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Mesenchymal stem cells (MSCs) are multipotent stromal
cells that are able to differentiate into a number of tissues
such as bone, fat, cartilage, and muscle. They can be
isolated from a number of sources, and because of their
differentiation and immunomodulatory properties, they
have relevant and significant clinical therapeutic applica-
tions. MSCs are currently being used to treat a number
of clinical conditions, as well as being tested in preclinical
and clinical trials around the world due to their tissue
regenerative properties.

In this special issue, we have a number of primary
research articles examining the potential clinical application
or preclinical studies of MSCs or their derivatives. The topics
that are covered include the isolation from different sources,
derivation, differentiation, quality control, and transplanta-
tion studies involving MSCs. We also have a number of
review articles relating to the abovementioned aspects of
MSCs. This special issue summarizes the most recent devel-
opments in the field in the following areas:

(i) Advances in existing isolation, derivation, culture, or
differentiation methods, in particular the develop-
ment of scalable clinically relevant systems

(ii) Maintenance, differentiation, transdifferentiation,
and homing of behaviour of MSCs

(iii) Biomaterials for culture, expansion, differentiation,
and transplantation of MSCs

(iv) Transplantation of MSCs into in vivo model systems
of disease

(v) Development of good manufacturing practice proto-
cols for clinical grade MSCs

(vi) Transplantation studies of MSCs and the immune
response after MSC transplantation

Forty papers were submitted for this special issue.
Our distinguished reviewers from respective research
fields narrowed the field to twenty-six which were finally
accepted. The following is a short summary of the findings of
each of these papers.

B. C. Bellagamba et al. revealed that specific culture
conditions including IGF-1 can endow cultured MSCs with
the expression of CD271 and CD34 and may enhance
the multipotency of these cells when they are used for
therapeutic purposes.

B. Follin et al. used a rat model of myocardial infarc-
tion to test the administration of adipose-derived stromal
cells (ASCs) in a translational in situ forming alginate
hydrogel and report a combination therapy of cell therapy
and biomaterials.
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M. S. Hu et al. provided a comprehensive review on the
experimental applications of various stromal cells to promote
wound healing and discussed the novel methods used to
increase MSC delivery and efficacy.

M. Kuzma-Kozakiewicz et al. performed intraspinal
transplantation of the adipose tissue-derived regenerative
cells in amyotrophic lateral sclerosis in accordance with
the current experts’ recommendations to choose optimal
monitoring tools and listed some suggestions for further
clinical trials.

J. M. Lasso et al. proposed that adipose-derived regener-
ative stem cell (ADRC-) enriched autologous adipose tissue
grafts can be used as an effective filler for the paralyzed vocal
fold to use it for functional reconstruction of the glottal gap.

Y. Liu et al. demonstrated that mesenchymal stem
cells enhance liver regeneration (LR) via improving lipid
accumulation and Hippo signaling. They showed the
potential of MSCs to improve LR through cell growth and
cell proliferation.

M. Zhang et al. investigated the effect of donor age on
the properties of human eyelid adipose-derived stem cells
(HEASCs). HEASCs from a number of age groups were
evaluated and quantified for their proliferative capacity,
colony-forming ability, surface markers, differentiation
ability, secreted proteins, and wound healing function.

A. Mizukam and K. Swiech reviewed the current MSC
manufacturing platforms with special attention regarding
the use of bioreactors for the production of GMP compliant
clinically relevant cell numbers. They also addressed first
commercial MSC-based products.

M.-Y. Moon et al. investigated the effect of zinc, an
essential element required for cell division, migration,
and proliferation, on the proliferation and differentiation
of multipotent adipose-derived mesenchymal stem cells
(AD-MSCs).

S. Nahar et al. compared the University of Wisconsin
(UW) solution with Hank’s balanced salt solution for the
preservation of mouse adipose tissue-derived mesenchymal
stem cells. They found that the number of viable cells
harvested per gram of adipose tissue mass was higher in
UW solution than HBSS-preserved tissue.

N. Petinati et al. suggested that MSCs could participate in
the restoration of niches for donor hematopoietic cells or
have an immunomodulatory effect, preventing repeated
rejection of the graft, and perhaps intraosseous implantation
of MSCs contributes to the success of the second transplanta-
tion of hematopoietic stem cells and patient survival.

S. Nepali et al. compared human adipose-derived mesen-
chymal stem cells from orbit (orbital-ASCs) and abdomen
(abdominal-ASCs) and concluded that tissue-harvesting site
is a strong determinant for characterisation of adipose-
derived mesenchymal stem cells as the expression level of
some surface markers is different between two sites, orbit
and abdomen.

S. Niada et al. implemented differential proteomics
to investigate secretome of adipose-derived mesenchymal
stem/stromal cells and focused on the potential applica-
tions in regenerative medicine. They showed the neuro-
protective action of conditioned media from MSCs and

an unexpected proosteogenic aptitude of conditioned media
from dermal fibroblasts.

E. Ø. Nielsen et al. harvested adipose tissue from ovine
and verified isolated cells for minimal criteria for adipose
stromal cells which suggests a feasible method for isolation
of ovine ADSCs. Moreover, osteogenic induction medium
(OIM) containing fibroblast growth factor basic (FGFb),
bone morphogenetic protein 2 (BMP2), or NEL-like mole-
cule 1 (NELL1) showed significantly higher positive Alizarin
red staining cells to the basic medium.

N. Petinati et al. present the results of from patients
after hematopoietic stem cell transplantation with simulta-
neous implantation of MSCs from their respective donors
into cancellous bone. The results suggest that MSCs could
participate in the restoration of stem cell niches for donor
hematopoietic cells or have an immunomodulatory effect,
preventing repeated rejection of the graft.

I. Roato et al. focused on adipose tissue-derived stromal
vascular fraction as an abundant source of mesenchymal
stem cells as an alternative source for bone regeneration.
They report the use of SmartBone as an effective bone bio-
logical substitute, combined with adipose-derived stromal
vascular fraction as potential instrument for the treatment
of bone defects.

M. Seo et al. reported that conditioned media of
mesenchymal stem cells (MSCs) isolated from deer antlers
enhanced tissue regeneration through paracrine action via
a combination of secreted growth factors and cytokines.
The work also showed that the use of deer antler MSC-
conditioned media (DaMSC-CM) as a unique natural
model for rapid and complete tissue regeneration has
possible application for therapeutic development.

K. Shah et al. review the current treatment options for
osteoarthritis (OA) and the exciting new translational
medical research currently underway utilising mesenchymal
stem cells for OA therapy.

K. Shah et al. report the outcome of an extensive study of
the therapeutic use of allogeneic stem cell therapy in osteoar-
thritic dogs. They present the outcome in safety and efficacy
of allogeneic adipose-derived mesenchymal stem cells
derived from healthy donor dogs in treating osteoarthritic
dogs with lameness and suffering from pain.

T. Sultana et al. review the therapeutic application and
scope of umbilical cord blood-derived mesenchymal stem
cells (UCB-MSCs) that can be isolated from different species
with a particular focus on canine UCB-MSCs.

D. N. Silva et al. investigated function of including
insulin-like growth factor-1 (IGF-1) in the IGF-1-
overexpressing MSCs (MSC_IGF-1) for the treatment of
diseases that affect the cardiovascular system, including
Chagas disease. Their results indicate the therapeutic poten-
tial of MSC_IGF-1, with combined immunomodulatory and
proregenerative actions to the cardiac and skeletal muscles.

A. D. Veron et al. demonstrated, for the first time, that
syngeneic transplantations of olfactory ectomesenchymal
stem cells (OE-MSCs) in rats can restore cognitive abilities
impaired after brain injuries and provide support for the
development of clinical studies based on grafts of OE-MSCs
in amnesic patients following brain injuries.
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M. Viganò et al. provided a comprehensive article on the
strategies and the results of validation studies applied to
GMP quality control methods for the clinical use of mesen-
chymal stromal cells (MSC). They provide a useful tool to
face the hurdles in the application of the rules regulating
the quality control of cell therapy medicinal products such
as MSC.

K. Ye et al. investigate the use of endometrial regenerative
cells (ERCs) in aorta allografts in mouse models and found
that overexpression of B7-H1, also known as programmed
cell death-1 ligand (PD-L1), stimulated by IFN-γ is required
for ERCs to prevent the transplant vasculopathy.

W. Zhun et al. investigated the efficiency of the allograft
bone marrow stem cells (BMSCs) with Dkk-1 interference
in preventing the progress of the rat model for hip disorder
glucocorticoid-induced osteonecrosis of the femoral head.
They showed that lentivirus-meditated Dkk-1 RNAi resulted
in the promotion of osteogenesis and inhibition of adipogen-
esis. The progression of the disease was prevented; however,
the effects were not significantly superior to treatment with
nongenetically modified or normal BMSCs.

K. Ye et al. demonstrated that B7-H1 expression on
endometrial regenerative cells (ERCs) was upregulated by
IFN-γ in a dose-dependent manner, and it was required for
ERCs to inhibit the proliferation of peripheral blood
mononuclear cells (PBMCs) in vitro. This study provides a
theoretical basis for the future clinical use of human ERCs.

M. Zayed et al. investigated the in vivo potential of
synovial fluid-derived mesenchymal stem cells and bone
marrow-derived MSCs in articular cartilage repair. They
performed xenogenic implantation of equine MSCs in a
rat osteochondral defect model and evaluated articular
cartilage healing.

B. Zhang et al. observed significantly higher improve-
ment in cartilage neogenesis and recovery using canine
umbilical cord mesenchymal stem cells (UC-MSCs) on
treatment of knee osteoarthritis in dogs. The joint fluid and
the inflammatory response decreased. Moreover, improved
recovery in the neogenetic cartilage, damaged skin fascia,
and muscle tissue around the joints was more significant in
the treated group.
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Although adipose-derived stromal cells (ADSCs) have been a major focus as an alternative to autologous bone graft in orthopedic
surgery, bone formation potential of ADSCs is not well known and cytokines as osteogenic inducers on ADSCs are being
investigated. This study aimed at isolating ADSCs from ovine adipose tissue (AT) and optimizing osteogenic differentiation of
ovine ADSCs (oADSC) by culture medium and growth factors. Four AT samples were harvested from two female ovine (Texel/
Gotland breed), and oADSCs were isolated and analyzed by flow cytometry for surface markers CD29, CD44, CD31, and CD45.
Osteogenic differentiation was made in vitro by seeding oADSCs in osteogenic induction medium (OIM) containing
fibroblast growth factor basic (FGFb), bone morphogenetic protein 2 (BMP2), or NEL-like molecule 1 (NELL1) in 4 different
dosages (1, 10, 50, and 100 ng/ml, respectively). Basic medium (DMEM) was used as control. Analysis was made after 14 days
by Alizarin red staining (ARS) and quantification. This study successfully harvested AT from ovine and verified isolated cells for
minimal criteria for adipose stromal cells which suggests a feasible method for isolation of oADSCs. OIM showed significantly
higher ARS to basic medium, and FGFb 10 ng/ml revealed significantly higher ARS to OIM alone after 14 days.

1. Introduction

Several conditions such as trauma, tumor, infection, and sur-
gical procedure can cause larger bone defects. Due to the lack
of easily accessible new bone formation materials, patients
with these problems can be faced with major clinical chal-
lenges that affect treatment. Autograft primarily harvested
from the iliac crest of the same patient is the gold standard
as new bone formation material. Autograft bears the funda-
mental characteristics for new bone formation: osteogenesis,

osteoinduction, and osteoconduction [1]. Nonetheless,
harvesting autograft has its disadvantages and complication
frequency of between 8.5% and 20% has been reported. Com-
plications from harvesting this material include infections,
chronic pain, blood loss, and fractures from the donor site
[2], and an important limitation is the restricted amount of
autograft available for harvesting [3].

Mesenchymal stromal cells (MSC) as progenitor cells
have been investigated regarding their capability to generate
new bone tissue. These cells have displayed promising results
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and have the potential to replace autograft because of its good
proliferation and osteogenic properties [4]. The most investi-
gated MSC is the bone marrow-derived multipotent mesen-
chymal stromal cells (BMSCs) which have shown the most
interesting results regarding new bone formation in vivo
[5]. BMSCs are already being tested in preclinical [6] and
clinical studies [7]. The disadvantages of this method are a
low concentration of MSC in bone marrow aspirate, discom-
fort, and morbidity for the patient [8].

Adipose-derived stromal cells (ADSCs) have been inves-
tigated because they have the same properties as BMSCs.
Easy access to the adipose tissue (AT) as well as the amount
of this tissue in the human body together with high stem cell
(SC) counts makes it an interesting area to explore [9]; more-
over, ADSCs are easier to harvest when compared to BMSCs
and have a lower risk of complications [8, 10]. It is important
to ensure that your data is translatable to other studies; there-
fore, a minimal criteria for adipose stromal cells (ASCs) pro-
posed by the Federation for Adipose Therapeutics (IFATS)
and the International Society for Cellular Therapy (ISCT)
was made by Bourin et al. [11].

Preclinical trials in large animals with ADSCs are neces-
sary to obtain morphological and biomechanical information
on bone repair before clinical trials [12]. Our recent study
comparing cells derived from ovine bone marrow (BM) and
cells from ovine AT revealed that the BM has superior ability
to form new bone in vivo compared to AT in a severe com-
bined immunodeficiency mouse (SCID) model [13] which is
in line with recent studies comparing BMSCs and ADSCs
[14–17]. Although new bone formation was seen in both AT
and BM groups, the quantitative histomorphometry showed
that the bone formation in the AT groups was 10-fold lower
than in the BM groups [13].

Many factors may influence bone formation, and a key
factor might be the osteogenic differentiation and commit-
ment to osteogenic lineage. As summarized below, several
known growth factor cytokines have been tried for osteogenic
differentiation both in vitro and in vivo. To our knowledge, no
studies have compared more than two growth factors on
ADSCs in vitro and later in vivo.

