches, and other novel
strategies, to improve the health state of mitochondria and
the capacity to donate. (5) Compared to MSCs, do mitochon-
dria derived from other cellular sources, such as astrocytes,
endothelial cells, induced neural stem cells, and induced plu-
ripotent stem cells, differ in the properties and therapeutic
effects? (6) Will allogeneic or exogenic mitochondria be rec-
ognized by host immune system after engraftment? Would
immune disparity still play a role after the uptake of exoge-
nous mitochondria or even after the incoming mitochondria
having fused with host mitochondria? (7) How to solve the
scale-up issue if mitochondrial transfer proves to be an effica-
cious and safe therapy in the future? Can immortalized or
genetically enhanced MSCs produce equally safe and effica-
cious mitochondria? (8) Mitochondrial transfer may be ben-
eficial to damaged somatic cells in certain context but may be
deleterious in other cases. Mitochondria transferred to can-
cer cells could enhance the bioenergetics of cancer cells and
increase the invasiveness and resistance to drug treatment.
In these cases, suppression of mitochondrial transfer may
be desired.

With a deep understanding of the detailed mechanisms
of mitochondrial transfer and extensive preclinical investiga-
tion on various disease models, it is not unrealistic to predict
that the gap between basic research and clinical application
may be closed in the foreseeable future.

7. Conclusion

Mitochondrial transfer is considered a promising thera-
peutic strategy, not only because it can restore
mitochondria-related metabolism in damaged cells but also
due to the ability to regulate many other basic aspects of a
cell, such as cell survival, proliferation, and differentiation.
Development of regenerative medicine that involves mito-
chondrial transfer offers a great potential for the treatment
of neurological diseases such as stroke and spinal cord
injury.
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Background. Although mesenchymal stem cell- (MSC-) derived extracellular vesicles (EVs) are as effective as MSCs in the
suppression of allergic airway inflammation, few studies have explored the molecular mechanisms of MSC-derived EVs in allergic
airway diseases. The objective of this study was to evaluate differentially expressed genes (DEGs) in the lung associated with the
suppression of allergic airway inflammation using adipose stem cell- (ASC-) derived EVs.Methods. C57BL/6 mice were sensitized
to ovalbumin (OVA) by intraperitoneal injection and challenged intranasally with OVA. To evaluate the effect of ASC-derived
EVs on allergic airway inflammation, 10μg/50μL of EVs were administered intranasally prior to OVA challenge. Lung tissues
were removed and DEGs were compared pairwise among the three groups. DEG profiles and hierarchical clustering of the
identified genes were analyzed to evaluate changes in gene expression. Real-time PCR was performed to determine the expression
levels of genes upregulated after treatment with ASC-derived EVs. Enrichment analysis based on the Gene Ontology (GO)
database and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were also performed to further identify the
function of DEGs. Results. Expression of paraoxonase 1 (PON1), brain-expressed X-linked 2 (Bex2), insulin-like growth factor
binding protein 6 (Igfbp6), formyl peptide receptor 1 (Fpr1), and secretoglobin family 1C member 1 (Scgb1c1) was significantly
increased in asthmatic mice following treatment with ASC-derived EVs. GO enrichment and KEGG pathway analysis showed
that these genes were strongly associated with immune system processes and their regulation, cellular processes, single-organism
processes, and biological regulation. Conclusion. These results suggest that the DEGs identified in this study (PON1, Bex2, Igfbp6,
Fpr1, and Scgb1c1) may be involved in the amelioration of allergic airway inflammation by ASC-derived EVs.

1. Introduction

Asthma is a chronic inflammatory airway disease involving
multiple cellular components; its key features are airway
hyperresponsiveness (AHR), persistent airway inflamma-
tion, and airway remodeling [1]. Excessive activation of
Th2 cells by insufficient suppression of regulatory T cells

(Tregs) plays an important role in the pathogenesis of aller-
gic airway inflammation [2–4]. Recently, airway remodeling
was reported to be important in pathological pathways of
asthma characterized by irreversible AHR and airway
obstruction [5].

Mesenchymal stem cells (MSCs) modulate immune
responses and inflammation [6]. Several studies have shown
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that MSCs, including those derived from adipose tissue
(ASCs), can improve allergic airway inflammation in asth-
matic mice [7–9]. Although the immune suppression mech-
anism of MSCs in allergic airway diseases is not completely
understood, it has been demonstrated to be strongly related
to Treg upregulation and increases in soluble factors such
as prostaglandin E2 (PGE2), transforming growth factor-β
(TGF-β), and interleukin- (IL-) 10 [10–13]. MSCs have also
been shown to modulate recognition of antigen-presenting
cells that mediate cellular immune responses, including
dendritic cells, macrophages, and B cells [14, 15].

Several recent studies have shown that T cell activation
and proliferation are suppressed by theMSC culture superna-
tant (MSC sup) [16, 17]. Accumulating evidence shows that
administration of MSC sup or extracellular vesicles (EVs)
released byMSCs is as effective as that ofMSCs in suppressing
allergic airway inflammation [18–20].MSC-derived EVswere
found to upregulate IL-10 and TGF-β1 from peripheral blood
mononuclear cells of asthmatic patients, thereby promoting
the proliferation and immune suppression capacity of Tregs
[21]. Furthermore, ASC-derived EVs ameliorated Th2-
mediated inflammation induced by the Aspergillus protease
antigen through the activation of dendritic cells and induction
ofM2macrophage polarization [22]. Although a recent study
showed thatMSC-derived EVs prevented group 2 innate lym-
phoid cell-dominant allergic airway inflammation through
miR-146a-5p [23], the molecular mechanisms of MSC-
derived EVs in allergic airway inflammation remain to be
elucidated, and the genes involved in these mechanisms have
not been definitively identified.

In this study, we isolated EVs secreted by ASCs and
performed microarray gene expression analysis in asthmatic
mice treated with ASC-derived EVs.We also examined differ-
entially expressed genes (DEGs) associated with the suppres-
sion of allergic airway inflammation by ASC-derived EVs.

2. Materials and Methods

2.1. Animals. Six-week-old female C57BL/6 mice were pur-
chased from Samtako Co. (Osan, Republic of Korea) and

bred in animal facilities without specific pathogens during
experiments. The animal study protocol was approved by
the Institutional Animal Care and Use Committee of the
Pusan National University School of Medicine (Approval
No. PNU-2016-1109).

2.2. EV Extraction and Characterization. As in our previous
study [11, 24, 25], adipose tissue was obtained from the
abdominal fat of C57BL/6 mice. ASCs were cultured at 37°C
with 5% CO2 in α-modified Eagle’s medium (α-MEM) con-
taining 10% fetal bovine serum (FBS) until 1 × 106 cells/cm2

were obtained. EVs were isolated from ASC sup as previously
described [26]. The supernatant was filtered through a
0.45μm vacuum filter. The filtrate was concentrated using
QuixStand (GE Healthcare, Little Chalfont, UK) and then
filtered through a 0.22μm bottle top filter (Sigma-Aldrich,
St. Louis, MO). The filtrates were pelleted by ultracentrifuga-
tion in a 45 Ti rotor (Beckman Coulter, Fullerton, CA) at
100,000× g for 2 h at 4°C. The final pellets were resuspended
in phosphate-buffered saline (PBS) and stored at -80°C. We
placed the EVs in PBS on 300-mesh copper grids and stained
them with 2% uranyl acetate. Images were obtained using a
JEM-1011 electron microscope (JEOL, Tokyo, Japan) oper-
ated at an acceleration voltage of 100 kV [27, 28]. EV
markers including CD81 and CD40 were analyzed by west-
ern blotting with primary antibodies, anti-CD81 (1 : 1000,
Abcam, Cambridge, MA), and anti-CD40 (1 : 1000, Abcam)
as previously described [22].

2.3. Mouse Model of Allergic Airway Inflammation. A mouse
model of allergic airway inflammation was induced as previ-
ously reported with minor modifications [24, 25]. The mice
were sensitized by intraperitoneal injection of 75μg of OVA
(Sigma-Aldrich, St. Louis, MO, USA) with 2mg of aluminum
hydroxide (Sigma-Aldrich) in 200μL of PBS on days 0, 1, 7,
and 8. On days 14, 15, 21, and 22, the mice were challenged
intranasallywith 50μg ofOVA in 50μL of PBS. Themicewere
sacrificed on day 24 (Figure 1(a)).

2.4. Intranasal Administration of ASC-Derived EVs. To eval-
uate the effect of ASC-derived EVs, we injected 10μg/50μL

AHR

Sacrifice

75 𝜇g OVA + 2 mg alum
/200 𝜇L PBS 50 𝜇g OVA/50 𝜇L PBS

10 𝜇g/50 𝜇L (ASC-derived EVs)

0 1 7 8 12 13 14 15 19 20 21 22 23 24 (days)

(a)

CON PBS PBS PBS
OVA OVA OVA PBS

ASC-derived EVsEV OVA OVA

Group Sensitization Challenge Treatment

(b)

Figure 1: Experimental protocol of this study. (a) Mice were sensitized on days 0, 1, 7, and 8 by intraperitoneal injection of ovalbumin (OVA)
and challenged intranasally on days 14, 15, 21, and 22 with OVA. Adipose stem cell- (ASC-) derived extracellular vesicles (EVs) (10μg/50μL)
were injected intranasally on days 12, 13, 19, and 20. (b)Mice were divided into three groups according to sensitization, challenge, and treatment.
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of EVs intranasally on days 12, 13, 19, and 20. Mice were
divided into three groups, with five mice per group: (a) the
CON group was sensitized, pretreated, and challenged with
PBS; (b) the OVA group was sensitized with OVA, pretreated
with PBS, and then challenged with OVA; and (c) the EV
group was sensitized with OVA, pretreated with ASC-
derived EVs, and then challenged with OVA (Figure 1(b)).