Recombinant human fibroblast growth factor basic/2
(FGFb) has been shown to have positive osteogenic effects
on human BMSCs and human ADMSCs by enhancing oste-
ogenic differentiation in vitro and bone osteoid area in vivo
[15]. Little is known about FGFb and its influence on ovine
bone formation [18]. No studies have tested FGFb on any
kind of ovine progenitor cells although FGFb has shown
better bone formation in smaller animal models [19].

Bone morphogenetic proteins belong to the transforming
growth factor-β family which is the best investigated
enhancer of bone genesis. Recombinant human bone
morphogenetic protein 2 (BMP2) has been widely studied
and has been indicated to have great potential in bone forma-
tion in vitro and in vivo [20, 21]. Today, it is also used in clin-
ical applications [22]. BMP2 has been shown to enhance
results on human ADSC osteoblastic phenotype [21, 23]
and in ovine ADSCs (oADSCs) in nonunion of the tibia
[12]. BMP2 has also been shown a dose-dependent adipogen-
esis activation through peroxisome proliferator-activated

receptor γ (PPARγ) [24]. The effect of BMP2 in vivo is not
well known and is probably highly dependent on the envi-
ronment of applications suggested by Kim and Choe [25].

Recombinant human NEL-like molecule 1 (NELL1) is a
secretory glycoprotein first discovered through its association
with craniosynostosis (CS) in children [26]. Transgenic mice
overexpressing NELL1 have also shown an association with
CS [27], and mice with a deficiency of the of NELL1 gene
have shown defects in calvaria and long bone volume which
suggests that NELL1 may have an important role in bone
development [28, 29]. The direct cellular role of NELL1 is
not well known but is believed to have a downstream Runt-
related transcription factor-2 (Runx2) activation separated
from BMP2’s signaling pathway [30]. It has been shown that
NELL1 downregulates the expression of PPARγ and has
an antiadipose pathway regulation; thus, a combination
of NELL1 and BMP2 may lead to enhanced osteogenesis
and have antiadipose tissue regulation [31]. NELL1 has
been shown to boost the bone formation in osteoporotic
ovine in the surrounding tissue of administration which
suggests that the human version of the protein has a similar
role in ovine [29].

This study investigates osteogenic differentiation on
oADSCs by optimizing bone engineering (harvesting, seed-
ing, and culturing) in vitro. We use Alizarin red staining
(ARS) for calcium deposit in the extracellular matrix (ECM)
of oADSCs which is believed to have high sensitivity for
osteogenic differentiation [32, 33]. These results may
possibly lead to more promising use of ADSCs in today’s
preclinic and clinic.

The primary aim of the study is to isolate oADSCs and
verify for minimal criteria for ASCs. The secondary aim is
to optimize the conditions for oADSC osteogenic differentia-
tion by medium and growth factors.

We hypothesize that adding more bioactive factors to
growth medium will improve the commitment to osteogenic
differentiation of oADSCs which may significantly enhance
the commitment to osteogenic lineage.

2. Method and Materials

2.1. Isolation and Expansion of Stem Cells from Adipose
Tissue. Surgical procedures were performed at the Biomedi-
cal Laboratory at the University of Southern Denmark. A
total of n = 4 AT extractions were made on 2 experimental
female sheep (Texel/Gotland breed, 2–4 years of age) lat-
eral to the vertebra on both sides (average sample weight
of 6.58 g) under local anesthesia with 5ml of lidocaine
s.c. (Amgros, Copenhagen, Denmark), systemic Rompun
(1.0–1.2ml Vet, Bayer, Germany), and Temgesic (0.6–
0.7ml, Reckitt Benckiser, Hull, UK).

After scalpel incision, the sample was placed directly in
falcon tubes with 5ml of preheated (37°C) Dulbecco’s
phosphate-buffered saline (PBS, Gibco, cat. no. 14040-091,
Roskilde, Denmark) with 10% bovine serum albumin (BSA;
Sigma Aldrich, Denmark) and 1% penicillin/streptomycin
(P/S; Sigma Aldrich). The oADSCs were obtained according
to Gimble [34]. Samples were immediately taken to the cell
culture lab where they were put into petri dishes and washed
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with PBS and 1% P/S. The samples were then put in falcon
tubes, and 200 units/ml collagenase type I (Thermo Fisher,
cat. no. 17018-029, Denmark) were added to them (10%
BSA, 1% P/S in scale 1 : 1 (volume :weight)). Afterwards,
the tubes were placed in a 37°C water bath for 60min with
shaking after which they were centrifuged at 300g for 5
minutes. This was followed by the careful aspiration of the
adipocyte layer and liquid to isolate stromal vascular fraction
(SVF) pellets. 1 : 10 erythrocyte lysis buffer (ELB, BD, cat. no.
555899, Denmark) in sterile water was then added and
incubated at room temperature (RT) for 10 minutes. After
incubation, cells were filtered through 100μm filter to get
rid of cell debris.

The harvested cells were centrifuged at 300g for 5
minutes after which the supernatant was discarded and the
SVF pellets resolved in Dulbecco’s modified eagle’s
medium/nutrient F-12/GlutaMax (DMEM, cat. no. 31331-
028, Gibco) with 10% fetal bovine serum (FBS, Gibco, cat.
no. 10270-098) and 1% P/S (hereafter referred to as basic
medium). Cells were then mixed by pipet and counted
by hemocytometer after which they were seeded in T75-
150 flasks in basic medium dependent on SVF isolation
yield and cultured in incubator 37°C with 5% CO2 for
6–9 days before cell attachment was observed. Medium
was then changed to wash away nonadherent cells, and
the remaining cells were expanded until 60–85% conflu-
ence was reached. Trypsin/ethylenediaminetetraacetic acid
(EDTA, Sigma Aldrich) was used to transfer cells for
future further culturing.

2.2. Colonizing Forming Unit (CFU) Assay. CFU assays were
made on SVF samples to measure proportion of ADSCs in
the SVF isolation [35]. From sample one, 1·105 cells from
SVF were seeded in a T75 flask. These cells were cultured
for 7 days and analysed after standard protocol. In brief, cells
were washed twice with PBS, fixed by 4% paraformaldehyde
(PFA), washed in PBS, stained with 0.5% crystal violet meth-
anol for 30 minutes, and finally washed with water to remove
nonspecific staining. CFU were counted positive if more than
50 cells in a colony were observed. Due to the high number of
CFU in the first sample, later SVF samples were seeded in
lower numbers (1·104 and 1·103 cells per T75 flask) for 12
days to make counting easier (Figure 1) and more reliable like
the original protocol by Castro-Malaspina et al. [36].

2.3. Flow Cytometry (FC) Analysis. ADSCs from passage 1
(P1) were cryopreserved by standard protocol in 10%
dimethyl sulfoxide (DSMO, Sigma Aldrich, cat. no. C6295)
and kept at −80°C. After thawing, the cells were grown one
passage. P2 cells were harvested and analysed for the expres-
sion of surface antigens by staining with CD29-APC (BioLe-
gend, cat. no. 303007, clone TS2/16), CD45-PE (Bio-Rad, cat.
no. MCA2220PE, clone 1.11.32), CD44-FITC (Bio-Rad, cat.
no. MCA2219F, clone 25.32), or CD31-FITC (Bio-Rad, cat.
no. MCA1097F, clone CO.3E1D4) for FC analysis on a
FACSVerse (BD Biosciences). Corresponding isotype anti-
bodies from BD Pharmingen were used as negative controls.
In brief, cells were detached by EDTA, washed with PBS,
counted, and stained with fixable viability dye eFluor 506

(eBioscience, cat. no. 65-0866-14) to show live/dead cells.
The cells were subsequently fixed by cytoperm/cytofix (BD,
cat. no. 51-2090KZ). 5·105 cells in each sample were washed
with PBS and stained with relevant antibodies for 30min at
4°C in the dark. The cells were stained for CD45 and CD29
in addition to either CD44-FITC or CD31-FITC, and
another tube was stained with the isotype controls. 5–10μl
antibody solution per 200μl cell suspension was used accord-
ing to the manufacturer’s recommendations.

2.4. Osteogenic Differentiation. oADSCs from P1 were resus-
pended in basic medium and counted. 4,000 cells/cm2 were
seeded in 4 flat-bottom 24-well plate with no coating
(DACOS, Denmark), and 1ml basic medium was added to
each well. After 24 hours in a 37°C incubator, the 5% CO2
medium was replaced with six different growth mediums.
Each of the four plates had a different dosage (100 ng/ml,
50 ng/ml, 10 ng/ml, and 1ng/ml) of growth factors:

(1) Basic medium (control)

(2) Basic medium with osteogenic induction medium
(OIM) consisting of L-ascorbic 0.2mM (Wako, cat.
no. 013-12061, USA), dexamethasone 1·10−8M
(Sigma, cat. no. D4902), and NaH2PO4 3mM

(3) Basic medium, OIM, and rhFGF-basic (FGFb) (R&D,
cat. no. 233-FB-025, Minneapolis, USA)

(4) Basic medium, OIM, and rhBMP2 (BMP2) (R&D,
cat. no. 355-BEC-010, Minneapolis, USA)

(5) Basic medium, OIM, and rhNELL1 (NELL1) (R&D,
cat. no. 5487-NL-050, Minneapolis, USA)

(6) Basic medium, OIM, rhBMP2, and rhNELL1

In each well, the medium was changed every 48–
72 hours for 14 days. Medium was freshly prepared each
time to minimise protein decay, and growth factors were
added just before use. Technical triplicates were made in
all groups.

2.5. Alizarin Red Staining and Quantification. After 14 days
of osteogenic differentiation, medium was removed, and cells
were both washed by PBS and fixed by 70% ethanol for 1
hour at −20°C. Afterwards, the cells were briefly washed in
dH2O. 40mM Alizarin red (Sigma Aldrich, cat. no. A-5533)
pH was adjusted to 4.1-4.2 and was added and placed under
rotation for 10 minutes. Dye was removed and washed by
dH2O twice. PBS was added and placed under rotation for
5 minutes to wash away nonspecific stains. Pictures of stained
layers were taken by scanner and pictured in an inverted
microscope (Olympus, data not shown). For quantification
of staining, 300 μl of 10% (v/v) hexadecylpyridinium chloride
monohydrate (CC, Sigma Aldrich, cat. no. 6004-24-06) was
added to each well and placed at RT for 30 minutes shaking.
Dye was removed from stain, and colour changes were seen
in CC solution. 100 μl/well solutions were transferred to a
new 96-well plate and detected by spectrometry at 570nm
with FLUOstar Omega (BMG LABTECH, Offenburg, DE).
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2.6. Morphological Examination of Cell Sheet and Histology.
oADSCs from P1 were seeded (4000 cells/cm2 concentration)
in a T75 flask and OIM as previously described. Cells were
cultured for 14 days before the cell sheet was removed by cell
scraper and washed two times in PBS and fixed in 4% para-
formaldehyde. Paraffin-embedded histological analysis was
made by section cuts to the cell sheet to a thickness of
4μm, deparaffinized, rehydrated, and stained with hematox-
ylin and eosin (H&E; DAKO-Aldrich, Denmark). Visualiza-
tion pictures of cell sheet were captured with stereological
software (newCAST™, Visiopharm, Denmark).

2.7. Statistical Analysis of Alizarin Red Quantification. Statis-
tical analyses were performed using GraphPad Prism (ver-
sion 7.03 software, La Jolla, CA). For normality, the
Shapiro-Wilk test was performed. As data follow Gaussian
distribution, ANOVA was made comparing the 4 test groups
to the basic medium and OIM groups. Welch t-test was made
comparing each group to the basic medium pairwise and
OIM groups to reduce the risk of type I errors. Statistically
significant values were defined as p < 0 05. Data is presented
as the mean and standard deviation (SD).

3. Results

3.1. Characterization of oADSCs. The cells isolated from
adipose tissue were plastic-adherent and had an average
of 3.1% (range: 2.4%–3.9%) cells forming colonies from
the isolated SVF after 12 days. No significant difference
was seen between seeding density groups of 1·104 cells
and 1·103 cells. Seeding density group of 1·105 cells was
left out due to overcolonization and impossible reliable
counting. The average of 3.1% from the two lower seeding
groups met the minimal criteria of more than 1% CFU
proposed by Bourin et al. [11]. Seeding density of 1·103
cells in T75 flask was most reliable for counting and there-
fore appropriate for use onwards.

The ASC immunophenotype was confirmed as 99% of
the gated live cells were positive for the surface markers
CD29 and CD44 (two typical ASC surface markers) and less
than 0.5% positive to CD31 (endothelial cells) and CD45
(leukocytes) (Figure 2). The cell culture thus met the minimal
criteria for ASCs by having more than 80% CD29- and
CD44-positive cells and less than 2% CD31- and CD45-
positive cells.

Figure 1: Part of the colonizing forming unit assay made by the crystal violet methanol after seeding SVF cells in T75 flasks. (A)
Seeding of 1·105 SVF cells from sample 1 for 7 days. (B) Seeding of 1·104 SVF cells from sample 2 for 12 days. (C) Seeding of 1·104
SVF cells from sample 3 for 12 days. (D) Seeding of 1·103 SVF cells from sample 2 for 12 days. Low density of CFU is seen, and
black dots form counting.
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Table 1 summarizes the minimal criteria set for immuno-
phenotypic characterization of ASCs: a minimum of two pos-
itive and two negative surface markers as determined by
Bourin et al. The flow cytometry of at least 250,000 cells ana-
lyzed in each sample shows that the cells express CD29 and
CD44 but not CD31 and CD45.

3.2. Osteogenic Differentiation Optimization. Results from
14-day growth tests in different osteogenic mediums were
visualized by Alizarin red staining (ARS). Representative
stains from each triplicate group are presented in Figure 3.
During growth period, cell sheet was formed in the OIM
groups. Detachment of cell sheet from well bottom was seen
in most groups after 7–9 days (data not shown). Cell sheet
folding in orb-formation and new colonization of well
bottomwasobservedduring the rest of the growthperiod visu-
alized in Figure 3. No folding was seen in the FGFb 10ng/ml
group, and a better visualized ARS was observed after 14 days.

Significantly higher mineralization from quantification
of ARS was seen among (12/17) groups containing only
OIM or including growth factors compared to basic
medium alone. (Only FGFb 10ng/ml had significantly
higher mineralization compared to OIM alone marked by
the symbols ∗∗.) This was not evident in higher concentra-
tions of FGFb (Figure 4). No significant dose response was
observed when stimulated with FGFb, BMP2, NELL1, and
a combination of BMP2 and NELL1.

4. Discussion

This current study showed that it is possible to isolate and
verify oADSCs from ovine AT and optimize commitment
to osteogenic differentiation with OIM when compared to
standard growth medium after 14 days in vitro. Significant
differentiation was shown to occur by adding FGFb to the
OIM; however, this differentiation was not shown to be sig-
nificantly affected by BMP2, NELL1, and a combination of
BMP2 and NELL1. This supports our hypothesis that adding
some bioactive factors to normal growth medium may

significantly improve osteogenic differentiation and commit-
ment to osteogenic lineage which may lead to an improved
novo bone formation for later testing in vivo.

We aimed to harvest AT and isolate oADSCs from
ovine and verify according to the minimal criteria for
ASCs proposed by Bourin et al. [11]. Due to the low
amount of available anti-ovine antibodies, only 3 primary
anti-ovine were available. Anti-human CD29 (clone TS2/
16) was used based on results from a basic local alignment
search tool (BLAST) in the NCBI GenBank that showed
sequence identity to the ovine form of integrin beta and
had previously been used with success as antibody by
Sanjurjo-Rodríguez et al. [37]. Both in terms of CFU assay
and immunophenotypic characterization, this study suc-
ceeded in fulfilling the minimal criteria for ASCs isolated
from ovine AT and proposes a feasible method for isola-
tion of oADSCs from the lateral back of ovine.

A secondary aim of this study was to optimize the condi-
tions for osteogenic differentiation and thereby select a better
candidate for later examination in vivo. ARS and quantifica-
tion were used to evaluate optimization by OIM and growth
factors. We were able to show higher ARS and quantification
after 14 days of culture in 12 out of 17 groups containing
OIM (Figure 4) when compared to basic medium. The basic
medium group represents our control cells, and the oADSCs
in this group were treated as earlier cultures in vitro before
implantation in vivo as was done in our previous study
[13]. The OIM with FGFb 10ng/ml showed significantly
higher quantification than OIM alone. Both the results with
OIM alone and FGFb 10ng/ml suggested a stronger
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Figure 2: Immunophenotype of cells isolated from SVF conducted to be oADSCs. A gating of cells was based on FSC and SSC criteria, and the
cells were subgated to only include single cells and only live cells were measured by fixable viability dye eFluor 506 staining and used
subsequent analysis (data not shown). (a) CD45-negative cells were subgated to analyze the expression of (b) CD44 and CD29 and (c)
CD31 and CD29. All quadrants were placed based on the isotype controls.

Table 1: Immunophenotypic characterization.

Surface marker ASCs criteria Results from flow cytometry

CD29 Positive X> 80% 99.97% positive

CD44 Positive X> 80% 99.74% positive

CD45 Negative X< 2% 0.01% positive

CD31 Negative X< 2% 0.26% positive
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commitment to osteogenic cell lineage. To our knowledge,
this study is the first to test FGFb on oADSC for osteogenic
differentiation in vitro.

Cell sheet was formed in all groups that included OIM,
and cell sheet detachment from well bottom and folding in
orb formation was observed in 48 out of 51 wells. This

1 ng/ml

FGFb

BMP2

NELL1

BMP2 + 
NELL1

10 ng/ml 50 ng/ml 100 ng/ml

Basic medium

OIM

Figure 3: Alizarin red staining of oADSCs after a 14-day growth period in different growth mediums. Triplicates were made in all
groups, and the most representative well from each group was chosen for the figure. The 4× 4 square table is rhFGFb, rhBMP2,
rhNELL1, and rhBMP2 plus rhNELL1 in different dosages with osteogenic induction medium (OIM). On the right the two controls:
basic medium alone and OIM alone.
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Figure 4: Quantification of the Alizarin red staining was made by hexadecylpyridinium chloride monohydrate (CC) after visualization. All
wells were subtracted background from an average of 3 wells of 100 μl CC. Unpaired ANOVA was made on the mean values with SD of all
wells and compared with Basic M. (basic medium) and OIM alone byWelch t-test. ∗ indicates statistical significance (p < 0 05) between basic
medium and OIM group. ∗∗ indicates statistical significance (p < 0 05) to OIM in a nonpaired t-test between the two control groups.
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may have limited visualization and might have also limited
the quantification results due to poor cell growth the days
after folding and cell necrosis. As a result of this, the
precision regarding individual growth factors in different
concentrations may be compromised and may not be
included in the context of whether FGFb, BMP2, and
NELL1 will boost commitment to osteogenic differentia-
tion and thereby osteogenic lineage or not. Cell sheet
formation is a response to L-ascorbic acid which makes
cells deposit more collagen and thereby makes ECM
[38]. ECM is considered a great carrier for mesenchymal
stem cells [39] and causes problems when analysed by
ARS due to in-between binding strength of the oADSCs
compared to the plastic-adhered binding strength of the
cells to well bottom. Nutrient necrosis of OIM for
unknown reasons may also be a possibility for cell
detachment. A visualization of the cell sheet was added
as supplementary data, and a thick sheet with many cells
in several layers surrounded by ECM is illustrated in
Supplementary Figure 5. Recent steps toward optimizing
ADSC sheet in canine in vitro were done by Kim et al.
[40]. In a new study comparing ADMSC and ADMSC
sheets, both groups included scaffolds in critical size
defect dog model and showed significantly higher new
bone formation after 12 weeks in the ADMSC sheet
group [41]. The cell sheet folding may have limited the
analysis of potential osteogenic lineage inducers of
oADSCs, but it may propose a solution for controlling
cells in future tissue engineering at focal region when
implanted in critical size defects or in subcutaneous
ectopic mice models.

In terms of immunophenotypic characterization, a clear
limitation is the lack of more cross-reactive or primary anti-
bodies for ovine to verify cells as adipose-derived mesenchy-
mal stromal cells. This makes comparison between
individual studies more difficult which is a problem summa-
rized by Khan et al. [42].

A limitation to this study is the use of ARS as solo
evaluation. Alkaline phosphatase activity has been shown
to not express gen activity on ovine by Kalaszczynska
et al. [43]. Preosteogenic markers like RUNX2, osteocal-
cin, type I collagen, and bone sialoprotein may be other
options. Whether higher results at given time points yield
more novo bone formation in vivo is unknown as many
factors may influence the process from in vitro culture to
in vivo bone formation [44]. In vivo experiments on
small and large animal models must be done to show
significant optimization.

Future in vivo investigations using small and large ani-
mals may be based on the optimal outcome from the cur-
rent study and the cell sheet formation induced by OIM.
Cell sheet may propose a solution for cell control with
scaffold at focal region in animal models. The OIM may
also have committed the oADSCs to osteogenic lineage.
A hypothesis could be that changing from fetal bovine
(FBS) to ovine serum may further optimize osteogenic differ-
entiation of oADSCs.

We hypothesize that significantly more novo bone for-
mation may be seen in vivo. This may lead to a more

closely related human clinical relevance and can possibly
make ASCs useful for future tissue engineering in clinical
settings [45].

Whether results from in vitro can be translated into
in vivo models remains to be seen. Sample sizes and changes
to human samples along the way must be done to make these
results translatable into the human clinical setting. To our
knowledge, only limited research on osteogenic capacity
between human and ovine has been investigated and differ-
ences may be expected [43].

5. Conclusion

This study successfully harvested AT from ovine and was
verified for minimal criteria for ASCs which enables us to
suggest that this is a feasible method for isolation of oADSCs.
We were able to show significant effect of 10 ng/ml rhFGFb
and OIM alone compared to basic growth medium but were
not able to show dosage response with rhFGFb on osteogenic
differentiation and commitment to osteogenic lineage.
rhBMP2 and rhNELL1 added to OIM had no effect on oste-
ogenic differentiation and commitment to osteogenic lineage
based on ARS and quantification.
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Osteoarthritis is one of the most common chronic health problems in the world that causes disability and chronic pain with reduced
mobility and is a progressive degenerative disease in weight-bearing joints such as the knee. The pathology of the joint resulting
from OA includes loss of cartilage volume and cartilage lesions leading to inflammation of the articular joint structures; its
incidence and progression are associated with a variety of risk factors. Most of the current treatments focus on symptom
management such as physical and occupational therapies, pharmacological intervention for pain management, and surgical
intervention with limited success and do not address nor halt the progression of the disease. In this review, we will describe the
current treatment options for OA and the exciting new translational medical research currently underway utilising
mesenchymal stem cells for OA therapy.

1. Osteoarthritis

Osteoarthritis is the pathology of articular joints most com-
monly associated with defects in cartilage such as osteochon-
dral defects and is one of the most common chronic disabling
diseases affecting people worldwide. It can cause severe limi-
tation of daily activities that can seriously affect the quality of
life. Approximately, 9.6% of men and 18% of women who are
over 60 years old have symptomatic osteoarthritis worldwide
[1, 2]. The musculoskeletal condition is characterized by
degenerative articular cartilage that leads to thinning of
cartilage (Figure 1) resulting in bone contact, eventually
leading to symptoms of stiffness, pain, and limitation of
movement. The major risk factors for OA are older age,
obesity, previous injury, sports-related injury, occupational
overuse, and genetic background [3, 4]. As the elderly popu-
lation and obesity increase around the world, OA has become
more widely spread causing a substantial health and eco-
nomic burden globally [5]. It is estimated that associated
costs of OA have a socioeconomic burden between 1.0 and
2.5% of gross domestic product in developed countries [6].

OA is usually associatedwith synovial joints (diarthroses),
also known as the freely moveable joints [7]. The normal
synovial joint (Figure 1) is formed by two bones’ ends covered
with a thin layer of smooth, firm articular cartilage, a capsule
filled with the synovial fluid, ligaments, tendons, muscles,
blood vessels, and nerves [8]. Those structural components
form a functional unit with their mechanical interaction.
The changes in any component lead to the anabolic or cata-
bolic responses in other components [9]. The abnormality in
the synovial joint tissues such as articular cartilage, subchon-
dral bone, ligaments, menisci, synovium, peripheral nerves,
and muscles can cause stress in the joint and eventually result
in degeneration of articular cartilage resulting in OA [7, 10].

Articular cartilage is a special type of connective tissue
which is nonneural, nonlymphatic, nonvascular, and there-
fore restricted in self-repair. Articular cartilage is a metabol-
ically active tissue, and its architecture and biochemical
composition are regulated, developed, and repaired by chon-
drocytes. Chondrocytes are the only cell type in the articular
cartilage [9]. Nutrition is supported by the synovial fluid
and subchondral bone by diffusion through regular joint
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movement. The movement of the synovial joint forces the
synovial fluid in and out of the articular cartilage to deliver
nutrients and dispose of waste products for cartilage [11].
The proximal subchondral bone provides nutrients such as
glucose, oxygen, and water to cartilage by perfusion from
their dense vessels in the subchondral region [12]. Therefore,
cartilage, subchondral bone, and synovium interact with
each other and play key roles in pathogenesis of OA when
there are abnormal mechanics involving the entire articular
joint [13, 14].

OA is also associated with the physiological imbalance of
degradation and synthesis by chondrocytes resulting in alter-
ations in the composition of the cartilage matrix [15]. In the
early stages of OA, the quiescent chondrocytes become acti-
vated to remodel the contents of the cartilage matrix [16],
the water content increases, and loss of glycosaminoglycan
in the cartilage leads to the changes in cartilage mechanical
properties at this hypertrophic anabolic phase [17, 18]. After
failure of these early compensating attempts, chondrocytes
become catabolic and undergo senescence and apoptosis
and ultimately result in the progressive degeneration of
articular cartilage [19] which is considered as an irreversible
state of OA [18, 20]. Furthermore, fibrillations (microscopic

cracks) in the superficial zone are formed, as well as deep fis-
sures, bone marrow lesions, and delamination in the cartilage
[21]. In addition to the progressive degraded articular
cartilage, subchondral bone interacts with cartilage through
various signaling mechanisms that are presented and associ-
ated with the increased pain and dysfunction [18], due to
peripheral and central pain sensitization [16].

2. Current Pharmacological Treatment of
Osteoarthritis and Its Limitations

As mentioned above, the degeneration of the articular carti-
lage remains the most significant structural change seen in
OA, resulting in severe pain and reduced mobility [16, 22].
The innate ability to heal the degenerated cartilage is limited
by the avascular nature of cartilage, posing a significant
challenge in the treatment of OA. Currently, there is no
cure for this debilitating condition and most of the treat-
ments focus on the symptom management including 3
main modalities as outlined in Figure 2 [23]. These are,
firstly, physical and occupational therapies such as weight
loss or assistive devices for load-bearing joints; secondly,
pharmacological intervention for pain management by
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Joint space narrowing
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Figure 1: Diagram of the synovial knee joint in (a) a healthy individual and (b) an individual with mild osteoarthritis.
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Figure 2: Current recommended treatment modalities for osteoarthritis (source: Arden et al. 2014).
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nonsteroidal anti-inflammatory drugs (NSAIDs), opioids,
viscosupplements, or corticosteroid injection; and thirdly,
surgical intervention such as arthroscopy, microfracture, or
total joint replacement.