2.5. Microarray Analysis of the Lung Tissue. Lung tissues were
extracted and DEGs were compared pairwise among the
three groups. To investigate changes in gene expression
following treatment with ASC-derived EVs, microarray anal-
yses were performed by Macrogen Inc. (Seoul, Republic of
Korea), a company that specializes in this technology. The
Affymetrix Whole-transcript Expression array process was
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The number of upregulated probes
The number of downregulated probes

313

555
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21

Figure 2: Bar plot of significant probes. We identified 868 and 249 differentially expressed genes (DEGs) with fold changes of ∣logFC ∣ ≥1:5
and ∣logFC ∣ ≥2:0 between the EV and OVA groups, respectively.
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performed using the GeneChip Whole Transcript PLUS
Reagent Kit to extract total RNA from lung tissue according
to the manufacturer’s protocol. Then, cDNA was synthesized
as described by the manufacturer using the GeneChip Whole
Transcript (WT) Amplification Kit and sense cDNA was
fragmented and biotin-labeled with terminal deoxynucleoti-
dyl transferase (TdT) using the GeneChip WT Terminal
Labeling Kit. Approximately 5.5μg of the labeled DNA target
was hybridized at 45°C for 16 h to the Affymetrix GeneChip
Mouse 2.0 ST Array. After washing the hybridized arrays
and staining with the GeneChip Fluidics Station 450, we
scanned the target using a GCS 3000 Scanner (Affymetrix)
and computed the signal values using the Affymetrix Gene-
Chip Command Console Software.

2.6. Gene Expression Analysis by Quantitative Real-Time
Polymerase Chain Reaction (qRT-PCR). Total RNA was
extracted from lung tissues using 1mL of QIAzol (Qiagen,
Valencia, CA) following the manufacturer’s protocol. We
transcribed 2μg of RNA using Moloney Murine Leukemia
Virus Reverse Transcriptase (Promega, Madison, WI). Para-
oxonase 1 (PON1) (forward, 5′-GATTGGCACTGTGTTC
CAC-3′; reverse, 5′-ATCACTGTGGTAGGCACCTT-3′),
brain-expressed X-linked 2 (Bex2) (forward, 5′-GGATGT
TAAAAGGGACTCCCGGTGA-3′; reverse, 5′-CGACGG
CGGTTCTGACGCCACAACG-3′), insulin-like growth fac-
tor binding protein 6 (Igfbp6) (forward, 5′-GCAGCAGCT
CCAGACTGA-3′; reverse, 5′-CATTGCTTCACATACA
GCTCAA-3′), formyl peptide receptor 1 (Fpr1) (forward, 5′
-CATGTCTCTCCTCATGAACAAG-3′; reverse, 5′-ATGA
GAAGACATCCAGAACGA-3′), and secretoglobin family
1C member 1 (Scgb1c1) (forward, 5′-GGAATTCCTGC
AAACACTCCT-3′; reverse, 5′-GGGCTGCTTATGTGTC
CTCT-3′) RNA levels were quantified relative to the house-
keeping gene glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (forward, 5′-TACCCCCAATGTGTCCGTC-3′;
reverse, 5′-AAGAGTGGGAGTTGCTGTTGAAG-3′), using
the LightCycler 96 Real-Time PCR System (Roche, Basel,
Switzerland) following the manufacturer’s instructions. We
used the comparative Ct (2–ΔΔCt) method to calculate relative
gene expression levels.

2.7. Raw Data Preparation. We used the Affymetrix Gene-
Chip Command Console software to extract raw data, follow-
ing the Affymetrix data extraction protocol. We summarized
and standardized the data using the robust multiarray average
(RMA) method with the Affymetrix Expression Console soft-
ware. The gene-level results were exported along with the
RMA analysis, and further examined via DEG analysis.

2.8. Statistical Analyses. Statistical significance among the
expression data was evaluated in terms of fold change. To
evaluate similarity, we examined linkage and Euclidean dis-
tance among the hierarchical cluster analysis results of each
DEG set. The Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway databases (http://
www.geneontology.org/) were used to perform gene enrich-
ment and functional annotation analyses of significant

probes. All data analyses and DEG visualization were
performed using the R 3.1.2 software (R Core Team).

3. Results

3.1. Characterization of ASC-Derived EVs. Transmission
electron microscopy (TEM) showed that ASC-derived EVs
had lipid bilayers and were spherical in shape. Western blot-
ting showed that ASC-derived EVs were positive for the
CD81 exosome marker and CD40 microvesicle marker (data
not shown).

3.2. Data Processing and DEG Identification. Following
normalization, we analyzed DEG profiles with a false discov-
ery rate (FDR) cut-off of FDR < 0:05 and fold change cut-offs
of ∣logFC ∣ ≥1:5 and ∣logFC ∣ ≥2:0. We identified 868 DEGs
with ∣logFC ∣ ≥1:5 between the EV and OVA groups, among
which 313 and 555 were down- and upregulated, respec-
tively. We identified 249 DEGs with ∣logFC ∣ ≥2:0 between
the EV and OVA groups, of which 228 and 21 genes were
down- and upregulated, respectively (Figure 2).

3.3. Hierarchical Clustering Analysis of DEGs. Hierarchical
clustering of the identified DEGs is shown in Figure 3. Tree
view and cluster analyses were performed using the Euclid-
ean method to group and display genes with a ∣logFC ∣ ≥1:5
change in expression. Gene expression among ASC-
derived EVs was compared with transcript levels among

Table 1: Genes downregulated following treatment with ASC-
derived EVs.

Gene OVA/CON EV/CON EV/OVA

Ear6 1.838022 1.149834 -1.598512

Ccl5 2.641300 1.198238 -2.204320

Ccl6 29.061333 16.230038 -1.790589

Ccl12 5.776364 3.477515 -1.661061

Tnfsf8 2.617759 1.697634 -1.542005

IL5Ra 2.587367 1.613224 -1.603849

Tnfrsf13b 1.985461 1.238539 -1.603067

ASCs: adipose stem cells; Ccl: chemokine ligand; CON: control; Ear6:
eosinophil-associated ribonuclease A family member 6; EVs: extracellular
vesicles; IL5Ra: interleukin-5 receptor alpha; OVA: ovalbumin; Tnfrsf13b:
tumor necrosis factor receptor superfamily member 13B; Tnfsf8: tumor
necrosis factor ligand superfamily member 8.

Table 2: Genes upregulated following treatment with ASC-derived
EVs.

Gene OVA/CON EV/CON EV/OVA

PON1 -9.35267 -6.482819 1.442686

Bex2 -3.798534 -2.489212 1.525998

Igfbp6 -3.230484 -2.120048 1.523779

Fpr1 -3.109904 -2.022899 1.537350

Scgb1c1 -2.224596 -1.467501 1.515908

ASCs: adipose stem cells; Bex2: brain-expressed X-linked 2; CON: control;
EVs: extracellular vesicles; Fpr1: formyl peptide receptor 1; Igfbp6: insulin-
like growth factor binding protein 6; OVA: ovalbumin; PON1:
paraoxonase 1; Scgb1c1: secretoglobin family 1C member 1.
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the OVA group. Upregulated and downregulated genes were
easily distinguished between the two groups. Eosinophil-
associated ribonuclease A family member 6 (Ear6), chemo-
kine ligands 5, 8, and 12 (Ccl5, Ccl8, and Ccl12), tumor
necrosis factor ligand superfamily member 8 (Tnfsf8),
interleukin-5 receptor alpha (IL5Ra), and tumor necrosis
factor receptor superfamily member 13B (Tnfrsf13b) were
upregulated in the OVA group compared to the CON
group, although these genes were downregulated by ASC-
derived EVs (Table 1). In contrast, PON1, Bex2, Igfbp6,
Fpr1, and Scgb1c1 were downregulated in OVA-induced
asthmatic mice, but upregulated following treatment with
ASC-derived EVs (Table 2).

3.4. Expression of PON1, Bex2, Igfbp6, Fpr1, and Scgb1c1. The
gene expression levels of PON1 and Scgb1c1 were signifi-
cantly decreased in the OVA group compared to the CON
group (p = 0:001 and p = 0:008, respectively). However, treat-
ment with ASC-derived EVs markedly increased the expres-
sion of PON1, Bex2, Igfbp6, and Scgb1c1 in asthmatic mice
(p = 0:001, p = 0:003, p = 0:022, and p < 0:001, respectively).
Although Frp1mRNA levels increased in the EV group, there
was no significant difference between the OVA and EV
groups (p = 0:057) (Figure 4).

3.5. Functional Category Enrichment Analysis of DEGs. The
GO database was used to perform enrichment analysis of
DEGs to examine their association with biological processes,
cellular components, and molecular functions. The 10 most
highly significant terms associated with DEGs with a cut-off

of FDR < 0:05 were summarized for each category. Genes
that were down- and upregulated following treatment with
ASC-derived EVs were strongly associated with immune sys-
tem processes and their regulation (Figure 5(a)), intracellular
components and intracellular organelles (Figure 5(b)), and
catalytic activity and ion binding (Figure 5(c)).

Up- and downregulated genes associated with each term
were analyzed separately. DEGs that were downregulated
following treatment with ASC-derived EVs were involved
in whole-cell and within-cell components (Figure 6(a)). In
contrast, genes differentially upregulated following treatment
with ASC-derived EVs were strongly associated with cellular
and single-organism processes, as well as biological regula-
tion (Figure 6(b)).

3.6. KEGG Pathway Analysis. Enrichment analysis based on
the KEGG pathway showed that highly significant DEGs
following treatment with ASC-derived EVs were correlated
with environmental information processing, organismal
systems, and human diseases (Figure 7).

4. Discussion

MSCs have been reported as promising candidates for the
treatment of allergic airway diseases [7–13]. However, MSCs
have several drawbacks including immune rejection, risk of
aneuploidy, difficulty of handling, and tumorigenicity. Previ-
ous studies have shown that ASC-derived secretome-
containing EVs, even without ASCs, ameliorate allergic
airway inflammation through the suppression of Th2
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Figure 4: Effects of ASC-derived EVs on PON1, Bex2, Igfbp6, Fpr1, and Scgb1c1 gene expression. PON1 and Scgb1c1 gene expression was
significantly decreased in the OVA group compared to the CON group. However, EV treatment markedly increased the expression of PON1,
Bex2, Igfbp6, and Scgb1c1 in asthmatic mice. †p = 0:001; ‡p = 0:003; §p = 0:022; ‖p = 0:008; ¶p < 0:001. ASCs: adipose stem cells; Bex2: brain-
expressed X-linked 2; CON: control; EV: extracellular vesicle; Fpr1: formyl peptide receptor 1; Igfbp6: insulin-like growth factor binding
protein 6; OVA: ovalbumin; PON1: paraoxonase 1; Scgb1c1: secretoglobin family 1C member 1.
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Figure 5: Continued.
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cytokine production and induction of Treg expansion [19,
22]. Furthermore, ASC-derived EVs have been shown to
reduce static lung elastance and collagen fiber deposition in
lung parenchyma and airways in experimental allergic
asthma [29]. EVs exert their effects by delivering contents
such as proteins, mRNAs, and microRNAs to recipient cells
[30]. Recent studies have reported that mitochondrial trans-
fer of MSCs, whose components can be found in EVs, can
effectively alleviate allergic airway inflammation [31, 32].
The administration of MSC-derived EVs may reduce poten-
tial safety risks associated with stem cell therapy, suggesting
that MSC-derived EVs may be a promising alternative to cell
therapy for allergic airway diseases. However, the major pul-
monary genes responsible for the immunomodulatory effects
of MSC-derived EVs in allergic airway diseases have not been
well documented.