The Arthritis Foundation (www.arthitis.org) recom-
mends that OA patients undertake self-education in man-
aging the condition and encourages losing weight for
overweight and obese patients. This entails diet and exer-
cise to reduce and manage healthy weight; however, due
to pain and physical limitation resulting from OA, exercise
is hard to implement and sustain. Joint targeted physical
therapy has shown to improve the pain and function;
however, there is no long-term improvement. An assistive
device is designed to provide mechanical support to the
joint structure in the patients with OA causing instabilities
in the joint and also to distribute the load bearing for
relief in pain and improve function, but these only have
limited success.

Currently, the primary strategy of OA pharmacological
management is mainly to relieve pain, improve function,
and manage the OA process [22, 23]. Pharmacological treat-
ment is used for patients with mild to moderate pain, and
medications such as NSAID, opioids, and corticosteroid are
used routinely to alleviate the pain; however, there is no
long-term relief and these pharmacological agents have
unwanted side effects [24].

Acetaminophen (paracetamol) used to be the first-line
pharmacologic management to treat mild to moderate OA
pain. However, it became an inconclusive recommendation
due to lack of compelling evidence [15]. Furthermore, using
acetaminophen was associated with risks such as gastroin-
testinal (GI) adverse events and multiorgan failure [17] with
minimal short-term benefit [21]. Despite it being less effec-
tive than NSAIDs and since some patients have adverse
effects with NSAIDs, it is still used by some patients but
is recommended with conservative doses and treatment
duration [15].

Nonsteroidal anti-inflammatory drugs (NSAIDs) are a
big family of drugs including oral NSAIDs such as ibuprofen,
aspirin, naproxen, COX-2 inhibitors, and topical NSAIDs
such as diclofenac formed as cream, patches, gels, or solution.
Issues with oral NSAIDs include adverse gastrointestinal
(GI) effects and need to be taken in conjunction with the
GI protectant [25]. Furthermore, they are associated with
potential toxicity especially in elderly patients [22]. The oral
COX-2 inhibitors can reduce GI side effects but can cause
other adverse effects such as the risk of cardiovascular events.
The use of topical NSAIDs eliminates the GI side effects of
the oral NSAIDs but can be less effective [26] and has been
associated with dermatological adverse events [27].

Opioids can be used for pain relief when patients cannot
use NSAIDs and acetaminophen due to their associated side
effects. However, they have limited long-term efficacy [27]
and are associated with adverse effects such as respiratory
depression, opioid use disorder, and overdose [28]. In
meta-analysis of trials, patients who received opioid therapy
were four times more likely to drop out due to adverse effects
as compared to patients receiving placebo, and their long-
term use is not recommended [27]. There is a wide range of

medicines aimed at pain relief and improvement of quality
of life for patients with OA. However, currently there are
no pharmacological agents that can prevent, halt, or reverse
the onset of OA. These studies highlight lack of effective
pharmacological solutions for OA sufferers.

3. Surgical Intervention to Treat OA

Surgical interventions are recommended when the progres-
sion of OA has resulted in severe damage to the joint, severity
in pain, and function deterioration that cannot be managed
with any other options. The initial surgical option to restore
the structural stability such as joint debridement by arthrot-
omy or arthroscopy to remove loose cartilage, fragments of
meniscus, shaving of the cartilage, and removing osteophytes
has shown to result in limited pain and function relief [29].
Arthroscopy remains the most performed surgery in the
developed world by orthopedic surgeons to help with the
mechanical movement of the affected stiff knee. A blinded
controlled clinical trial on the arthroscopy for the debride-
ment and lavage with a placebo showed that there is no pain
relief achieved after the surgery when compared with the
placebo [30].

Joint replacement is considered the final option provided
to OA patients when the condition progresses to the most
severe. Surgical procedures for the replacement of the hip
and the knees are extremely painful and require a long
period of time for rehabilitation. Furthermore, total knee
replacement has shown adverse outcomes such as pulmonary
embolism, infections, and surgery-related deaths in some
cases [31].

4. Cellular Therapy and Regenerative
Medicine for OA

In more recent times, many regenerative techniques have
been used such as autologous chondrocyte transplantation
(ACT) for focal damage of cartilage, microfracture, and
mosaicplasty. The ACT technique in addressing confined
cartilage damage involves the transplantation of chondro-
cytes that are harvested from non-weight-bearing cartilage
from the patient [32] but does not address generalized OA.
This method has some concerns since it causes not only
donor site morbidity but also chondrocyte dedifferentiation
in the transplanted site leading to the expression of type I
collagen rather than type II collagen that may result in fibro-
cartilage rather than the desired hyaline-like cartilage [33].
Another common surgical technique is the microfracture,
which triggers the migration of bone marrow cells to
the articular surface through stimulation of inflammatory
response by drilling holes in the subchondral plate at the
chondral defect site. The purpose of this technique is to pro-
vide an enriched environment for tissue regeneration [34].
However, the resultant tissue is again fibrocartilage contain-
ing type I collagen or hybrid repair cartilage tissue, not the
normal hyaline cartilage (type II collagen). Furthermore,
the observed subchondral bone overgrowth (25%–49%)
might limit durability and the long-term outcome of the
microfracture [35]. Finally, the mosaicplasty procedure is
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similar to the ACT technique and involves the use of autolo-
gous osteochondral grafts; however, the results are disap-
pointingly minimal and only offer short-term benefits [19].

The above demonstrates that the current treatment for
OA is only focused on symptom management and none of
these options addresses or halts the progression of the disease
or offers long-term benefits. Hence, there is an unmet medi-
cal demand for the treatment for OA suffers that can halt the
progression of the disease and to provide long-term relief
from the symptoms of OA. Cellular therapy has provided a
real promise to combat this debilitating degenerative condi-
tion and can provide disease-modifying long-term benefit.
Tremendous efforts have been made in the preclinical studies
and now in the clinical trials evaluating the regenerative
potential of the adult stem cells, especially mesenchymal
stem cells (MSCs), to repair the structural damages of the
joint space, cartilage degeneration, and inflammation.

5. Mesenchymal Stem Cell Therapy for OA: A
New Therapeutic Paradigm for OA

Modern medicine is exploring the regenerative potential of
cellular therapy to address the currently unmet medical
needs of various degenerative conditions such as OA. Cellu-
lar therapy has been extensively invested in exploring a new
paradigm for the treatment of many degenerative conditions
including degenerative disc disease (DDD) and osteoarthritis
of the joints, among many other conditions. For this reason,
this review will focus on the therapeutic properties of MSCs
to treat OA. The disease-modifying potential of cellular ther-
apy such as the use of adult stem cells for regeneration of the
damaged tissues has been hailed as a breakthrough in the 21st

century and provides an exciting promise to chronic degen-
erative conditions. Currently, there are over 500 clinical trials
registered on ClinicalTrials.gov, exploring the safety and effi-
cacy of adult stem cells, e.g., pluripotent stem cells, umbilical
cord-derived stem cells, placental stem cells, and mesenchy-
mal stem cells, to treat OA. Of these, mesenchymal stem cells
have been a leading choice for many medical researchers
around the world with over 352 registered clinical trials
[36]. In the clinical studies, MSCs are isolated from the
patient either from the bone marrow or from adipose tissues,

purified, and administered as intra-articular injection in the
affected joint under ultrasound guidance (Figure 3). MSCs
are described to exert their therapeutic effects by homing to
the injured site when injected locally to the joint for a short
period of time and then disappearing and are believed to be
secreting a myriad of growth factors and cytokines to initiate
the repair process, as discussed below.

In 1974, Friedenstein and colleagues first described stro-
mal precursors derived from the bone marrow that were able
to form plastic-adherent fibroblast colonies in the monolayer
culture and their differentiation characteristics [37]. The
term mesenchymal stem cell has been in use since it was
firstly coined by Caplan in 1991 [38]. MSCs are ubiquitous
throughout the musculoskeletal system in the human body
and are classified as self-renewing, postnatal, multipotent
stem cells that can be differentiated into all tissue types of
skeletal system and connective tissues such as bone, fat,
cartilage, and muscle [39]. MSCs produce a vast array of
cytokines, growth factors, and anti-inflammatory bioactive
molecules [40]. MSCs are heterogeneous, clonogenic, and
relatively easily isolated from various tissues and can be
cultured expended in vitro due to their plastic adherence
property and have a fibroblast-like morphology under the
microscope [41]. Multipotent MSCs are originally derived
from the embryonic tissue-mesenchyme which is developed
from the mesoderm and can be isolated from various
sources including bone marrow, periosteum, trabecular
bone, adipose tissue, synovium, skeletal tissues, and decidu-
ous teeth [39]. In vivo, the main role of MSCs is believed to
be for self-repair and for maintaining tissue homeostasis
[42]. The resident MSCs are distributed into the tissues at
various stages of maturation and are involved in tissue
regeneration [43].

Originally, MSCs were isolated from bone marrow, but
more recently they have been successfully isolated from var-
ious other tissues such as adipose tissue [44], brain, muscle
tissue [45], skin [46], and teeth [47]. Moreover, MSCs can
also be derived from different organs and tissues including
the spleen, liver, kidney, lung, thymus, pancreas, and blood
vessels and could readily be proliferated in vitro [48].

Since human MSCs are heterogeneous and can be
obtained from many sources, different methods of isolation

Cartilage
repair

Reduced
inflammation

Multipotent MSCs producing
cytokines , growth factors, and anti-
inflammatory, and immunomodulatory
bioactive molecules.

Figure 3: Model of regeneration of a knee joint before and after treatment with MSCs.
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and expansion, and different approaches to characterize the
cells have been described in the literature, this has caused
the difficulty of comparing study outcomes. The Mesenchy-
mal Stem Cell Committee of the International Society for
Cellular Therapy (ISCT) has provided three minimal criteria
to define MSCs for laboratory-based investigation and pre-
clinical studies in 2006. First, MSCs must be plastic-
adherent in the tissue culture flasks. Second, more than
95% of the MSC population must express CD105, CD73,
and CD90 and lack expression (less than 2% population) of
CD45, CD34, CD14 or CD11b, CD79a or CD19, and HLA
class II. Third, MSCs must be able to differentiate into osteo-
blasts, adipocytes, and chondroblasts in vitro with standard
differentiation conditions [49].

The “stemness” of MSCs is maintained by the leukemia
inhibitory factor (LIF), fibroblast growth factors (FGFs),
and mammalian homologues of Drosophila wingless (Wnts),
among other growth factors and cytokines [50]. The intra-
populations of MSCs are functionally heterogeneous regard-
ing their multilineage differentiation potentials. The tripotent
clones of MSCs (able to be differentiated into three cell types,
e.g., osteoblasts, adipocytes, and chondroblasts) display the
highest rate of proliferation and a lower rate of apoptosis
compared with the bipotent (only two cell types) and unipo-
tent (only one cell type) clones [51, 52]. The proliferation
capacity of MSCs is both affected by the cell seeding density
[53] and decreases as cells progress toward terminal differen-
tiations [54]. The long-term expansion of MSCs might
impact the composition, function, and therapeutic potency
of MSC populations [55]. Furthermore, culture conditions
such as culture media and oxygen tension have a major
impact on gene expression and proteome and cellular
organization [56, 57].

The differentiation process of MSCs is tightly controlled
and involves the activities of various transcription factors,
cytokines, growth factors, and extracellular matrix molecules
[54]. The differentiation efficiency is also correlated with
patients’ age, whereby isolated cells from younger patients
showed higher differentiation capacity in culture [58]. A num-
ber of biomarkers are used to determine differentiation
towards adipogenic, chondrogenic, and osteogenic lineages.
The biomarkers for adipogenic differentiation are adiponectin,
C/EBPα, FABP4, leptin, and peroxisome proliferate receptor
gamma (PPARγ); the biomarkers for chondrogenic differenti-
ation are aggrecan collagen type II and Sox9; and alkaline
phosphatase, bone sialoprotein, osteocalcin, osterix, and runx2
are biomarkers for osteogenic differentiation [59–62].

MSCs have shown disease-modifying effects in bone and
cartilage defects, as discussed previously. Because of the
multipotent properties of MSCs, they have also generated
significant clinical interest in cardiovascular, neural, and
orthopedic therapeutic applications. Moreover, the anti-
inflammatory and antifibrotic properties of MSCs make
them the ideal candidate for regenerative medicine. These
cells are able to suppress the growth of activated T-cells and
help regulate the production of regulatory T-cells (Treg)
[36, 63]. The investigation of the anti-inflammatory proper-
ties of MSCs is well advanced, and there are a number of
advanced-phase clinical trials for the treatment of graft

versus host diseases (GVHD) and Crohn’s disease [36]. Fur-
thermore, the therapeutic effects of MSCs have been studied
extensively focusing on the immunomodulatory properties
and the paracrine activity by secreting a wide variety of cyto-
kines and growth factors that are attributed to the angiogenic
and regenerative potential in the damaged tissues [36]. More
recently, studies have shown that MSC paracrine effects are
mediated by secretion of extracellular vesicles such as exo-
somes [64, 65]. The use of MSC exosomes might serve as
an alternative therapy over MSC transplantation for tissue
regeneration [66]. A recent study reported the efficacy of
MSC exosomes secreted from the synovial membrane and
induced pluripotent stem cell-derived MSCs to treat mouse
osteoarthritis whereby both source exosomes demonstrated
exosome-attenuated OA [67].

MSC-based treatment of OA has a lower risk to the
patient and a variety of sources such as adipose tissue, bone
marrow, and synovium [68]. These autologous cells can be
harvested from patients by either liposuction or aspirated
from bone marrow. The adipose-derived MSCs are preferred
by patients as compared to MSCs aspirated from the bone
marrow because comparatively MSCs are more abundant in
adipose tissues than in the bone marrow aspirate. However,
bone marrow-derived MSCs may have higher chondrogenic
potential than adipose-derived MSCs [69]. Furthermore,
synovial tissues obtained from the surgical removal of subsy-
novial tissue, a noncartilaginous area of the medial condyle of
the femur, have also become an attractive source of MSCs in
treatment of OA [9, 68].

6. Current Clinical Trials and Case Series
Investigating MSCs to Treat OA

A proof-of-concept clinical trial conducted in Korea showed
promising safety and efficacy results of adipose-derived
MSCs to treat OA. Patients showed reduced pain, improved
function of the joint and in the high-dose patient cohort,
and regeneration of hyaline-like cartilage suggesting the
disease-modifying effects of MSCs when injected into the
affected joint [70]. Another pilot study by Orozco et al. dem-
onstrated significant improvement in the pain and functional
improvement of up to 65% to 78% in chronic OA patients
when treated with bone marrow-derived MSCs, as compared
with the conventional treatment methods [71]. Cartilage
mapping by T2 MRI showed evidence of improvement in
the good cartilage quality, i.e., hyaline-like cartilage, and
significant decrease in the poor cartilage quality, i.e., fibrocar-
tilage. The same group conducted a pilot clinical trial exam-
ining the safety and efficacy of MSC as a novel treatment of
intervertebral disc disorder [72]. After a 1-year follow-up,
the primary end point of pain and functional improvement
was met in approximately 85% of the cases and no adverse
event was observed; the water content was significantly
improved in the treated disc and patient-reported significant
improvement in the quality of life index [72]. Furthermore,
the phase I dose-escalation trial to treat severe OA of the knee
by using adipose-derived MSCs to treat patients with symp-
tomatic and severe OA of the knee with single-articular
injection of autologous adipose-derived MSCs also showed
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significant improvement in patients after six months of
follow-up [73]. These results showed that the treatment was
safe and well tolerated by all patients.

Adipose-derived MSCs to treat patients with joint disease
also act as a precursor to treat degenerative OA. Osteochon-
dritis dissecans is a joint disorder pertaining to articular carti-
lage and chondral defects resulting in damage to the articular
cartilage and underlying bone. Adipose-derived MSCs have
been reported to have disease-modifying effects in a clinical
case series published recently [74]. This study showed
regeneration of the lost cartilage and significant reduction
of pain and improvement in mobility (Figure 4) [74].

These evidence-based clinical outcomes strengthen the
model for treatment of OA with MSCs (Figures 4 and 5).
The results of these trials provide an exciting and promising
long-term relief for OA patients and herald a new paradigm
for the treatment of chronic and debilitating OA and
other degenerative conditions. Intriguingly, several hundred

clinical trials globally have been registered in the past 10
years, but only a handful of results from these trials are pub-
lished. Therefore, there is a need for more clinical trial data to
be released from the completed trials to further support and
develop this novel model of treatment.

7. Autologous versus Allogeneic
MSCs for Therapy

The choice between autologous and allogeneic MSC treat-
ment is another aspect that will need further supportive data.
Due to the immune-privileged aspect of MSCs [63], alloge-
neic stem cell treatment shows more promise and is likely
to attract more attention as an “off the shelf” product. How-
ever, long-term safety and efficacy data are warranted. The
mechanism involved in modulating the host immune system
is believed to be facilitated by the ability of MSCs to influence
immune cells’ cytokine secretion. MSCs influence mature

(a) (b)

Figure 4: (a) Pretreatment proton density- (PD-) weighted coronal and sagittal MRI images of the knee showing the isolated chondral defect
involving the central weight-bearing area of the medial femoral condyle. (b) Posttreatment PD-weighted coronal and sagittal MRI imaging at
18 months indicating articular cartilage regeneration at the site of the osteochondral defect [74].

(a) (b)

Figure 5: (a) Pretreatment proton density fat-suppressed axial MRI of the knee showing the isolated chondral defect involving the medial
facet of the patella. (b) Posttreatment proton density axial MRI indicating articular cartilage regeneration at the site of the chondral defect
with smooth integration with the surrounding joint surface [75].
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dendritic type 1 cells to decrease secretion of tissue necrosis
factor-alpha (TNF-α) and instruct mature type 2 dendritic
cells to increase the anti-inflammatory cytokine IL-10. MSCs
can direct T helper cells to decrease secretion of interferon
gamma (IFN-γ), and T helper cell 2 to increase IL-4 produc-
tion and help reduce production of IFN-γ from natural killer
(NK) cells [76–78]. When cocultured with immune cells,
MSCs also enhanced the production of prostaglandin E2
(PGE2); therefore, MSCs are able to modulate the immune
system by alteration of cytokine production in the host
[76–78]. In a comparative study with autologous and alloge-
neic MSCs, in which 5 patients each received MSCs, the
results revealed a similar level of favourable benefits to the
quality-of-life improvement in patients with ischemic cardio-
myopathy and no immune rejection in the allogeneic group
[79]. In a canine study, when autologous and allogeneic
MSC transplants were compared in spinal cord injury, both
types of cells exhibited therapeutic benefits and transplanted
cells were observed in the injured tissue for up to 4 weeks and
no immune reactions or adverse effects were reported [80].
Given the safety reports of allogeneic MSC therapy and the
surgery-related complications involved in autologous treat-
ment, MSCs derived from a donor for allogeneic therapy
provide a better and more affordable treatment option.

8. Future Direction

With the approval of Prochymal, an adult stem cell therapy
to treat graft versus host disease (GVHD) in children, in
Canada and New Zealand, it heralds a new era for cellular
therapy to address the unmet medical conditions of previ-
ously untreatable diseases. The translational medical research
currently underway targeting MSCs for OA therapy in the
clinical trial database is promising; however, they need care-
ful evaluation of the outcome data. The results require focus
primarily on the safety and then on the efficacy. Furthermore,
the various stages of clinical trials currently registered need
their outcome data published for the wider scientific commu-
nity to consider and to evaluate the robustness of the therapy.
The large number of MSCs trials indicates the promise of
these cells; however, there is considerable paucity of the
published clinical trial data and therefore it is early to envis-
age the extent of their therapeutic application.
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Preservation of adipose tissue before the isolation of cells is one of themost important steps inmaintaining the cell viability of adipose
tissue-derived mesenchymal stem cells (ADSCs) for clinical use. Hank’s balanced salt solution (HBSS) is one of the main ADSC
preservation solutions used clinically. However, this step is known to lead to decreased cell viability. The University of Wisconsin
(UW) solution is recognized by transplant physicians as an excellent organ preservation solution. We aimed to investigate the
effectiveness of UW solution in preservation of the viability of ADSCs. We collected adipose tissue from the inguinal fat pad of
mice and compared preservation in UW solution and HBSS overnight by measuring cell viability after isolation. We found
that the number of viable cells harvested per gram of adipose tissue mass was higher in UW solution- than HBSS-preserved tissue.

1. Introduction

Mesenchymal stem cells (MSCs) [1] are a source of cell
therapy in regenerative medicine. MSCs have the ability to
undergo self-renewal and to form differentiated cells, includ-
ing adipocytes, chondrocytes, neuronal cells, and osteocytes
[2]. MSCs also regulate biological functions such as growth
factor release [3] and have immunosuppressive effects.
Among several sources of MSCs, adipose tissue-derived mes-
enchymal stem cells (ADSCs) [4, 5] have become a renowned
therapeutic tool in clinical use [6–8].

Most clinical researchers using ADSCs follow their
own particular protocol for isolating ADSCs, and there is
no optimal storage medium for preserving adipose tissue
after collection. There are several reasons why facilities that
perform cell therapy with ADSCs use a preserving solution.
First, it can take from several hours to as long as a day to
transport the tissue from the operating room to the cell pro-
cessing center. Second, some clinical researchers believe that
overnight preservation using a mixture of storage medium
and penicillin/streptomycin is necessary to prevent bacterial
infection. The selection of a storage solution is therefore
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critically important formaintaining the function ofADSCs for
clinical use. Nevertheless, cell survival rates decrease when
ADSCs are stored inpreservation solution for 12–24hours [9].

Hank’s balanced salt solution (HBSS) [10, 11] and
phosphate-buffered saline (PBS) solution are the most com-
mon solutions used for preserving certain types of cells.
The essential function of HBSS is to maintain the pH and
osmotic balance as well as provide the cells with water and
inorganic ions. HBSS also contains glucose, which provides
the cells with energy. Meanwhile, some studies have reported
that the University of Wisconsin (UW) solution [12–14] has
a better tissue preservation ability than other types of preser-
vation solutions for certain types of cells [15].

Here, we compared the cell viability of ADSCs preserved
in UW solution and HBSS.

2. Materials and Methods

2.1. Reagents. UW solution (Viaspan) was obtained from
Astellas Pharma Inc. (Tokyo, Japan). HBSS and collagenase
type IV solution were obtained from Thermo Fisher Scientific
(Tokyo, Japan). All other materials used were of the highest
commercial grade.

2.2. Animal Care. All experimental protocols were in accor-
dance with the guidelines for the care and use of laboratory
animals set by the Research Laboratory Center, Faculty of
Medicine, and the Institute for Animal Experiments, Faculty
of Medicine, University of the Ryukyus (Okinawa, Japan).
The experimental protocol was approved by the Committee
on Animal Experiments of the University of the Ryukyus
(permit number: A2017101).

C57BL/6 male mice (8 weeks old; Japan SLC, Shizuoka,
Japan) were maintained under controlled temperature
(23± 2°C) and light conditions (lights on from 08:30–20:30).
Animals were fed standard rodent chow pellets and had
ad libitum access to water. All efforts were made to minimize
the suffering of the animals.

2.3. Isolation of ADSCs from Adipose Tissue. Adipose tissue
was extracted from the inguinal fat pad of 8-week-old mice
(male, n = 3). The tissues were divided into three groups:
nonpreserved control, HBSS-preserved, and UW solution-
preserved groups. In the control group, ADSCs were isolated
without preserving adipose tissue overnight. In the preserva-
tion groups, adipose tissue was submerged in HBSS or UW
solution at 4°C for 16 h until the isolation procedure. Isola-
tion of ADSCs from adipose tissue was conducted as previ-
ously described [16]. Briefly, the adipose tissue was stored
in HBSS at 4°C temperature and washed vigorously three
times using HBSS before tissue digestion. The adipose tissue
was cut into small fragments using a scalpel and digested
enzymatically (2mg collagenase type IV/ml; HBSS) in 50ml
tubes with shaking (rotation speed 20 speeds/min at 37°C
for 120min; BioShaker BR-42FM, TAITEC, Saitama, Japan).
The tubes were subsequently centrifuged (800× g) for 5
minutes. The cell pellet containing ADSCs was collected
and washed with fresh Dulbecco’s Modified Eagle Medium
(DMEM) containing 10% fetal bovine serum (FBS; Gibco-

Invitrogen, Carlsbad, CA, USA) to remove residual enzyme
after the digestion, and the digested cells were incubated in a
T25 flask (illustration of the procedure is shown in Figure 1).
All mouse studies were approved by the Institutional Animal
Care and Use Committee of University of the Ryukyus.

2.4. Assessment of the Cellular Viability. The viability of
ADSCs after isolation was assessed using 0.4% w/v Trypan
blue solution (Wako Pure Chemical Corporation, Osaka,
Japan) and C-Chip™ hemocytometers (NanoEnTek Inc.,
MA, USA).

2.5. Flow Cytometry. Cell flow cytometry was performed
using a NovoCyte® Flow Cytometer (ACEA Biosciences
Inc., San Diego, CA, USA) according to the manufacturer’s
instructions. Briefly, ADSCs (1× 105 cells) were mixed into
0.5ml of Perfusion Solution (CORNING, Manassas, VA,
USA). Each antibody (1/100 of the volume) was added to
the cell mixture and incubated on ice for 30 minutes. After
washing the cells with Brilliant Stain Buffer (BD Biosciences,
Franklin Lakes, NJ, USA), fluorescence-activated cell sorting
(FACS) measurements were conducted. The following pri-
mary antibodies were used: Brilliant Violet 421™ Rat Anti-
Mouse CD44 (BD Biosciences), Fluorescein Isothiocyanate
(FITC) Rat Anti-Mouse CD90.2 (BD Biosciences), PerCP/
Cy5.5 Anti-Mouse CD34 (BioLegend, San Diego, CA,
USA), and PE/Cy7 Rat Anti-Mouse CD45 (BD Biosciences).
Isotype-identical antibodies were used as controls.

2.6. Real-Time PCR and RT-PCR. RNA was prepared for a
qPCR using a RNeasy® Mini kit and QuantiTect® Reverse
Transcription kit according to the manufacturer’s instruc-
tions (Qiagen, Hilden, Germany). AmpliTaq Gold® 360
Master mix was used according to the manufacturer’s
instructions (Thermo Fisher Scientific, Tokyo, Japan).
Real-time PCR analyses were performed using a LightCycler
96 Real-Time PCR system (Roche, Basel, Switzerland). The
Taqman® Universal Master Mix II, no UNG (Applied Bio-
systems, USA) was used according to the manufacturer’s
instructions. An RT-PCR was performed using a GeneAtlas
482 thermal cycler (Astec Co. Ltd., Fukuoka, Japan). Images
were recorded using an Aplegen® Omega Lum C (Gel Com-
pany, San Francisco, CA, USA).

The primers used for the RT-PCR included the following:

(i) Mouse HGF forward, ACTCTTACCAAGGAAG
ACCCATTAC

(ii) Mouse HGF reverse, ATACCAGTAGCATCGT
TTTCTTGAC

(iii) Mouse EGF forward, TATCCATCGGTAATAA
GGGTGAAC

(iv) Mouse EGF reverse, CCAGCACACACTCATC
TATATCAGA

(v) Mouse VEGF forward, TGTCTTCACTGGATAT
GTTTGACTG

(vi) Mouse VEGF reverse, TTCTCTGTCATCATCT
GTCTCTCTG
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(vii) Mouse SCAI forward, GGTTGTTTTCAGTACC
TCTTTCCTG

(viii) Mouse SCAI reverse, CATGCTCATTACTAGA
AAAGCCAGG

(ix) Mouse GAPDH forward, AACTCACTCAAGAT
TGTCAGCAATG

(x) Mouse GAPDH reverse, GCTGTAGCCGTATT
CATTGTCATAC

2.7. Cell Proliferation. The cells were seeded onto 24-well
plates at a density of 1.0× 104 cells/well. The slides were
photographed with a microscope (×40) and the number of
cells in the image was counted. The relative cell proliferation
rate was calculated by converting the number of cells on the
day of cell seeding to 100%.