Molecular and genetic research is required to elucidate
the underlying immune suppression mechanism of MSC-
derived EVs in Th2-mediated allergic airway inflammation.
Microarray DNA hybridization techniques are widely
applied in molecular biology research [33]. The DNA micro-
array consists of various DNA probes immobilized in groups
on a solid support, forming an array of microspots [33].
When a DNA sample binds to the immobilized probe DNA
thorough complementary sequence binding, detection is
attained through reading the tagged markers attached to
the target DNA [33]. The DNA microarray is a useful tool
for the rapid, economical, and scalable identification of
candidate DEGs associated with a phenotype [34]. The inves-
tigation of DEGs is essential for understanding and interpret-
ing the immunomodulatory mechanism of MSC-derived
EVs in allergic airway inflammation.

In this study, we performed DNA microarray analysis to
identify DEGs associated with suppression of allergic airway

inflammation by ASC-derived EVs. We performed hierarchi-
cal clustering of DEGs, followed by functional and pathway
analyses. A total of 249 DEGs were identified, of which 228
and 21 were down- and upregulated, respectively, with a fold
change of ∣logFC ∣ ≥2:0 between the EV and OVA groups. The
genes Ear6, Ccl5, Ccl8, Ccl12, Tnfsf8, IL5Ra, and Tnfrsf13b
were upregulated in the OVA group, but downregulated in
the EV group. However, the genes PON1, Bex2, Igfbp6,
Fpr1, and Scgb1c1 were downregulated by OVA sensitization
and challenge, but upregulated by treatment with ASC-
derived EVs. Genes downregulated after treatment with
ASC-derived EVs were enriched in whole cells and cell com-
ponents. However, those upregulated after treatment with
ASC-derived EVs were strongly associated with cellular and
single-organism processes and biological regulation. KEGG
pathway analysis showed that DEGs following treatment with
ASC-derived EVs were related to environmental information
processing, organismal systems, and human diseases. In this
study, we found that PON1, Bex2, Igfbp6, Fpr1, and Scgb1c1
expression decreased in lung tissues of asthmatic mice, but
that PON1, Bex2, Igfbp6, and Scgb1c1 expression increased
significantly following treatment with ASC-derived EVs.
Together, these results suggest that PON1, Bex2, Igfbp6, and
Scgb1c1 may be involved in the immune suppression mecha-
nisms of ASC-derived EVs in allergic airway diseases.

PON1, a major antioxidant enzyme, has been reported to
contribute to the pathogenesis of asthma [35] andmany other
diseases including rheumatoid arthritis [36, 37], diabetes [38],
systemic lupus erythematosus [39], and psoriasis [40]. Recent
studies have shown that PON1 expression and activity were
significantly decreased in asthma and may have potential
effects on asthma diagnosis [35, 41, 42]. Furthermore, PON1
decreased airway inflammation and airway remodeling in
asthmatic mice and inhibited macrophage expression of

Molecular function
Top 10 terms of GO functional analysis

p value < 0.05 (⁎), 0.01 (⁎⁎), and 0.001 (⁎⁎⁎)

Antigen binding

Immunoglobulin receptor binding

Cation binding

Ion binding

Metal ion binding

Catalytic activity

Transferase activity

Histone binding
Substrate-specific transporter

activity
Chemokine activity

0 10 20 30 40 50
Count

⁎⁎⁎

⁎⁎⁎

⁎⁎⁎

⁎⁎⁎

⁎⁎⁎

⁎⁎⁎

⁎⁎⁎

⁎⁎⁎

⁎⁎⁎

⁎⁎⁎

(c)

Figure 5: Functional category enrichment analysis of DEGs. The y-axis shows significantly enriched gene ontology (GO) terms, and the
x-axis shows the counts of these terms. GO analysis included three categories: (a) biological processes, (b) cellular components, and (c)
molecular function.
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Figure 6: Bubble chart of gene ontology term association. Bubble size indicates the number of (a) downregulated or (b) upregulated genes for
the corresponding annotation.
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LPS-induced inflammatory cytokines and lung fibroblast pro-
liferation [43]. Bex2 regulates mitochondrial apoptosis and
the G1 cell cycle in breast cancer [44]. A recent study demon-
strated that Bex2 expression was suppressed by increased
DNAmethylation in IL-13-induced allergic airway inflamma-
tion [45]. Igfbp6 is an O-linked glycoprotein that has higher
affinity to IGF-II than to IGF-I and is a specific inhibitor of
IGF-II action [46]. Igfbp6 is also associated with cell growth
and fibroblast proliferation in asthmatics [47]. Scgb1c1 is
mainly expressed in the human respiratory tract mucosa
and is downregulated by IFN-r and upregulated by IL-4 and
IL-13 [48–50]. Scgb1c1 also plays an important role in pro-
tecting lung epithelial cells by recognizing and eliminating
pathogenic microorganisms in the mucous membranes [48].

Our study had some limitations. Further evaluation of
the effects of the genes identified in the present study on
immunocytes such as T cells is required to clarify our find-
ings. Future work should examine the specific functions of

the identified DEGs in the suppression of allergic airway
inflammation by ASC-derived EVs and investigate which
components of ASC-derived EVs contributed to the regula-
tion of these DEGs.

5. Conclusion

In this study, we revealed genetic information about the
underlying immunomodulatory mechanism of ASC-derived
EVs in allergic airways disease. We hypothesize that the iden-
tified genes (PON1, Bex2, Igfbp6, and Scgb1c1) lead to the
amelioration of allergic airway inflammation, resulting in the
improvement of allergic airway disease by ASC-derived EVs.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.
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Variation in numbers and functions of cells in fat tissues may affect therapeutic outcomes and adverse events after autologous
fat tissue grafting in postmastectomy breast cancer patients; however, the relevant information regarding cellular components is
still incomplete. Phenotypic characterization of heterogeneous cell subsets in stromal vascular fraction (SVF) isolated from fat
tissues by flow cytometry was also limited to a combination of few molecules. This study, therefore, developed a polychromatic
staining panel for an in-depth characterization of freshly isolated SVF and expanded adipose-derived stem cells (ADSC) from
the patients. ADSC were found predominant in SVF (~65% of CD45- cells) with a homogenous phenotype of
CD13+CD31-CD34+CD45-CD73+CD90+CD105-CD146- (~94% of total ADSC). Endothelial progenitor cells (EPC) and
pericytes were minor (~18% and ~11% of CD45- cells, respectively) with large heterogeneity. Downregulation of CD34 and
upregulation of CD105 in ADSC were profound at passage 3, showing a phenotype similar to the classical mesenchymal stem
cells from the bone marrow. Results from this study demonstrated that fat tissue collected from patients contains ADSC with
a highly homogenous phenotype. The in vitro culture of these cells maintained their homogeneity with modified CD34 and
CD105 expression, suggesting the expansion from a single population of ADSC.

1. Introduction

White adipose tissue has been recognized as the alternative
source for stromal precursors and stem cells. Normally, adi-
pose tissues can be divided into two types including white
and brown adipose tissues according to their morphology
and physiology. White adipose tissue contains a single lipid
droplet creating white to yellow appearance and functions
by storing lipids for excessive energy, whereas brown adipose
tissue comprises multiple small vacuoles with abundance of
iron-containing mitochondria generating brown color and

works through lipid burning for heat production [1–3].
Besides these dissimilarities, brown adipose tissue is less in
quantity in adult humans and located in vital regions such
as cervical, supraclavicular, and axillary [4]. White adipose
tissue is found predominantly in subcutaneous and several
visceral depots (e.g., abdomen, hip, and thigh); thus, it
becomes a sensible source for progenitor stem cells.

Compared to the bone marrow—another recommended
source of stem cells, the yield of mesenchymal stem cells
(MSC) from white adipose tissue was able to reach
0.5–1:25 × 106 cells/gram adipose tissue [5, 6] while only
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0.001–0.01% of isolated cells was averagely achieved from the
bone marrow [7] which was remarkably lower and insuffi-
cient for further propagation to use in cell therapy. The har-
vesting procedure of these bone marrow-derived stem cells
(BMSC) is also relatively invasive to the patients and costs
higher. Although BMSC are considered as a gold standard
for adult stem cells, several concerns previously mentioned
have become its limitation for clinical implementation. Other
types of stem cells including embryonic stem cells (ESC)
and induced-pluripotent stem cells (iPSC) have been
restricted for clinical practices due to ethical consideration
and cell regulation. Therefore, adipose-derived stem cells
(ADSC) have recently been more attractive for therapeutic
potentials because of their less invasive harvesting tech-
nique, less expensive cost, greater yield, and confirmed
multilineage differentiation ability the same as MSC char-
acteristics [5, 6, 8, 9].

A heterogeneous population of stromal vascular fraction
(SVF) containing vascular endothelial cells, endothelial pro-
genitor cells (EPC), pericytes, infiltrating cells of hematopoi-
etic lineage, and adipose-derived stem cells (ADSC) can be
isolated from lipoaspirates by enzymatic digestion and
mechanical processing [8, 10–13]. As ADSC are widely
known for their regenerative property, they have then been
introduced not only to reconstructive surgery targeting in
soft tissues and skin but also in all fields of surgery with a
wide range of potential clinical uses [14]. Oncoplastic breast
surgery is one of the several surgical applications using
ADSC through fat grafting for postmastectomy breast
reconstruction in breast cancer patients [15–17]. The clinical
outcomes rely on abilities of ADSC in proliferation and dif-
ferentiation to new functional adipocytes together with
maintenance of mature fat graft volume. Therefore, ADSC
have become great potential for novel breast reconstruction
approaches and attractive to recent tissue engineering [18]
instead of BMSC which were reported to occupy higher dif-
ferentiation tendency towards osteoblasts and chondrocytes
than adipocytes [19]. Many issues regarding cellular biology,
oncological safety, clinical efficacy, and cell production as
well as surgery techniques and experience with procedure
are then concerned.