2.8. Cell Differentiation. Adipogenic differentiation was
examined using OriCell™ Mesenchymal Stem Cell Adipo-
genic Differentiation Medium (GUXMX-90031, Cyagen
Biosciences) and the Lipid Assay Kit (AK09F, Cosmo Bio
Co. Ltd, Tokyo, Japan) according to the manufacturer’s

instructions. Osteogenic differentiation was examined
using OriCell™Mesenchymal Stem Cell Osteogenic Differen-
tiation Medium (GUXMX-90021, Cyagen Biosciences) and
the Calcified Nodule Staining Kit (AK21, Cosmo Bio Co. Ltd,
Tokyo, Japan) according to the manufacturer’s instructions.

2.9. Statistical Analyses. The data are presented as the
mean± standard error (SE). The differences among three
groups were analyzed using two-way ANOVA. P values
of <0.05 were considered statistically significant.

3. Results and Discussion

3.1. Characteristics of ADSCs Isolated without Preservation.
ADSCs isolated without preservation served as the control
group. They were cultured to 80% confluence in DMEM con-
taining 10% FBS. Microscopy was performed to confirm the
absence of abnormalities with regard to cell size and shape
and culture state (Figure 2(a)). Flow cytometry was per-
formed using markers of mouse MSCs (CD44 and CD90.2),
hematopoietic stem cells (CD34), and leukocytes (CD45).
We observed the expression of CD44 and CD90.2 but not
CD34 and CD45 (Figure 2(a)), confirming that the isolated
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Figure 1: Illustration of the collection and preservation of adipose tissue-derived mesenchymal stem cells (ADSCs). ADSCs were isolated
after storage of adipose tissue overnight in preservation solution (HBSS or UW solution). In the control group, ADSCs were isolated
without preserving adipose tissue overnight.
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cells were MSCs. We induced differentiation of the ADSCs
into adipocytes (Figure 2(b)) and osteoblasts (Figure 2(b)).
Mature adipocytes were stained with Oil Red O, and mature
osteoblasts were stained with Alizarin Red S.

3.2. Cell Viability of ADSCs after Preservation in HBSS or UW
Solution. To assess the cell viability in each group, we
measured the total cell number/tissue weight (mg) and live
cell number/tissue weight (mg). There were no significant
differences in the total cell number between the control
group (1.37± 0.43× 107/g) and two preservation groups
(HBSS group, 1.43± 0.16× 107/g; UW solution group,
1.52± 0.33× 107/g) (n = 3) (Figure 3(a)). These data sug-
gest that the isolation of ADSCs in the control and two
preservation groups were of similar processing efficiency.
We also calculated the live cell number/total cell number

ratio. There was a significant difference in cell viability
between the control and HBSS-preserved group but not
the UW-preserved group (control group: 0.83± 0.03, HBSS
group: 0.74± 0.03, UW solution group: 0.82± 0.01) (n = 3)
(Figure 3(b)). These data suggest that the cell viability of
ADSCs after preservation in HBSS was significantly
decreased compared to both the control and UW solution-
preserved groups. ADSCs in each group were seeded at a
concentration of 1× 104 cells/24 well and the number of cells
on days 3 and 5 was then counted (Figure 3(c)). The cell
proliferation rate on days 3 and 5 of the UW group was
equivalent to that of the control group. However, the cell pro-
liferation rate on days 3 and 5 of the HBSS group was signif-
icantly lower than that of the control group. ADSC preserved
in UW solution maintained a cell proliferation ability equiv-
alent to that of the control group.
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Figure 2: Phenotype and differentiation potential of ADSCs isolated without preservation, which served as control group. Morphological
appearance of ADSCs (passage 2) (a, left panel) and cell surface markers of ADSCs by flow cytometry (passage 2) (a, right panel).
Representative images of adipocyte (b, left panel) and osteocyte differentiation (b, right panel) from mouse ADSCs (passage 2) cultured in
differentiation medium.
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3.3. Characteristics of the Isolated ADSCs after Preservation
Using HBSS or UW Solution. The characteristics of mouse
ADSCs after preservation are shown in Figure 4. ADSCs were
cultured to 80% confluence in DMEM medium containing
10% FBS. Microscopy was performed to confirm the absence
of abnormalities with regard to cell size and shape and the
culture state in the HBSS- (Figure 4(a)) and UW solution-
preserved groups (Figure 4(c)). Flow cytometry was per-
formed using markers of mouse MSCs (CD44, CD90.2),
hematopoietic stem cells (CD34), and leukocytes (CD45).
We observed the expression of CD44 and CD90.2 but not

CD34 or CD45 in cells that were preserved in HBSS
(Figure 4(a)) and UW solution (Figure 4(c)), indicating the
presence of MSCs. We confirmed the expression level of
ADSC surface markers (CD34, CD44, and CD45) of the con-
trol, HBSS and UW groups using the PCR measurement
method. Results were similar to those of flow cytometer
analysis (data not shown). PCR was used to examine the
mRNA expression levels of hepatocyte growth factor (HGF),
epidermal growth factor (EGF), vascular endothelial growth
factor (VEGFA), and a suppressor of cancer cell invasion
(SCAI) expressed in ADSC. As a result, cell functions of the
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Figure 3: Total cell number and cell viability of ADSCs after preservation for 16 h in Hank’s balanced salt solution (HBSS) or University of
Wisconsin (UW) solution. Graphical representation of the total number of cells yielded from 1 gram of mouse adipose tissue after overnight
preservation in UW and HBSS. ADSCs isolated without preservation served as control group (a). Cellular viability was determined by
counting the number of live cells (not stained with 0.4% w/v Trypan blue solution) under a microscope. The decrease in cell viability of
the HBSS group compared with both the control and UW groups was significant. Data are expressed as the mean± SE (control group:
0.83± 0.03, HBSS group: 0.74± 0.03; ∗P < 0 05. UW solution group: 0.82± 0.01; ∗P < 0 05, n = 3) (b). Cell proliferation rate in the HBSS
group on days 3 and 5 was significantly lower than that of the control group. Data are mean± SE. The relative value is shown with the
number of cells on day 0 as 100%. Day 0 (control group: 100.0± 0.0, UW group: 100.0± 0.0, HBSS group: 100.0± 0.0, n = 5). Day 3
(control group: 208.5± 18.9, UW group: 162.5± 21.2, HBSS group: 137.5± 7.1; ∗∗P < 0 01, n = 5). Day 5 (control group: 358.0± 13.7, UW
group: 287.0± 45.4, HBSS group: 242.3± 12.9; ∗∗P < 0 01, n = 5) (c).
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Figure 4: Continued.
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control, HBSS and UW groups were evaluated as equiva-
lent (Supplemental Figure 1A). We induced differentiation
of ADSCs in the HBSS (Figure 4(b)) and UW solution-
preserved groups (Figure 4(d)) into adipocytes.We also induced
differentiation of the ADSCs in the HBSS (Figure 4(b))
and UW solution-preserved groups (Figure 4(d)) into
osteoblasts. The presence ofmature adipocytes and osteoblasts
was confirmed by staining with Oil Red O and Alizarin Red S,
respectively. Maintenance of differentiation potential was
demonstrated as osteogenic and adipogenic differentiation.

Adipose tissue is considered a reliable and abundant
source of adult stem cells for regenerative therapy. To yield
good quality ADSCs, adipose tissue must be preserved in an
appropriate solution before isolation. We investigated the
effectiveness of two storage solutions (HBSS and UW solu-
tion) for preserving adipose tissue overnight before isolation
of ADSCs by examining subsequent cell viability. We found
that cell viability was higher in the UW solution group (82%)
than the HBSS group (74%). However, UW solution has an
inhibitory effect on collagenase digestion. That tissue diges-
tion is themost important step in the isolation of ADSCs from
adipose tissue makes this a major disadvantage. To overcome
this, we washed the adipose tissue with HBSS or Dulbecco’s
phosphate-buffered saline (DPBS). Table 1 shows the compo-
sitions of UW solution and HBSS. The UW solution contains
higher potassium (120mmol/l), magnesium (5mmol/l), and
phosphorus (25mmol/l) than HBSS. It also contains many
additional components such as lactobionate (100mmol/l),
raffinose (30mmol/l), adenosine (5mmol/l), allopurinol
(1mmol/l), and glutathione (3mmol/l). These components
might have contributed to maintaining the survival rate of
ADSCs. However, the UW solution is ten times more expen-
sive than the HBSS solution. Meanwhile, the composition of
HBSS is similar to that of PBS and is characterized by its con-
taining glucose (5.6mmol/l) and lowprice. Interestingly, how-
ever, our results suggest that there is almost no influence of
glucose on adipose tissue preservation for 16h. This is in

agreement with previous reports that revealed that glucose
concentration does not affect the cell proliferation of human
MSCs [17]. In other reports, however, bone marrow-derived
MSCswere observed tohave fewermitochondria in the glycol-
ysis system and lower glucose metabolism [18]. In addition,
there are reports that high glucose promotes bone differentia-
tion ofMSCs [19]. Therefore, glucose containing preservation
solution may not be necessary to maintain quality of ADSCs.

4. Conclusions

UW solution has been confirmed to significantly enhance cell
survival and cell proliferation ability as a preservation

200 �휇m 800 �휇m

(d)

Figure 4: Phenotype and differentiation potential of ADSCs after preservation for 16 h in HBSS or UW solution. Morphological appearance
of ADSCs (passage 2) in the HBSS- (a, left panel) and UW solution-preserved groups (c, left panel). Cell surface markers of ADSCs (passage 2)
preserved in HBSS (a, right panels) or UW solution (c, right panels) by flow cytometry. Representative images of differentiated adipocytes
from ADSCs preserved in HBSS (b, left panel) and UW solution (d, left panel), and differentiated osteocytes from ADSCs preserved in
HBSS (b, right panel) and UW solution (d, right panel).

Table 1: The specific composition of UW solution and HBSS.

University of
Wisconsin (UW)

solution

Hank’s balanced
salt solution
(HBSS)

Natrium [Na+] (mmol/l) 30 142.8

Kalium [K+] (mmol/l) 120 5.8

Magnesium [Mg2+] (mmol/l) 5 0.9

Calcium[Ca2+] (mmol/l) — 1.3

Carbonate [CO32−] (mmol/l) — 4.2

Chlorine [Cl−] (mmol/l) — 146.8

Phosphate [PO43−] (mmol/l) 25 0.8

Sulfate [SO42−] (mmol/l) 5 0.4

Lactobionate (mmol/l) 100 —

Raffinose (mmol/l) 30 —

Adenosine (mmol/l) 5 —

Allopurinol (mmol/l) 1 —

Glutathione (mmol/l) 3 —

Glucose (mmol/l) — 5.6

HES (g/l) 50 —

pH 7.4 7.2
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solution of ADSCs. However, considering that UW solution
is substantially more expensive than HBSS, our findings also
suggest that HBSS possess sufficient function as a preserva-
tive solution.
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Mesenchymal stromal cells (MSC) for cellular therapy in European Union are classified as advanced therapy medicinal products
(ATMPs), and their production must fulfill the requirements of Good Manufacturing Practice (GMP) rules. Despite their
classification as medicinal products is already well recognized, there is still a lack of information and indications to validate
methods and to adapt the noncompendial and compendial methods to these peculiar biological products with intrinsic
characteristics that differentiate them from classic synthetic or biologic drugs. In the present paper, we present the results
of the validation studies performed in the context of MSC development as ATMPs for clinical experimental use.
Specifically, we describe the validation policies followed for sterility testing, endotoxins, adventitious viruses, cell count, and
immunophenotyping. Our work demonstrates that it is possible to fully validate analytical methods also for ATMPs and
that a risk-based approach can fill the gap between the prescription of the available guidelines shaped on traditional
medicinal products and the peculiar characteristics of these novel and extremely promising new drugs.

1. Introduction

Manufacturing of pharmaceutical and biopharmaceutical
products is subject to standardized quality systems regulated
by the Good Manufacturing Practice (GMP) rules [1].
Mesenchymal stromal cells (MSC) represent cell therapy
products that under the European Union regulation [2] are
classified as advanced therapy medicinal products (ATMPs).
Consequently, their production must take place according to
GMP standards. The quality control department of a medic-
inal product manufacturing plant has the aim to guarantee
the quality of the product that relies on the evidence of
a clear relationship between accurate measurements and

critical quality attributes of the product such as safety,
identity, purity, and potency. These issues are well described
in specific guidelines of European Medicines Agency (EMA)
[3]. Safety derives from the demonstration that the product
does not contain adventitious agents: bacteria, fungi, and
viruses as well as any other components that might represent
a hazard for the patient who will receive it; the identity of the
cellular components ensures the presence of the active
substance and may consist of phenotypic and/or genotypic
profile definition; purity demonstrates that the cell therapy
product contains at high concentration the active substance
and is free from other unwanted cell populations, as far it
concerns the desired therapeutic effect. Lastly, potency assay
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measures the required biological activity in the final cell
product, in relationship with the mechanism of action in
general or for any defined clinical purpose.