A supportive use of ADSC for clinical applications such
as cell-assisted lipotransfer (CAL) was introduced by using
a combination of SVF and aspirated fat for autologous tissue
transfer [20]. This CAL technique was able to increase the
efficacy by showing the higher survival rate and persistence
of transplanted fat when compared to non-CAL (i.e., aspi-
rated fat alone without ADSC) as well as reduced adverse
effects from calcification, fibrosis formation, and pseudocyst
[20]. Aspirated fat was then served as injection material for
soft tissue augmentation which was also rich in EPC and
pericytes promoting angiogenesis and microvasculature.
However, EPC were concerned for catalyzing tumor
vascularization [21, 22]. Detailed identification of EPC and
pericytes in lipoaspirates is then warranted for better under-
standing of their relationship with the partial necrosis of
aspirate fat or cancer-promoting risk after fat transplant.

Therefore, phenotypic characterization of ADSC is essen-
tial as the initial step for cellular biology confirmation. Flow

cytometry is widely used since it is the gold standard method
for evaluation of cell composition in a sample and function-
ally relevant cell surface marker expressions. Although
numerous studies put efforts by using a broad range of sur-
face markers for ADSC identification, there is still a contro-
versial discussion on the expression of some surface protein
molecule by ADSC on the day of isolation, such as CD105
[23, 24] and CD146 [24–26]. This variation may be resulted
from different monoclonal antibody panels used for multi-
color staining in a single sample and from physiological dif-
ference between fresh and cryopreserved samples. Isolated
SVF or ADSC samples were also obtained from healthy
donors in most reports while the use of ADSC for postmas-
tectomy breast reconstruction requires autologous fat trans-
plantation. This study is thus aimed at investigating an in-
depth characterization of ADSC, EPC, and pericytes in fresh
liposuction aspirates from breast cancer patients by using a
developed 8-color staining panel with flow cytometric analy-
sis. Serial changes in ADSC phenotypic profiles were also
explored from the day of cell isolation until completion at
passage 3. Besides that, multilineage differentiation ability
of the expanded ADSC was evaluated to ensure their MSC
characteristics.

2. Materials and Methods

2.1. Study Population. Twenty-two breast cancer female
patients aged between 47 and 62 years old requiring autolo-
gous fat transplantation for breast reconstruction at the Fac-
ulty of Medicine Siriraj Hospital, Mahidol University,
Bangkok, Thailand, were recruited for the study. The proto-
cols were approved by the Institution Review Board (IRB)
of the Faculty of Medicine Siriraj Hospital (COA number
580/2016). Written informed consent was also obtained from
each subject prior to the study.

2.2. Sample Collection. Lipoaspirates were withdrawn from
the abdomen by a tumescence technique using a 3mm diam-
eter suction tube coupled with a 10mL vacuum syringe. The
collected tissues were then kept in the syringes for fresh iso-
lation and characterization of ADSC on the same day before
further serial passaging.

2.3. Cell Isolation from Lipoaspirates. Raw lipoaspirates were
centrifuged at 2,000g for 3min followed by a removal of oil
and blood. The remaining fat tissues were digested with
2mg/mL collagenase A type I (Gibco, Thermo Fisher Scien-
tific, MA, USA) at 37°C for 60min under shaking. Neutrali-
zation of enzymatic activity was done by adding a complete
medium containing Dulbecco’s modified Eagle’s medium
(DMEM, Gibco, Thermo Fisher Scientific, MA, USA), 10%
fetal bovine serum (FBS, Gibco, Thermo Fisher Scientific,
MA, USA), 1% l-glutamine (Gibco, Thermo Fisher Scientific,
MA, USA), 1% penicillin-streptomycin (Pen-Strep, Gibco,
Thermo Fisher Scientific, MA, USA), and 0.01% gentamycin
(Gibco, Thermo Fisher Scientific, MA, USA) before centrifu-
gation at 400g, 4°C for 10min. After that, the collected pellet
was resuspended in ammonium chloride potassium (ACK)
lysis buffer (Gibco, Thermo Fisher Scientific, MA, USA) for
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red blood cell (RBC) lysis and centrifuged at 400g, 4°C for
10min, for RBC removal. The obtained pellet was then resus-
pended in phosphate-buffered saline (PBS, Gibco, Thermo
Fisher Scientific, MA, USA) containing 1% bovine serum
albumin (BSA, Sigma-Aldrich, USA), and the cell suspension
was filtered through 100 and 40μm cell strainers (Corning,
NY, USA) to discard cellular debris followed by centrifuga-
tion again at 400g, 4°C for 10min. The SVF pellet was col-
lected and resuspended in 1% BSA in PBS. The cells were
then counted by a trypan blue exclusion method.

2.4. Cell Culture. Three samples of freshly isolated SVF cells
at the day of isolation (D0) were cultured in the DMEM com-
plete medium at 10,000 cells/cm2 of a culture plate. After 3
days, nonadherent cells were washed and discarded. The
remaining adherent cells were then expanded in complete
medium, and replenishments of fresh medium were per-
formed every 3 days. When the expanded cells reached 80%
confluency, they were detached from the culture plates with
0.25% trypsin (Gibco Life Technologies, CA) and considered
to be at passage 0 (P0). The isolated adherent cells at P0 were
then continually expanded for subcultivation through pas-
sage 3 (P3). The expanded ADSC at each passage (i.e., P0,
P1, P2, and P3) were counted by a trypan blue exclusion
method and characterized by immunofluorescent staining
and flow cytometric analysis.

2.5. Phenotypic Characterization. For phenotypic characteri-
zation of the freshly isolated and expanded cells, they were
stained with fluorochrome-conjugated monoclonal antibod-
ies including CD13-allophycocyanin (APC), CD31-Alexa
Fluor® 488, CD34-Brilliant Violet™ 421 (BV421), CD45-
peridinin-chlorophyll-protein (PerCP), CD73-phycoery-
thrin/Dazzle™ (PE/Dazzle™) 594, CD90-Brilliant Violet™
510 (BV510), CD105-phycoerythrin cyanine 7 (PECy7),
and CD146-phycoerythrin (PE). All reagents were obtained
from BioLegend, CA, USA. The samples were then incubated
for 15min before washing and resuspending in 450μL PBS.
All samples were analyzed by LSRFortessa flow cytometer
(BD Biosciences, USA) and FlowJo® software (Tree Star,
San Carlos, CA).

2.6. Multilineage Differentiation. At the end of passage 3, the
cultured ADSC were confirmed for their differentiation capa-
bility towards adipocytes, osteocytes, and chondrocytes
through histological analyses. For adipogenesis, the expanded
ADSC at 40,000 cells/well in a 6-well plate were cultured in
1mL of adipogenic differentiation medium (STEMCELL™
Technologies, Canada) and then incubated at 37°C and 5%
CO2 for 14 days. On day 14, the induced cells were washed
with 1X PBS twice and fixed with 10% formaldehyde in PBS
for 30min. After that, the fixed cells were washed with 60%
isopropanol (Sigma-Aldrich, USA) in aqueous before stained
with Oil Red O staining solution (Sigma-Aldrich, USA) for
60min. The stained cells were extensively washed with water
to remove unbound dye and subsequently observed under an
inverted fluorescent microscope (Nikon, Ti-S Intensilight Ri1
NIS-D, Japan). Representative images of the induced cells

were compared to a control group (i.e., noninduced ADSC
cultured in DMEM complete medium).

With respect to osteogenesis, ADSC at 40,000 cells/well
in a 6-well plate were cultured in 1mL of osteogenic differ-
entiation medium (STEMCELL™ Technologies, Canada)
and then incubated at 37°C and 5% CO2 for 14 days. On
day 14, the induced cells were washed with 1x PBS twice
and fixed with 70% ethanol (Sigma-Aldrich, USA) for
30min. After that, ethanol was removed and the fixed cells
were stained with Alizarin Red S staining solution (Sigma-
Aldrich, USA) for 30min before extensively washed with
water. Representative images of the induced cells were cap-
tured by the inverted fluorescent microscope and compared
with a noninduction control.

For chondrogenesis, a micromass culture system was
used. The cultured ADSC at concentration of 200,000
cells/10μL DMEM complete medium were dropped at the
center of a 12-well plate and incubated at 37°C and 5% CO2
withouttheculturemediumfor1h.After that, thechondrogenic
differentiationmedium containingDMEM supplementedwith
100nM dexamethasone (Sigma-Aldrich, USA), 50mg/mL
ascorbic acid (Sigma-Aldrich, USA), 100μg/mL sodium pyru-
vate (Sigma-Aldrich, USA), 1 : 100 diluted ITS+Premix (a mix-
ture containing 6.25mg/mL insulin, 6.25mg/mL transferrin,
6.25mg/mL selenous acid, 1.25mg/mL BSA, and 5.35mg/mL
linoleic acid, BD Biosciences, USA), 10 ng/mL transforming
growth factor-beta 1 (TGF-β1, PeproTech®, USA), and
40mg/mL proline (Sigma-Aldrich, USA) was added into
the culture plate and incubated at 37°C and 5% CO2 for 21
days. The chondrogenic differentiation medium was chan-
ged every 3 days. On day 21, the cell pellets were frozen in
Tissue-Tek® O.C.T.™ Compound (Sakura®, Japan) with liq-
uid N2 for cryostat sectioning by CryoStar™ NX70 Cryostat
(Thermo Fisher Scientific, USA). The sectioned cell samples
were placed on microscope slides, then washed with 1x PBS
thrice and fixed with 10% formaldehyde in PBS for 10min
before gently removing the fixing agent. The fixed cells were
stained with Alcian Blue staining solution (Sigma-Aldrich,
USA) for 30min and, respectively, washed with water,
70%, 80%, and 90% and absolute ethanol and xylene. Repre-
sentative images of the induced cells were captured by the
inverted fluorescent microscope and compared with a
-induction control.

2.7. Data Analysis. Statistical analyses were performed using
GraphPad Prism® software version 7.02 (GraphPad Soft-
ware, Inc., La Jolla, CA). Data was expressed as mean ±
standard deviation (SD). A two-way analysis of variance with
a Bonferroni’s multiple comparisons test was used to deter-
mine statistical differences of the mean quantity among SVF
subpopulations including mesenchymal stem cells (MSC),
ADSC, EPC, and pericytes. P values < 0.05 were considered
as a statistical significance.