Validation means in this context the successful
demonstration of manufacturing and quality consistency,
and it is the action of providing that any process, procedure,
method, or activity actually and consistently fulfill specific
requirements. In particular, according to International Con-
ference on Harmonization Q2 (ICH Q2 R1) Guidelines [4],
validation of each analytical method is required with the
purpose to demonstrate that the procedures and the test
adopted from the quality control laboratory are suitable for
the intended use, so they are appropriate to give results in
terms of quality attributes, as described above. A validation
activity is generally composed of four steps: (1) qualification
of personnel and equipment used as prerequisite for all the
operations; (2) description of the validation strategy in
written and approved validation protocols; (3) performance
of the validation experiments; and (4) collection of the results
and considerations in a validation report [5]. The validation
protocol should clearly define the roles and the responsibili-
ties of each person and element involved in the validation
performance, such as equipment, supplies, reagents, refer-
ence materials and standards and, above all, the validation
parameters and the acceptance criteria that guarantee the
fulfillment of the validation specifications. The ICH Q2
(R1) guidelines define the following parameters that should
be considered for validation: accuracy, precision (repeatabil-
ity and intermediate precision), specificity, detection limit,
quantitation limit, linearity, and range.

The strategy and the acceptance criteria for the methods
to detect microbial contamination in pharmaceutical prod-
ucts (microbiological examination, bacterial endotoxin, and
mycoplasma) are described in the European Pharmacopoeia
(Ph. Eur.). The aim of their validation is to determine if a
specific product contains substances that may interfere
with the results of the analysis. Since ATMPs for their
nature are not inert products, appropriate considerations
and adaptation strategies are required, in regard to their
clinical application, to design an accurate validation study.

It is much more challenging for an ATMP quality control
department to validate noncompendial analytical methods
(those methods that are not included and described in the
official Ph. Eur.), especially in terms of identity, purity, and
potency. In addition to the limited availability of appropriate
standards and reference material, the lack of specific mono-
graphs and guidelines makes the validation work even more
difficult in this field.

Despite being an important issue for the GMP
production of ATMPs, in the literature, there are few papers
regarding specific validation strategies [6–8] with very
different approaches.

It is important to notice that recently specific GMP
guidelines for ATMPs have been published [9], and for the
first time, a distinction between investigational ATMPs (at
least in the early experimental clinical phases) and authorized
ATMPs (products that have reached the marketing authori-
zation) is stated. As concerning the first class of products in
this document is clearly declared that full validation of

analytical procedures is not required, but demonstration of
the methods’ suitability may be sufficient, whereas validation
is expected for clinical ATMPs in advanced experimental
phases. In our experience [10], risk assessment should always
drive the ATMP developer choices, and based on this
approach, we chose to validate all the methods whose results
are used to release investigational ATMPs. We are indeed
convinced that only with an accurate, specific, and precise
method it is possible to be confident of the results that can
support the knowledge of our cellular products and so the
way towards its authorization.

So, the aim of this paper is to give a clear explanation of
how we designed validation of compendial and noncompen-
dial methods to determine safety (microbiological determina-
tion, bacterial endotoxins, and adventitious viruses), identity,
and purity (cell count and immunophenotyping) for quality
control of GMP MSC, requested as release criteria for early-
phases clinical trial.

2. Materials and Methods

2.1. Prerequirements: Validation of Instruments, Supplies,
and Reagents and Personnel Qualification. According to
GMP guidelines [1], validation of instruments, supplies,
and reagents have been performed as already described
[11]. Briefly, the instruments were subjected to installation
qualification (IQ), in accordance with the manufacturer spec-
ifications and to operational qualification (OQ). Reagents
upon receipt were properly checked against specifications
and recorded. Authorized GMP staff for quality control
department follows a continuous training program. Duties
of the personnel involved in quality control procedures
and quality control manager’s responsibilities were clearly
described in written analytical protocols and in job
description, as requested by the GMP guidelines.

2.2. Validation Plan and Definition of ICH Parameters. For
each method, the validation strategy was described in detail
in the validation protocol that reported the chosen ICH Q2
(R1) parameters [4], the type of analysis, the number of runs
and replicates, the formulas used for calculation, the accep-
tance criteria, the instruments, the operators involved, and
the time schedule for the completion of the validation study.
All the results and the analysis were recorded in a report that
is approved by the Responsible of Quality Control (RQC)
Department. If the validation criteria were not met, the
RQC managed this condition as a “noncompliance,” identi-
fied and corrected the causes for failure, and rescheduled
the validation activities by issuing a new plan.

The following parameters were used in the validation
studies herein described.

(i) Specificity: the ability to assess unequivocally the
“analyte” in the presence of components which
may be expected to be present. Typically these might
include impurities.

(ii) Accuracy: the closeness of agreement between the
value which is accepted either as a conventional true
value or an accepted reference value and the value
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found. In our noncompendial validation analysis,
accuracy can be expressed as follows:

(1) Accuracy error (EA) is calculated according to
the following formula:

EA =measured value − expected value
1

(2) Accuracy (as for percentage values) is calculated
according to the following formula:

A = measured value
expected value 2

(iii) Precision: the closeness of agreement (degree of scat-
ter) between a series of measurements obtained from
multiple sampling of the same homogeneous sample
under the prescribed conditions. Precision was here
considered at two levels: repeatability (intra-assay
precision) and intermediate precision (interassay
precision), and it was calculated by considering the
percentage of the coefficient of variation (CV)
between the series of measurements, calculated by
the formula:

CV % = standard deviation
mean ∗ 100 3

(iv) Detection limit (limit of detection, LoD): the
lowest amount of analyte in a sample which can
be detected but not necessarily quantitated as an
exact value.

(v) Linearity: the ability (within a given range) to obtain
test results which are directly proportional to the
concentration (amount) of analyte in the sample.
We calculated it by considering the correlation
coefficient R square (R2) between 1 and 0.9.

(vi) Range: the interval between the upper and lower
concentration (amounts) of analytes in the sample
(including these concentrations) for which it has
been demonstrated that the analytical procedure
has a suitable level of precision, accuracy, and
linearity.

2.3. Reference and Retention Samples for Validation: Cell
Source and Manufacturing. According to Annex 13 of the
GMP guidelines [12], all the validation methods were
performed with reference or retention samples of the final
product that were represented by MSC from cord blood
(CB) and bone marrow (BM). Briefly, the starting material,
CB or BM, after quality control analysis was introduced
in our class B-GMP facility and was seeded in alpha
modified Eagle medium (Macopharma, Mouvaux, France)
supplemented, respectively, with gamma-irradiated foetal
bovine serum (FBS) of Australian origin (Gibco, Life Tech-
nologies, Carlsbad, CA, USA) or platelet lysate (Institute für
Klinische Transfusionsmedizin und Immungenetik Ulm

Gemeinnützige GmbH, Ulm German), at the concentration
of 50,000 total nucleated cells (TNC)/cm2 in culture
chamber system (Corning, Lowel, MA).

After 24–72 hours, nonadherent cells were removed by
washing with phosphate-buffered saline (PBS) (Maco-
pharma) with complete medium change. The cultures were
daily monitored for colony appearance, and the culture
medium was changed every three days. At 80% confluence,
the cells were detached using 25mL/layer of TrypLE-Select
(Gibco, Life Technologies) and subcultured in the same
culture conditions at the concentration of 1000–4000
MSC/cm2. At each passage, MSC were washed and
cryopreserved with 10% DMSO (CRYOSERV, Mylan
Institutionals, Canonsburg, PA, USA), 10% human serum
albumin (HSA; Kedrion, Lucca, Italy), in a saline solution
(Baxter, Deerfield, IL, USA), in cryo-bags (CryoMACS,
Miltenyi Biotec, Bergisch Gladbach, Germany) as retention
samples (representative samples of final product in fully
packaged unit), and/or in cryovials (Laboindustria, Padova,
Italy) as reference samples. Immediately after the addition
of the cryopreservation solution, the bags and vials were
loaded into a controlled-rate freezer (PLANER Kryo
Biorep, Milano, Italy), programmed at −1°C/min until
−45°C and then at −5°C/min until −110°C. The frozen
units were transferred to vapor-phase liquid nitrogen and
stored into dedicated tanks. The freezing curve was vali-
dated and recorded in the batch record. For validation
protocols, both fresh and cryopreserved MSC were used
according to the validation and clinical application.

2.4. Standard and Positive Controls

2.4.1. Microbiological Contamination. Microbiological
strains (ATCC Manassas, VA, USA) were chosen in accor-
dance with Ph. Eur. 2.6.27 [13, 14], at the version in use at
the moment of validation. The lyophilized bacterial strains,
yeast, and fungus were appropriately prepared and isolated
in Casein Soybean Digest Agar (CASO Agar) and Sabouraud,
right-agar (SDA) plates (Merck Millipore, MA, USA). After
incubation at the optimum growth conditions, the strains
were stored at 4°C± 2. For use, they were recultivated in agar
plates in specific conditions and after measuring the quantity
as absorbance (λ 625), the cell suspensions were diluted to
obtain two concentrations, one of 10–100CFU/mL and one
of 100–1000CFU/mL. Each batch of culture medium was
tested for sterility and fertility before use according to Ph.
Eur. 2.6.27 (growth promotion test).

2.4.2. Endotoxins. Preloaded and precalibrated, single-use
disposable Endosafe® PTS Cartridges (Charles River Labora-
tories, Charleston, SC, USA) were used for validation. Each
cartridge contained standard endotoxin (CSE) at 0.05
endotoxin unit (EU/mL).

2.4.3. Adventitious Viruses. Positive controls for enterovirus,
adenovirus, human cytomegalovirus (CMV), and Epstein-
Barr Virus were provided by the Quality Control for
Molecular Diagnostics (QCMD) in the context of the
International External Quality Assessment (EQA) of our
laboratory. The working viral loads were established
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considering the quantity results shown on the report of
the external quality program.

2.5. Microbiological Examination Validation. This validation
was performed on three batches of CBMSC and on three
batches of BMMSC with the purpose to verify if any compo-
nent of the matrix in which the final product is resuspended
has antibacterial activity and may therefore interfere with the
results of the test. The matrix solution for CBMSC as a
cryopreserved product is made of normal saline, HSA, and
DMSO at the concentration described above, while the
BMMSC as fresh product was resuspended in HSA and
normal saline (5% vol : vol).

The validation scheme and the evaluated parameters
are displayed (Table 1). The analysis was carried out for
direct inoculation into the microbial culture medium

under the class A-GMP laminar flow hood in class B-GMP
surround. Continuous particle count monitoring and
environmental and operators’ microbiological controls were
performed [11]. Accordingly to Ph. Eur. [13], the minimum
volume to be tested is 1% on the maximum volume of
the batch, so for CBMSC was 10mL (maximum volume
of the batch=1000mL) and 0.1mL for BMMSC (maxi-
mum volume of the batch= 10mL). Therefore, in order
to have a suitable sample for performing sterility test on
the final product, the cell suspension was divided into
sterile tubes (10 or 0.1mL for tube) and to each tube, an
inoculum of each microorganism was added at two
concentrations, 10–100CFU/mL and 100–1000CFU/mL,
respectively. In this way, for each microbial strain, two
levels of contamination were obtained: 1–10CFU and
10–100CFU. The preparations (sample +microorganism)

Table 1: Validation strategy for “safety” detection methods.

Test method Ref. Ph.Eur./ICH Validation steps Evaluated parameters Acceptance criteria

Microbiological
examination

Ph. Eur. 2.6.27/
ICHQ2

Analysis on CBMSC (n = 3)
and BMMSC (n = 3) spiked

with 1–10CFU and
1–100CFU of each
microorganisms

Volume of inoculum: 1%
of the total batch volume

Cryopreserved (CBMSC) and
fresh (BMMSC) sample

validation

Accuracy Microorganism growth of medium
alone comparable in the presence
of the product as confirmation of
antibacterial activity of the product

Specificity

Detection limit No growth in the negative controls
(specificity)

Limit of detection: 1–10CFU

Precision Same results for each validation
run performed by at least two

different operators

Bacterial
endotoxin test

Ph. Eur. 2.6.14
(method D)/ICHQ2

Assurance of standard curve
criteria

Linearity R2 of standard curve≥ 0.980

Study of the product
(according to clinical use)

EL and MVD calculation NO-interfering dilution<MVD

Test of interfering factors

Accuracy (%) 50%< spike recovery< 200%

Specificity
Onset time of negative control and
sample(s) no spike> onset time λ

Precision CV (intra-assay)≤ 10%
Sensitivity λ × chosen dilution

Adventitious
viruses analysis

ICHQ3/
ICHQ5A(R1)

Preliminary phase
Cell number, extraction,

and amplification
conditions setup

No inhibition on extraction and
amplification for respiratory, CMV,
and EBV viruses, with the kit usually

used for standard biological
diagnostic samples

MSC spiked with two viral
loads of adenovirus,

enterovirus, CMV, and EBV
Specificity

Detection unequivocally of the
specific viruses in BMMSC and
CBMSC which may be expected

to be present

MSC (n = 3) spiked with a
viral load ten times the cutoff
of sensitivity declared by the

manufacturer

Accuracy

For CMV/EBV (quantity analysis):
quantity of target DNA present in the
sample reaction (gEqu/reaction) in
spiked MSC samples similar to
positive control (−20≤ accuracy

error≤+20)

Detection limit
Ability to detect the viruses in spiked

MSC near the cutoff of the kit

Precision
CV (intra-assay and
interassay)≤ 20%
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were added to the bottle containing two specific culture
media: fluid thyoglicollate medium—FTM (Millipore) for
Staphylococcus aureus, Pseudomonas aeruginosa, Clostridium
sporogenes, Propionebacterium acnes, Streptococcus pyogenes,
Micrococcus luteus and Yersinia enterocolitica and soyabean
casein digest medium—TSB (Millipore) for Bacillus subtilis,
Candida albicans, and Aspergillus brasiliensis. The samples
were incubated at 35–37°C for 14 days, and the results
were determined by visual observation. Positive controls
were carried out by adding only the microorganisms in
the absence of product, while negative controls were per-
formed by adding the sample to culture media only.