3. Results

3.1. Characterization of Cell Populations in SVF of
Lipoaspirates from Breast Cancer Patients. To identify cell
populations in SVF of white adipose tissues from breast
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cancer patients, an 8-marker staining panel including CD13,
CD31, CD34, CD45, CD73, CD90, CD105, and CD146 was
developed for polychromatic flow cytometric analysis. A gat-
ing strategy was employed for phenotypic characterization
of cell subpopulation (Figure 1). Freshly isolated SVF cells
were first gated for doublet discrimination (data not shown),
and then, a live cell population was identified by using the
light scattered properties (FSC-A vs. SSC-A). After that,
nonhematopoietic cells (i.e., CD45-) were selected before
being further identified into three subpopulations of SVF
based on the expression of CD34 and CD31. ADSC were
thus identified as CD31-CD34+, whereas EPC were identified
as CD31+CD34+. In addition, CD31-CD34- was further
characterized by using the expression of CD146 to obtain
pericytes (CD31-CD34-CD146+). According to this gating
strategy, the minimum markers of CD31, CD34, CD45,
and CD146 were sufficient to identify 3 major heterogeneous
subsets of SVF.

Freshly isolated SVF samples from twenty-two patients
were then used to determine the amount of each SVF sub-
populations. In a live cell population, 22:9 ± 10:2% was iden-
tified as nonhematopoietic cells. This cell subset was further
used to identify ADSC, EPC, and pericytes. Quantities of cell
subpopulations in the CD31-CD34- subset were also investi-
gated for the expression of a set of surface markers including
CD73, CD90, and CD105 (i.e., considered as MSC). As
shown in Figure 2, the nonhematopoietic cell portion of
SVF comprised a significantly large population of ADSC
(64:6 ± 14:2%) followed by similar numbers of EPC and peri-
cytes (17:8 ± 10:4% and 11:2 ± 7:8%, respectively). In con-
trast, only a small population of these cells was identified as
MSC (4:5 ± 2:4%), suggesting a majority of stem cells in
SVF belongs to ADSC.

3.2. Phenotypic Profiles and Subpopulations of ADSC, EPC,
and Pericytes. With respect to detailed phenotypic profiles
of ADSC, EPC, and pericytes in the freshly isolated SVF,
their surface maker expressions of CD13, CD73, CD90,
CD105, and CD146 were determined (Figure 3). For ADSC,
the expressions of CD13, CD73, and CD90 were observed
with high intensity while the expression of CD105 and
CD146 was not found. The surface marker expression of
EPC, on the other hand, exhibited moderate expression
intensities of CD13, CD90, and CD105 with a high intensity
of CD146 and an absence of CD73 expression. For pericytes,

the dim expressions of CD13 and CD90 were observed
while the expression of CD146 was found with high inten-
sity. The expressions of CD73 and CD105 were also not
observed in pericytes. These results suggested that ADSC
population was homogeneous, whereas EPC and pericytes
were heterogeneous.

Subsets of ADSC, EPC, and pericytes were then exam-
ined based on these 5 surface markers by using Boolean
gating analysis (Table 1). The result showed that a majority
of ADSC exhibited CD13+CD73+CD90+CD105-CD146-

phenotype (93:6 ± 2%) and the rest of the ADSC population
either expressed CD146 or CD105. Unlike ADSC, a great
variation was observed for EPC subpopulations. Ten sub-
populations of EPC were identified in which the majority
exhibited CD13+CD73-CD90+CD105+CD146+ phenotype
(33:7 ± 21:0%). Interestingly, approximately 15% of EPC
showed simultaneous expressions of CD73, CD90, CD105,
and 146 (11:7 ± 7:4% for the CD13+CD73+CD90+CD105+-

CD146+ subset and 3:1 ± 2:9% for the CD13-CD73+CD90+-

CD105+CD146+ subset). It is worth noting that the
expressions of CD90 and CD146 were common in most
EPC subsets with 8 out of 10 subsets expressing CD90 and 7
out of 10 subsets expressing CD146. For pericytes, since all
of them expressed CD146, 8 subpopulations were character-
ized based on differential expressions of CD13, CD73, CD90,
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and CD105. The predominant subset exhibited CD13+-

CD73-CD90+CD105-CD146+ phenotype (26:7 ± 20:3%) and
followed by the CD13-CD73-CD90+CD105-CD146+ subset
(18:3 ± 20:6%). Interestingly, these 2 subsets contributed to
almost half of pericytes with mere difference on CD13
expression.

3.3. Phenotypic Changes of ADSC after Serial Passaging.
While ADSC on the day of isolation (D0) did not express
CD105 which was regarded as a maker for identification of
MSC (i.e., used in a combination with CD73 and CD90),
the expression of CD34 was observed appearing to be similar
to pericyte progenitors and hematopoietic stem cells. These
results suggested that freshly isolated ADSC from SVF are
distinct fromMSC. Therefore, the phenotypic alteration dur-
ing the in vitro expansion of ADSC was then determined.
ADSC were expanded over serial passaging starting from
the day of SVF isolation determined as passage 0 (P0) until
the completion at passage 3 (P3). Phenotypes of the
expanded ADSC from each passage were analyzed by poly-
chromatic flow cytometry using the 8-marker staining panel.
A representative phenotypic profile of the expanded ADSC
from 4 different passages (P0, P1, P2, and P3) was demon-
strated in Figure 4. Similar to freshly isolated ADSC from
SVF, the expressions of CD13, CD73, and CD90 of the

expanded ADSC remained consistently high throughout the
culture period (Figure 4) while the expressions of CD45
and CD31 were absent from the expanded cell populations
(data not shown). More importantly, a remarkable downreg-
ulation of CD34 was observed since P0 and its expression
gradually decreased until a complete diminution on P3. On
the contrary, most of the expanded cells showed a remarkable
upregulation of CD105 since P0 and its expression main-
tained throughout the culture period.

To characterize cell subpopulations in the expanded cells,
simultaneous expressions of cell surface markers were ana-
lyzed. Although the highly homogeneous ADSC with CD13+-

CD31-CD34+CD45-CD73+CD90+CD105-CD146- phenotype
were observed in freshly isolated SVF and largely contrib-
uted as major progenitor cells in the expansion culture, a
notable decrease of this cell population was observed on P0
and its presence remained low throughout the culture period
(Table 2). While many different cell subsets were observed in
the expanded cell population due to a variation in cell sur-
face marker expressions, approximately 80% belonged to
only 2 major phenotypes including CD13+CD31-CD34+-

CD45-CD73+CD90+CD105+CD146- and CD13+CD31-CD34-

CD45-CD73+CD90+CD105+CD146- (Table 2). Interestingly,
the frequency of the expanded cells with CD13+CD31-CD34-

CD45-CD73+CD90+CD105+CD146- phenotype was slightly
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Figure 3: Representative overlaid histograms for phenotypic characterization of (a) ADSC, (b) EPC, and (c) pericytes when compared to
unstained cells (darker color, on the left).
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higher than another subset at the beginning on P0 and then
considerably increased over the serial passages (approxi-
mately 70% on P3). Due to these phenotypic changes, the
characteristic of the expanded ADSC (i.e., CD13+-

CD34-CD45-CD73+CD90+CD105+CD146-) at the end of P3
became more similar to that of MSC from the bone marrow.

3.4. Differentiation Potential of the Expanded ADSC. Before
the evaluation of differentiation capability of the expanded
ADSC at the end of P3, morphology of ADSC was observed
for confirmation of a typical fibroblast-like adherent
appearance (Figure 5). ADSC were then examined for their
multipotency through histological analyses using specific
induction and staining protocols. The induced and nonin-
duced cells were stained with Oil Red O to detect neutral
triglycerides and lipid droplets in adipogenic assay, whereas
Alizarin Red S was used to identify calcium deposits in
osteogenic detection and Alcian Blue was used to observe
proteoglycan in chondrogenic protocol. Results show that
ADSC were able to differentiate into adipocytes and osteo-
cytes within 14 days as well as chondrocytes within 21 days
under the induction conditions when compared to the non-
induced ADSC (Figure 6).

4. Discussion

Our study demonstrates the existence of cell subpopulations
within multipotent ADSC, EPC, and pericytes in freshly iso-
lated SVF from abdominal fat of breast cancer patients. At
present, characterization of the phenotypes and properties
of ASDC, EPC, and pericytes is usually limited to SVF from
healthy donors and only a few studies reported cell subpopu-
lations in freshly isolated SVF from breast cancer patients
[21, 22, 27]. Most previous cellular characterization was
performed through multiparameter immunophenotypic
analysis with a single marker or a combination of up to 4 bio-
markers [24, 25, 27–29] which may be inadequate to clearly
clarify subpopulations. We then developed the 8-color stain-
ing panel with flow cytometry for extensive and accurate
characterization of ADSC, EPC, and pericytes with their
cellular subsets in lipoaspirates from breast cancer patients.
The typical MSC marker proteins including surface
enzymes CD13 (amino-peptidase) and CD73 (5′ecto-nucle-
otidase) and extracellular matrix proteins CD90 (Thy-1),
CD105 (endoglin), and CD146 (Muc18) as well as hemato-
poietic cell lineage markers CD34 (mucusialin) and CD45
(leukocyte common antigen, LCA, Ly-5), and endothelial
cell marker CD31 (platelet endothelial cell adhesion mole-
cule-1, PECAM-1) were chosen for immunophenotypic
identification.

Our results showed that ADSC, EPC, and pericytes were
able to be distinguished by a minimum of 4 markers includ-
ing CD31, CD34, CD45, and CD146. While all three cell
types do not express CD45, ADSC only expressed CD34
and EPC expressed both CD31 and CD34. Pericytes, on the
other hand, did not express all of those markers except
CD146. This identification of the 3 main populations was
in agreement with previous studies [22, 26, 27, 30]. In our
freshly isolated SVF, ADSC were the most abundant followed
by EPC and pericytes (64:6 ± 14:2%, 17:8 ± 10:4%, and
11:2 ± 7:8% of CD45- cells, respectively) which differed
from a finding by Agostini et al. showing ADSC with
58:8 ± 16:6% and EPC with 43:2 ± 16:6% of CD34+CD45-

cells [27]. The differences in numbers may be influenced
from different presentation in cell percentages (% of CD45-

cells vs. % of CD34+CD45- cells), variation in sample sizes
(n = 22 vs. n = 6), and donor-dependent variability, despite
the same sample sources from breast cancer patients and
similar surface markers used for characterization. Moreover,
most of our nonhematopoietic lineage (CD45-) in SVF com-
prised CD34+ cells (over 80% of CD45- cells), meaning that
percentages of ADSC and EPC would be even greater when
reporting in % of CD34+CD45- cells. By presenting cell num-
bers in % of CD45- cells, it allows us to identify pericytes
residing in CD34-CD45- population.

Unlike MSC expressing CD73, CD90, and CD105, the
expression of CD105 was absent from freshly isolated ADSC.
In order to determine the presence of predefined MSC,
we then examined whether there was any cells with
CD34-CD45-CD73+CD90+CD105+ phenotype in freshly iso-
lated SVF. Since a small population of MSC was found at
4:5 ± 2:4% of CD45- cells, the result suggested that a larger
proportion of ADSC might play a major role for regenerative

Table 1: Percentages (mean ± SD) of subpopulations in ADSC,
EPC, and pericytes (n = 22).

Population Subset
% Frequency

of total
population

ADSC

CD13+CD73+CD90+CD105-CD146- 93:6 ± 2:0
CD13+CD73+CD90+CD105-CD146+ 2:5 ± 1:6
CD13+CD73+CD90+CD105+CD146- 1:7 ± 1:0

EPC

CD13+CD73-CD90+CD105+CD146+ 33:7 ± 21:0
CD13+CD73+CD90+CD105+CD146+ 11:7 ± 7:4
CD13-CD73-CD90+CD105-CD146+ 11:1 ± 18:3
CD13-CD73-CD90+CD105+CD146+ 9:3 ± 14:2
CD13-CD73-CD90-CD105-CD146- 8:9 ± 13:9
CD13+CD73-CD90+CD105-CD146+ 7:7 ± 7:1
CD13-CD73-CD90+CD105-CD146- 6:4 ± 6:4
CD13-CD73+CD90+CD105+CD146+ 3:1 ± 2:9
CD13-CD73-CD90-CD105-CD146+ 1:2 ± 1:3
CD13-CD73-CD90+CD105+CD146- 1:1 ± 3:2

Pericyte

CD13+CD73-CD90+CD105-CD146+ 26:7 ± 20:3
CD13-CD73-CD90+CD105-CD146+ 18:3 ± 20:6
CD13-CD73-CD90-CD105+CD146+ 5:9 ± 6:8
CD13+CD73-CD90-CD105-CD146+ 5:3 ± 4:2
CD13+CD73-CD90+CD105+CD146+ 4:7 ± 5:5
CD13+CD73+CD90+CD105-CD146+ 1:9 ± 1:3
CD13-CD73-CD90+CD105+CD146+ 1:8 ± 2:3
CD13+CD73+CD90+CD105+CD146+ 1:5 ± 1:4
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Figure 4: Representative stacked histograms of expanded ADSC at passages 0–3 for phenotypic changes when compared to unstained cells.
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effects after lipotransfer. To verify homogeneity and hetero-
geneity of the 3 main populations of SVF (including ADSC,
EPC, and pericytes), a set of surface markers including
CD13, CD73, CD90, CD105, and CD146 was taken into con-
sideration. Freshly isolated ADSC (CD31-CD34+CD45-)
were homogeneous as amajor population belongs to cells with
CD13+CD73+CD90+CD105-CD146- phenotype (93:6 ± 2%
of ADSC). In addition, two minor subsets with changes in
either CD146 or CD105 expression (2:5 ± 1:6% and 1:7 ±
1:0% of ADSC, respectively) were identified. The presence
of a large proportion of the highly homogeneous ADSC sug-
gested homogeneity in the regenerative capacity and served
as a major source for the in vitro expanded ADSC.

On the contrary, EPC and pericytes were heterogeneous
with the presence of several subsets. A majority of EPC was
identified as CD13+CD73-CD90+CD105+CD146+ cells with
the greatest number of 33:7 ± 21:0% of EPC and smaller pro-
portions were distributed among the other 9 subsets express-
ing different combinations of those 5markers.While pericytes
were identified as the cells with CD31-CD34-CD45-CD146+

phenotype, almost a half portion of pericytes was identified
as the cells with CD13+CD73-CD90+CD105-CD146+

(26:7 ± 20:3%) and CD13+CD73-CD90+CD105-CD146+

(18:3 ± 20:6%) phenotypes. The other 7 subsets of pericytes
showed variation in the expressions of CD13, CD73, CD90,
and CD105. Agostini et al. also reported a similar profiling

of freshly isolated ADSC from breast cancer patients; how-
ever, EPC were found with the different phenotype of
CD13- and CD73+ [27]. These differences may be caused
from a different combination of cell surface markers used
in the study as a maximum of 4 surface markers was analyzed
simultaneously (i.e., combinations of CD34, CD45, and 7-
aminoactinomycin (7-AAD) with either one of these markers
including CD31, CD73, CD90, CD105, or CD146). This lim-
itation in multicolor flow cytometry prevented simultaneous
detection of different markers as observed in our study. We
found the CD13-CD73+CD90+CD105+CD146+ cell subset
with only 3:1 ± 2:9% of total EPC which was not represented
as the majority of EPC. Nevertheless, the considerable phe-
notypes of all ADSC, EPC, and pericytes from breast cancer
patients in this study were comparable to those from healthy
donors [23].

In this study, phenotypic changes of the expanded ADSC
over serial passaging were also observed. Although freshly
isolated ADSC began with CD34+CD45-CD73+CD90+-

CD105-CD146- phenotype, this population disappeared
since the beginning passage (P0), suggesting the phenotypic
differentiation occurs along the expansion of ADSC since
the early stage of the in vitro culture. The results also showed
that the in vitro expanded ADSC still maintained CD13+-

CD31-CD45-CD73+CD90+CD146- phenotype, although the
CD34 expression was gradually downregulated together with

Table 2: Percentages (mean ± SD) of subpopulations in cultured ADSC over serial passaging from passages 0 to 3 (n = 3).

Cultured ADSC subset P0 P1 P2 P3

CD13+CD31-CD34+CD45-CD73+CD90+CD105-CD146- 2:3 ± 0:5 1:8 ± 1:7 0:8 ± 1:0 0:7 ± 0:9
CD13+CD31-CD34+CD45-CD73+CD90+CD105+CD146- 37:5 ± 7:8 29:3 ± 12:6 17:9 ± 8:1 10:0 ± 6:2
CD13+CD31-CD34-CD45-CD73+CD90+CD105+CD146- 48:6 ± 6:7 50:9 ± 8:6 66:6 ± 2:7 71:8 ± 6:8

100 𝜇m

Figure 5: Representative image of the expanded ADSC with fibroblast-like appearance. The image was observed using the inverted
fluorescent microscope (4x magnification, scale bar of 100 μm).
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a marked increase in CD105 expression since P0 which
maintained at high levels over the culture period as previ-
ously described [6, 27]. Most of all expanded ADSC remark-
ably and stably exhibited CD34- and CD105+ phenotypes at
passage 3 (P3) which were in agreement with those reported
by Agostini et al. [27].

More importantly, the characteristic of a large proportion
of the expanded ADSC (CD13+CD31-CD34-CD45-CD73+-

CD90+CD105+CD146-) became similar to MSC characteris-
tic from the bone marrow (CD34-CD45-CD73+CD90+

CD105+) [31]. However, a small proportion of the expanded
ADSC with CD13+CD31-CD34+CD45-CD73+CD90+-

CD105+CD146- phenotype was detected. Although this sub-
population expressed CD34 similarly to freshly isolated
ADSC, the upregulation of CD105 was observed, suggesting
the presence of an intermediary differentiated subset that
may later downregulate CD34 expression. Furthermore, the
phenotype of the cultured ADSC from breast cancer patients
was similar to that from healthy donors [28, 32], suggesting
that regenerative functions of ADSC and MSC should be

Noninduced ADSC Induced ADSC
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Figure 6: Representative images of multilineage differentiation ability of the expanded ADSC at passage 3. Cell histology in 2-dimentional
culture of the induced cells was compared to that of the noninduced cells after different induction conditions: (a) adipogenic
differentiation for 14 days and staining with Oil Red O; (b) osteogenic differentiation for 14 days and staining with Alizarin Red S; and (c)
chondrogenic differentiation for 21 days and staining with Alcian Blue. All samples were observed using the inverted fluorescent
microscope (10x magnification, scale bars: 100μm).
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indifferent after the expansion. This can be partly supported
by the evidence showing that the cultured ADSC from the
breast cancer patients possessed the same multipotent differ-
entiation ability towards adipocytes, osteocytes, and chon-
drocytes. Therefore, the observed phenotypic comparability
can at least affirm the use of ADSC from breast cancer
patients for reconstructive surgery. Despite the flow cytomet-
ric staining strategy for immunophenotypic characterization
of ADSC used in this study, the omics methodology has also
been an alternative approach for further molecular identifica-
tion of MSC to distinguish MSC between different cell
sources and cell subtypes by using ribonucleic acid (RNA)
deep sequencing together with nano-liquid chromatography
(LC)-mass spectrometry (MS)/MS analyses [33]. However,
this latter approach is more complicated and more expensive
as well as has several concerns on possible overestimation of
differences from biological noise in RNA sequencing tech-
nique and dynamic range restriction in MS methods.

Regarding the clinical translation in postmastectomy
breast reconstruction, there are two tentative approaches
for lipoinjection by using either freshly isolated SVF or cul-
tured ADSC together with aspirated fat for soft tissue aug-
mentation and tissue defect restoration. Sufficient numbers
of ADSC in freshly isolated SVF without in vitro expansion
can be achieved for treatment if a large volume of liposuction
aspirates can be collected from adipose tissue sources. Alter-
natively, a selection of specific cell subsets with clinical rele-
vance for treatment may offer a beneficial option. The
results from our study provide promising criteria for the
characterization of specific cell subsets which might result
in a superior outcome for tissue reconstruction. Although
ADSC in freshly isolated SVF have been considered as mini-
mal manipulated cells providing more safety than the cul-
tured ones, their enrichment may be required to reach
therapeutic numbers in some cases, such as patients with
low fat tissue, underweight patients, or patients with exten-
sive reconstruction procedures. Moreover, the usefulness of
liposuction aspirates containing EPC and pericytes remains
controversial whether providing advantages in therapeutic
support or disadvantages in cancer promotion [34, 35]. It is
worth noting that freshly isolated and long-term cryopre-
served ADSC themselves unlikely caused tumorigenesis and
the cryopreserved ADSC were able to maintain normal levels
of tumor suppressor markers, telomerase activity, and telo-
mere length without serious DNA damage throughout 3
months of cryopreservation [36]. Identification of cellular
components in SVF is then necessary and should be
employed to ensure phenotypes and functional characteris-
tics of ADSC, EPC, and pericytes in lipoaspirates used in a
reconstruction procedure. Besides using ADSC for breast
reconstruction, ADSC have also been extensively studied
for other therapeutic potentials such as ischemic disease ther-
apy through the paracrine secretion of bioactive factors in
order to promote tissue repair and angiogenesis [37], impair-
ment of irradiated wounds via wound healing acceleration
and tissue revitalization [38], treatment of peripheral nerve
injuries by promoting axon regeneration, myelin formation,
and restoration of denervation muscle atrophy [39], and
treatment of avascular necrosis of femoral head (AVNFH)

via the increase in vascularity and new bone formation
[40]. These various clinical applications thus make ADSC a
promising therapeutic candidate for advanced cell-based
therapy in many diseases.

5. Conclusion

In this study, we determined the in-depth characteristics of
ADSC, EPC, and pericytes together with their subsets in
freshly isolated SVF from 22 breast cancer patients by using
our developed multiparametric phenotyping based on flow
cytometric analysis using 8 surface protein markers. Pheno-
typic changes and multipotent differentiation capability of
the expanded ADSC were also confirmed and similar to
MSC characteristic. Comprehensive phenotypes of SVF
observed in this study may associate with clinical outcomes,
survival rate of transferred fat tissue, and cancer-promoting
risk after postmastectomy breast reconstruction. The identi-
fication of functional relevant cell surface markers of individ-
ual cellular subset is also important for further investigation
to determine its contribution in therapeutic functions or
adverse side effects.
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Allergic rhinitis (AR) is a prevalent disorder that causes a significant and often underestimated health burden for individuals and
society. The current drug treatment cannot essentially deal with the regulation of the allergic reaction, while the allergic symptoms
could be alleviated. Mesenchymal stem cells (MSCs) bear a variety of properties, such as the ability to differentiate into various cell
lineages, to secrete soluble factors crucial for cell survival and proliferation, to migrate to the exact site of injury, and tomodulate the
immune response. Clinical studies have been extensively conducted in MSCs as the models for varieties of diseases such as
neurological diseases. Due to their immunomodulatory properties, the MSCs have gradually been believed to become one of the
promising strategies for AR treatments although so far the MSCs-mediated treatment for AR is still at animal experiments stage.
Fully understanding the roles and mechanisms of MSCs immunomodulatory effects serves as the prerequisite that will be
beneficial to the application of MSCs-based AR clinical treatment methods. In this review article, we highlighted the recent
research advances and give a brief perspective in the future study of the MSCs-mediated therapeutic application in AR treatments.

1. Introduction

Characterized by the presence of one or more nasal symp-
toms, including sneezing, itching, nasal discharge, and nasal
congestion, allergic rhinitis (AR) has been identified as a
noninfectious chronic inflammatory disease of the nasal
mucosa. Pathologically, the AR is associated with immuno-
globulin E (IgE)-mediated immune responses against envi-
ronmental allergens [1]. The epidemiological studies show
that the prevalence of AR is gradually increasing in more
developed countries, currently affecting 10%-40% of adults
and 2%-25% of children worldwide [2–5]. Atopy is charac-
terized by the production of allergen-specific IgE against
environmental allergens. Atopy individuals are sensitive to
allergens via activating dendritic cells (DCs) and T lympho-
cytes (T cells). It is well known that the DCs are located on
the surface of the nasal mucosa capture allergens and could
present allergen peptides to T cells in the draining lymph
nodes to cause a T-helper 2(Th2)-type allergic reaction. Con-
sequently, the release of Th2-related cytokines enhances the
IgE production by B-lymphocytes (B cells) and promotes
the recruitment of eosinophils in nasal tissue. More specifi-
cally, the IgE molecules are released into the blood and bind

to high-affinity receptors on the surface of tissue mast cells
and circulating basophils. Pathophysiologically, allergens
bind to allergen-specific IgE on the surface of mast cells, lead-
ing to the rapid release of preformed mediators (such as his-
tamine) and consequently causing early symptoms such as
sneezing, nasal itching, and rhinorrhoea. Histamine and
tumor necrosis factor-α(TNF-α), as well as newly generated
lipid mediators such as leukotriene C4 and prostaglandin
D2, all contribute to the influx of inflammatory cells such
as eosinophils, basophils, and CD4+ T cells by stimulating
the expression of adhesion molecules on endothelial cells,
causing late symptom such as nasal congestion [6–8]. At
present, regular drug treatment could alleviate the allergic
symptoms, but could not interfere the allergic reactions.
The recurrence of symptoms and side effects of the drugs
applied for treatments confer the significant drug resistance
to the patients, severely affecting patients’ quality of life. On
the other hand, however, this situation inspires the related
medical scientists to look for more effective strategies for
AR treatments.

MSCs are identified to be pluripotent, nonhematopoietic,
stromal precursor cells in adult, and neonatal tissues. The
most common sources of MSCs are bone marrow, adipose
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tissue, and umbilical cord [9]. Bearing the potentiality for
self-renewal and multidirectional differentiation, the MSCs
are thought to function as tissue repair and increasingly
believed to be regulators of the immune response. Given their
immunosuppressive properties, tissue repair capacity, and
secretion of various biological factors, the MSCs are being
considered as a promisingly potential source for the AR treat-
ment. The clinical study has been conducted for a variety of
diseases, including cardiovascular diseases, neurological dis-
eases, bone and cartilage disease, liver, lung, and kidney
injury, organ transplantation, chronic inflammatory, and
autoimmune diseases [10]. However, long way is expected
to go for the clinical study in AR patients. In this review,
the current status of MSCs in AR treatments was highlighted
particularly the immunomodulatory properties of MSCs and
their therapeutic potential in animal models of AR. As a per-
spective, we discuss the study directions in the future as well
as the challenges to be overcome for the MSCs-based clinical
AR therapy.

2. Overview of the Current
Therapeutic Strategies

Generally speaking, the current approaches for the AR therapy
include prevention of allergen or irritant contact, pharmaco-
therapy, specific immunotherapy, and surgery. However,
almost all these strategies are symptoms—alleviating based
passive approaches. Whether selected by patients themselves
or prescribed by medical personnel, pharmacotherapy serves
as the main approach to control the symptoms of AR. There
are numerous options for oral or systemic use, topical
intranasal application, and alternative therapies that can be
considered. Pharmacotherapy includes mast cell stabilizers,
antihistamines, glucocorticosteroids (GCSs), leukotriene
receptor antagonists, and nasal decongestants [11]. The AR
pharmacotherapy could simply control the symptoms, being
unable to reverse the state of immune imbalance. However,
not all the patients could get benefit from the partially
pharmacotherapy-based relief of the symptoms. It was
reported that pharmacotherapy could confer the partial or
poor relief to the one-third of children and almost two-
thirds of adults AR patients [12]. Although the specific
immunotherapy can desensitize patients and prevent disease
progression, its overwhelming shortcomings limit clinical
applications, such as long treatment cycle, poor patient com-
pliance, and lacks long-term observation of large sample effi-
cacy. In addition, specific immunotherapy is allergen-specific
instead of allergen versatile. Surgery is less applied due to its
controversy. Thus, to cure the AR patients effectively and
fundamentally, new therapeutic strategies are indispensable.

3. AR and MSCs

3.1. Immunomodulatory Properties of MSCs. It is well known
that the MSCs lead to a shift from Th2 to Th1 responses in
AR and can regulate the functions of regulatory T cells
(Tregs) as well [13, 14]. Although the basic mechanisms of
MSCs immunomodulation remain to be elusive, it is plausi-
ble to speculate that the immunomodulation conferred by

the MSCs might be mediated by soluble factors and direct
cell-to-cell contact. Indeed, the MSCs can target several sub-
sets of lymphocytes, including CD4+ Th cells, CD8+ cyto-
toxic T-lymphocytes (CTLs), natural killer (NK) cells, NKT
cells, B cells, DCs, and Tregs [15]. What is more, the MSCs
regulate the adaptive and innate immune system by suppres-
sion of T cells andmaturation of DCs, reducing the activation
and proliferation of B cells, inhibiting the proliferation and
cytotoxicity of NK cells and promoting the generation of Tregs
by soluble factors or cell-cell contact mechanisms [16–18].

The capacity of MSCs that alter phenotype and function
of immune cells largely attributes to the production of soluble
factors. MSCs produce and release various soluble factors
that are accountable for the immunosuppression function,
including prostaglandin E2 (PGE2) [19–21], indoleamine
2,3-dioxygenase (IDO) [20–22], transforming growth fac-
tor-β (TGF-β) [21, 23], interleukin (IL)-10 [22, 24], nitric
oxide (NO) [25], TNF-stimulated gene 6 (TSG-6) [26], IL-6
[27], leukemia inhibitory factor (LIF) [28], human leukocyte
antigen (HLA)-G5 [14], and interleukin 1 receptor antago-
nist (IL1RA) [29] (Table 1). MSCs could interact with
immune cells by secreting multiple soluble factors to exert
immunosuppression effects (Figure 1).

Han et al. [30] found that MSCs suppressed the survival
as well as the proliferation of T cells by mainly the contact-
dependent mechanisms and resulted expansion of Tregs.
Similarly, Fu et al. found that MSCs derived from human
induced pluripotent stem cells (iPSCs) are capable of modu-
lating T-cell phenotypes towards Th2 suppression through
inducing Tregs expansion, which was associated with cell
contact and PGE2 production [31]. Further, Dorronsoro
et al. believed that Human MSCs modulated T-cell responses
through TNF-α-mediated activation of nuclear factor kappa
B (NF-κB) [32].

In contrast to the suppressive activity on activated T cells,
MSCs promoted the proliferation and activation of T cells in
the quiescent state. Fan et al. reported that iPSC-MSCs bal-
anced biased Th1/Th2 cytokine levels via promoting the pro-
liferation of resting lymphocytes, activating CD4+ and CD8+
T cells, and upregulating Tregs without any additional
stimulation. The further study demonstrated that cell-to-
cell contact could be a mechanism possibly involved in the
immunomodulation, while the NF-κB was identified to play
an important role in the immunomodulatory effects of
iPSC-MSCs on quiescent T cells [33].

MSCs had immunosuppressive effect on activated T cells
but could promote the responses of quiescent T cells, which
suggested different immunomodulatory functions of MSCs
according to the phases of diseases.

However, Desai et al. investigated the immune effects of
MSCs on allergen-stimulated lymphocytes from AR subjects
and found that in contrast to subjects with allergic asthma,
MSCs caused a significant increase in the proliferation of
antigen challenged lymphocytes from AR subjects. In their
opinion, the increase in lymphocyte proliferation was caused
by the MSCs presenting the allergens to CD4+ T cells, which
was correlated with increased production of inflammatory
cytokines from T cells, and increased expressions of major
histocompatibility complex (MHC)-II and CD86 on MSCs
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[34]. These contradictory findings suggest that further
research is needed to clarify the immunomodulatory func-
tion and mechanism of MSCs in AR.

3.2. Potential of the MSCs for AR Therapy. Currently, emerg-
ing evidences are addressing the potential of MSCs for
immunomodulatory mechanism in an animal model of AR
(Table 2) and indicated that different tissues derived MSCs
functioned similar immunomodulatory effects.

3.2.1. The Adipose- Derived MSCs. It was reported that in the
mouse model of AR, adipose-derived MSC could migrate to
the nasal mucosa and inhibit eosinophilic inflammation par-
tially via shifting to a Th1 from a Th2 immune response to

allergens [35]. Ebrahim et al. compared the immunomodula-
tory effects conferred by the adipose-derived MSCs versus
montelukast, a leukotriene receptor antagonist, in the oval-
bumin(OVA)-induced AR rat model. It was found that both
the montelukast and the MSCs could significantly reduce
allergic symptoms and the OVA-specific IgE, IgG1, IgG2a,
and histamine accordingly, while increased PGE2. Further-
more, the significant suppression was observed in the induc-
tion of nasal innate cytokines, such as IL-4 and TNF-α, and
chemokines, such as C-C Motif Chemokine Ligand 11
(CCL11) and vascular cell adhesion molecule-1(VCAM-1).
However, the TGF-β induction was upregulated in both
the MSCs and the montelukast groups with a more signif-
icant effect in the MSCs-treated group. More interestingly,

Table 1: Soluble factors critical for MSCs-mediated immunosuppression.

Soluble factors Immunomodulatory effect Reference

PGE2
Inhibiting the maturation of DCs

Inhibiting the proliferation, cytotoxicity, and cytokine production of NK cells
Suppressing CD8+ T cell-mediated activation

[19–21]

IDO
Inhibiting the proliferation, cytotoxicity, and cytokine production of NK cells

Suppressing the proliferation of T cells
Suppressing CD8+ T cell-mediated activation

[20–22]

TGF-β
Suppressing CD8+ T cell-mediated activation

Inducing Tregs
[21, 23]

IL-10
Suppressing the proliferation of T cells
Inhibiting Th17 cell differentiation

[22, 24]

NO Suppressing the proliferation of T cells [25]

TSG-6 Inhibiting the maturation and function of DCs [26]

IL-6 Inhibiting the differentiation of DCs [27]

LIF Inhibiting the proliferation of T cells [28]

HLA-G5
Suppressing the proliferation of T cells

Inducing the expansion of Tregs
Inhibiting the cytotoxicity and cytokine production of NK cells

[14]

IL1RA Suppressing the differentiation of B cells [29]

Proliferation

PGE2

LIF
NO

IL-10
IDO
HLA-G5

T B DC NK Treg

IL1RA
PGE2 PGE2

IDO
HLA-G5

HLA-G5
TSG-6
IL-6

Soluble factors

MSC

TGF-𝛽
TGF-𝛽

Differentiation

Differentiation

Proliferation
Cytotoxicity

Cytokine production

ExpansionMaturation
Activation

Figure 1: Schematic illustration of soluble factors for MSCs-mediated immunosuppression. MSCs exert their immunosuppression effects by
secreting various soluble factors. MSCs inhibit the proliferation and activation of T cells, suppress B cell differentiation, inhibit the maturation
and differentiation of DCs, suppress the proliferation, cytotoxicity, and cytokine production of NK cells. MSCs also induce Tregs expansion.
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the adipose tissue-derived MSCs-treated group demon-
strated more restoring effects on the structure of the nasal
mucosa [36].

3.2.2. The Tonsil- Derived MSCs. The MSCs derived from
human tonsil could effectively reduce allergic symptoms,
Th2 cytokines, and OVA-specific IgE secretion from B cells
in a mouse model of AR. Moreover, the levels of the innate
cytokine (IL-25 and IL-33) and eotaxin mRNA were
decreased in the nasal mucosa, suggesting this mechanism
contributing to the reduced allergic inflammation [37].

3.2.3. The Nasal Mucosa-Derived MSCs. Yang et al. reported
that the nasal mucosa-derived MSCs from mice could
migrate to nasal mucosa via tail vein injection in the OVA-
sensitized mice. More importantly, these MSCs were proved
to be regulators that balanced the Th1 and Th2 immune
responses by upregulating IgG2a and interferon (IFN)-γ
and downregulating IgE, IgG1, IL-4, IL-5, and IL-10 [38].

3.2.4. The Bone Marrow-Derived MSCs. Zhao et al. demon-
strated that intravenous injection of the bone marrow-
derived MSCs in the mouse model of AR significantly
alleviated allergic symptoms and reduced the eosinophil
infiltration, OVA-specific IgE, Th2 cytokine profile (IL-4,
IL-5, and IL-13), and regulatory cytokines (IL-10). Accord-
ingly, the level of Th1 (IFN-γ) increased significantly after
MSCs treatment [39]. A similar discovery was made in a sep-
arate study. It was found that bone marrow-derived MSCs
migrated to the nasal and lung tissues following intraperito-
neal delivery and ameliorated to the airway remodeling and
airway inflammation both in the upper and lower airways
via the inhibition of Th2 immune response in the mouse
model of AR [40].

3.2.5. The Umbilical Cord-Derived MSCs. Li et al. found that
human umbilical cord-derived MSCs ameliorate acute AR in
rats likely via its regulation of the related cytokines secretion
from macrophages during the acute AR. The physiological
evidences included the MSCs-conferred reduction of IL-4,
TNF-α, and IgE levels in the serum, as well as the MSCs-

mediated inhibition of histamine and the recruitment of
macrophages in the nasal mucosa [41].

Although up to date, the MSCs-mediated effects on the
AR therapy were observed in animal models only; it shed
light on the promising future to come for the potential ther-
apeutic applications in the MSCs-based AR treatments.

4. Perspectives

The studies on theMSCs-based therapy in AR animal models
could provide an alternative and very promising strategy for
more effectively and essentially benefiting the AR patients
who cannot be cured with traditional therapies. However, it
still has a long way to go from the current studies in the AR
animal models to the final clinical application for the AR
therapy safely, effectively, and routinely due to some big chal-
lenges we are facing as detailed below.

Technically, the current methods for the MSCs genera-
tion are lacking in efficiency and high quality. (1) It is unclear
how to develop high-quality clinical-grade MSCs products.
(2) Quality control for theMSCs generated so far is a big con-
cern because the MSCS generated from the different tissues
and by different labs were based on their own protocols. (3)
Significant variations in preparation, adaptability, and func-
tionality of the MSCs due to tissue sources, culture methods,
and propagation levels [42] add more uncertainty to the
study and the clinical application. (4) Although the MSCs-
based therapy could confer the significant therapeutic effects
on AR symptoms in animal models, the potential cellular
changes during the generation of MSCs might occur and
bring the unknown influences for the clinical therapy. (5)
So far in almost all the cases, the MSCs are generated and
propagated under in vitro conditions instead of the normal
physiological in vivo conditions, possibly affecting the bio-
logical properties of the generated MSCs. More specifically,
some potential risks in MSCs generation and propagation
under the nonphysiological conditions, such as oxygen
level, cell density, culture medium ingredient and quality,
number of passages, and proliferative senescence. All these

Table 2: Summary of the applications of MSCs in AR model.

Animals Source of MSCs Administration and dosage Effect Reference

BALB/c mice BALB/c mice adipose tissue
Tail vein injection, 2 × 106,

once a day for 3 days
Y [35]

Albino rats Albino rats adipose tissue
Intraperitoneal injection, 1 × 106,

weekly for 3 weeks
Y [36]

BALB/c mice Human tonsil tissue
Intravenous injection, 0:5 × 106,

once a day for 6 days
Y [37]

Mice Mice nasal mucosa Tail vein injection, once a day for 3 days Y [38]

BALB/c mice BALB/c mice bone marrow
Intravenous injection, 0:5 × 106,

once a day for 2 weeks
Y [39]

BALB/c mice BALB/c mice bone marrow Intraperitoneal injection, 1 × 106/2 × 106, 1 dose Y [40]

Sprague-Dawley rats Human umbilical cord
Intraperitoneal injection, 5 × 106/2 × 106,

1 dose before/after AR rat model construction or
weekly for 4 weeks after AR rat model construction

Y [41]

Abbreviations: Y: effect was shown.
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uncertainties may significantly alter the MSCs’ quality and
properties [43].

Biologically, it is essential to further investigate the mech-
anism of how the MSCs regulate the immunomodulation to
cure the AR symptoms immunologically. Clinically, to make
the translation happen safely, ethically, and effectively, it is
indispensable to accumulate the clinical efficacy and long-
term safety data. More specifically, for the clinical trials, the
information on the MSCs dosage and application methods
serves as the prerequisite for bringing the MSC-based ther-
apy in AR animal models into the clinic.

Recent studies have revealed that extracellular vesicles
(EVs) derived from MSCs (MSC-EVs) might carry similar
immunomodulatory properties of MSCs [44, 45]. EVs are
bilayer membrane structures carrying various biomolecules,
such as RNAs and proteins. Compared with whole-cell ther-
apy, MSC-EVs have significant advantages, such as low
immunogenicity, high biosafety, and convenient storage.
Therefore, MSC-EVs have been identified as novel and
promising cell-free therapeutic agents. However, there are
few studies on the treatment of AR with MSC-EVs. Fang
et al. demonstrated that MSC-EVs were able to prevent aller-
gic airway inflammation through the delivery of miR-146a-
5p, suggesting that MSC-EVs could be a novel strategy for
the treatment of AR [46]. A variety of further investigations
are required to precisely elucidate the efficacy and underlying
mechanisms of EVs-based therapy in AR.
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