2.6. Bacterial Endotoxin Test Validation. The method chosen
for bacterial endotoxin determination was the chromogenic
kinetic method (method D, Ph. Eur. 2.6.14) [15] using
Portable Test System (Charles River), an automated and
portable spectrophotometric microplate reader equipped
with a thermostatically controlled incubation chamber. The
limulus amebocyte lysate (LAL) and CSE substrate as positive
control are placed within prepackaged cartridges that could
be directly read by the instrument at the wavelength of
395nm, which optimizes the detection of the signal gener-
ated by the substrate chromogenic LAL. The maximum
sensitivity (λ) of the method is 0.005 EU/mL. The validation
was carried out on CBMSC, as by the study of the product, it
represents a “worst case” in terms of endotoxin limit with
respect to and the presence of constituents of the matrix in
which it is resuspended (as described in Microbiological
Examination Validation).

The validation protocol is briefly summarized in Table 1
and consists essentially in three phases:

(1) Assurance of the standard curve criteria: as the
CSE is contained in the cartridge, this test was
performed by the supplier and each batch of car-
tridges was provided with a certificate of analysis
containing the results of the standard curve test.
According to Ph. Eur., the standard curve has been
performed on each batch of CSE, with three endo-
toxin concentrations within specified range on
three replicates for each concentration. The linearity
of the standard curve, given by the absolute value of
R2, must be ≥0.980.

(2) Study of the product: calculation of the endotoxin
limit (EL) and the maximum dilution valid (MDV):
according to Ph. Eur., EL (EU/mL) was calculated
by the formula K/M, where K is the threshold pyro-
genic dose of endotoxin per kilogram of body mass
(for intravenous administration 5.0 EU/kg) and M
is the maximum recommended dose of the product
per kilogram of body mass. MVD value was calcu-
lated using the formula: EL × C/λ, where C corre-
sponds to the concentration of test solution. Since
we were dealing with a cell suspension and not with
a chemical solution, it is impractical to measure the
concentration of our product as mass, biological
activity, or volume. Therefore, the value of C was

fixed to 1, thus implying that each volume unit of
the test solution corresponds to one unit of product.
Preliminary test for interfering factors: this step was
performed at various dilutions of the product
(according to MVD) in order to find the best dilution
not activating and/or inhibiting the enzymatic
reaction. The cellular product was diluted in water
LAL with a minimum volume of 100μL. The dispos-
able cartridge contains four channels—two channels
with CSE and LAL, which serve as the positive
control channels, and two channels only with LAL.
For each dilution, 25μL of testing sample was
charged in the four wells of a cartridge. The negative
control was represented by LAL reagent water
(Charles River) in at least two replications. The
instrument gave a report in which the following
results were indicated: onset time (time necessary to
achieve the detectable level of predetermined
absorbance); coefficient of variation (CV) of the two
replications of the positive controls and samples;
and spike recovery that allows to check for any
interference (inhibition and stimulation), which can
determine an alteration of the endotoxin recovery.
In order to have a valid result, the onset time of
negative control and no spiked samples must be
greater than the onset time of λ, the percentage of
CV must be ≤10%, and the recovery spike rate
directly calculated by the instrument as measured of
accuracy must be between 50 and 200%.

(3) Test for interfering factors using the chosen dilution
on three batches of product to confirm the prelimi-
nary test.

2.7. Adventitious Viruses Analysis Validation. The validation
was designed with the aim to demonstrate the ability of the
test to detect, in our biological samples, the viruses that could
be accidently introduced by the operators during processing
of cultures. In particular, to disclose viruses belonging to
the herpes viruses family i.e., cytomegalovirus (CMV) and
Epstein-Barr virus (EBV), CMV ELITe MGB® Kit and EBV
ELITe MGB Kit (both ELITechGroup, Torino, Italy) were
used. They represented quantitative real-time methods for
diagnostic use in DNA extracted from whole blood samples,
plasma, and cerebrospinal fluid (CSF). To detect simulta-
neously the presence of fifteen respiratory viruses
(Table 2), Seeplex RV15 OneStep ACE Detection (Seegene,
Seoul, Korea), a qualitative approach based on a real-time
one-step RT-PCR assay that is designed to detect respiratory
viruses in nasopharyngeal aspirate, nasopharyngeal swab,
and bronchoalveolar lavage, was chosen. As summarized in
Table 1, the first phase of the validation was aimed at defining
the number of cells needed for optimal DNA/RNA extraction
and amplification, also considering possible inhibiting effects
from DMSO and genomic DNA that are obviously present in
the samples. Three batches of reference cryopreserved
CBMSC were thawed, counted, and prepared in three differ-
ent cell doses (0.1, 0.5, and 1× 106 cells). The pellet was resus-
pended in lysis buffer ATL (Qiagen, Hilden, Germany), and
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DNA and RNA were extracted using an automatic extractor
EZ1 (Qiagen) in a final volume of 120μL. For MGB Kit,
PCR mix was added 1 : 1 in volume to genomic extract and
the negative control of extraction. For each sample, two
amplification reactions are carried out in a thermocycler
(7300 Real-Time PCR System, Applied Biosystems, Foster
City, CA, USA): the first one was aimed to detect the MIEA
gene (exon 4), for CMV, or the gene encoding the EBNA1
protein, for EBV and the second one was directed against
the human beta globin gene, to verify that extraction and
amplification were successfully carried out without inhibi-
tions. For viral title determination, a standard curve was set
using four scalar concentrations of plasmid DNA (1× 102,
1× 103, 1× 104, and 1× 105 copies) of the two viruses,
according to kit’s instructions. Only a standard curve with
R2 > 0 9 was accepted.

For respiratory viruses, amplification was done adding
8μL of extract to 17μL of different master mix according to
the manufacturer’s instructions. The kit contains two differ-
ent controls: the first one is the PCR control (PCRC) that
allows to verify if the amplification has been carried out
correctly without inhibition by substances contained in the
samples and the second one is the whole process control
(WPC) which is a target against the Rnase that allows to
verify if the whole process, from the extraction to the ampli-
fication, has happened correctly without inhibition. In order
to assess the specificity test on MSC, the cells (BMMSC and
CBMSC) were inoculated with two viral loads of known
positive standard, according to the results of external quality
program’s report. Since it was not possible to use all the
fifteen respiratory viruses to be inoculated to the cells, we
decided to use as positive standards a representative DNA
virus (adenovirus) and a RNA virus (enterovirus). The viral
quantities used to spike the cells were comparable of a low
and high viral load in a positive patient sample: 359 and
1436 copies for CMV, 656 and 1313 copies for EBV, 362
and 723 copies for adenovirus (AdV), and 1500 and 3000
copies for enterovirus (HEV).

Samples spiked with HEV were performed with or
without proteinase K treatment, to exclude inhibition of the
RNA extraction due to treatment at 56°C (needed for
proteinase K).

To assess sensibility, accuracy, and precision, three
different batches of CBMSC were charged with a viral load
tenfold over the sensitivity cutoff declared by the manufac-
turer, 200 and 1000 copies for AdV and HEV, respectively,
and 85 and 95 copies for CMV and EBV, respectively. For

the recovery calculation of the genome equivalent (gEq) cop-
ies in the sample, it was not possible to apply the formula
indicated by the datasheet (built for plasma samples), so
results were expressed as quantity of CMV and EBV target
DNA (gEqu/reaction) that was present in the sample reaction
and in positive control (consisting of viral nucleic acid alone).
The quantity parameter was calculated by comparing Ct
values of each sample and the standard curve. For respiratory
viruses, being the kit qualitative, it was not possible to dem-
onstrate a quantitative recovery. Two negative controls were
performed: negative control of extraction, by processing
water under the extraction conditions, and negative control
for amplification, by putting water in the mix for amplifica-
tion. Precision was assessed within technical replicates and
within the three batches of CBMSC.

2.8. Cell Count Validation. The protocol was designed to
validate an automated method for MSC counting by
“NucleoCounter®” system (ChemoMetec, Allerod, Den-
mark) in terms of accuracy, precision, and linearity in
comparison to the manual cell count method by the hemocy-
tometer (Burker chamber). Nucleocounter is a portable
device based on integrated fluorescence microscope princi-
ple that allows to count total and viable cells stained with
the propidium iodide (PI), immobilized inside the charger
NucleoCassette. Reference samples of MSC (three batches
of CBMSC and three batches of BMMSC) were resus-
pended in a volume between 1 and 20mL of PBS, in
order to test different concentrations of cells. As shown
in Figure 1 for each cell suspension, two different
samplings were counted in duplicate for total and dead
cell. For the first, the cells were pretreated with a buffer
of lysis (ChemoMetec), in order to allow the PI to stain
all the cell suspension. The cell stock solution was then
serially diluted (1 : 2–1 : 4–1 : 8–1 : 16) and counted with
the two methods.

The count by Burker chamber was performed by two
qualified operators: 10μL of cell suspension was loaded and
five fields were counted.

The following parameters and acceptance criteria were set
up: (1) accuracy: calculated as accuracy error between the
hemocytometer count and the measured value (nucleocounter
total and vital count) and the acceptance criteria was fixed as
−5≤EA E≤+5; (2) linearity: for each method in the diluted
serial counts calculated as R2 between 0.9 and 1 and (3) preci-
sion: estimated for repeatability (intra-assay) and intermediate
precision (interassay) with a CV less than 20%.

Table 2: Respiratory viruses detected by the qualitative validated method.

Set A Set B Set C

PCR control (PCRC) PCR control (PCRC) Bocavirus 1/2/3/4 (HboV)

Adenovirus A/B/C/D/E (AdV) Coronavirus OC43 (CoV OC43) Influenza B virus (Flu B)

Coronavirus 229E/NL63 (CoV 229E/NL63) Rhinovirus A/B/C (HRV) Metapneumovirus (MPV)

Parainfluenza virus 1 (PIV1) Influenza A virus (Flu A) Parainfluenza virus 4 (PIV4)

Parainfluenza virus 2 (PIV2) Respiratory syncytial virus A (RSV A) Enterovirus (HEV)

Parainfluenza virus 3 (IV3) Respiratory syncytial virus B (RSV B) Whole process control (WPC)
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2.9. Immunophenotyping Validation. The validation design
for the immunophenotyping analysis (Figure 2) was pre-
ceded by a preliminary phase consisting of, at first, the titra-
tion of each antibody used and then the instrument settings
(including fluorescence voltages and compensation setup).
The validation phase consisted in the evaluation of the
parameters in compliance with ICH Q2. We used the cyt-
ometer FACS CANTO II (Becton Dickinson, BD Bioscience,
San Jose, CA, USA), whose reproducibly setup was checked
with CS&T beads (BD) before each acquisition, according
to manufacturer’s instructions.

As reference samples, three batches of MSC (n = 2
CBMSC, n = 1 BMMSC) and K562 cells were used as positive
and negative standard (stMSC and stK562), respectively.
K562 is a myeloid cell line positive for hematopoietic marker
CD45 and with dimension analogous to those of MSC. Due
to this feature, acquisition settings can remain unchanged
as compared to MSC alone, thus allowing the simultaneous
visualization of both cell types that can be discriminated
based on the expression of CD45.

For the antibody titration, 1× 105 MSC per 100μL
were stained for 20 minutes at room temperature in the
dark with the following antibodies at different concentra-
tions (0, 1, 2.5, and 5μL): CD90 PE-Cy7 (BD), CD105
PerCP-Cy 5.5 (BD), and CD75 APC (BD). After incuba-
tion, the cells were washed with PBS, and analyzed with
the DIVA software program (BD). A minimum of 10,000
events were analyzed. The samples were evaluated in terms
of percentage of positive cells and mean fluorescence
intensity ratio (MFI-R), calculated as the ratio of the
MFI of the positive cell population on the MFI of the
negative cell population (unstained cells). These values
were plotted as a function of antibody quantity to
determine which dilution is the best for each antibody to

be used in the following step of validation. The optimal
titer was identified as the lower quantity allowing the
greatest discrimination between positive and negative
cells, that is, the first concentration allowing the reaching
of the plateau.

The instrument was set up for the acquisition protocol by
manual calibration that was performed by preparing a
working standard solution (WstS), consisting of 50,000
MSC (stMSC) mixed to 50,000 K562 cells (stK662). Seven
tubes were prepared as follows: unstained WstS, WstS
stained with anti-CD90 FITC (BD), WstS stained with anti-
CD105 PE (BD), WstS stained with anti-CD90 PE-Cy7,WstS
stained with anti-CD105 PerCP-Cy 5.5, WstS stained with
anti-CD73 APC, and WstS stained with anti-CD45 APC-
H7 (BD). The voltages and the compensation settings were
verified with stMSC+stK562 stained with the combination
of the chosen antibodies mixed together (CD90 PE-Cy7,
CD105 PerCP-Cy 5.5, CD75 APC, and CD45 APC-H7). In
this analysis, adjustments were made to ensure that no false
staining occurs in the dual-color quadrant for any individual
fluorochrome. After setting color compensation, the analysis
protocol was defined with precise histograms and gating
scheme. The samples for the validation step were analyzed
in this protocol with no further adjustments.

For the validation phase, positive standard of stMSC
(n = 3) was combined with negative standard stK562 in 9
different ratios, each in duplicate, according to Figure 2. Each
preparation (n = 18 total tubes) was stained for CD90,
CD105, CD73, and CD45 as described above. The method
parameters evaluated were (a) specificity: defined as both
purity, that is, the ability to detect the positive markers in
MSC, that in our condition is defined by the percentage of
CD90+ CD105+ events, and impurity, that is, the ability to
detect the negative marker CD45; (b) accuracy: calculated

Sampling 2

MeanMean
Precision Precision

(a) (b)

 ×6 RUNS

Op. A1 Op. B1 NC. A1 NC. B1 Op. A2 Op. B2 NC. A2 NC. B2

Sampling 1

Stock cell
suspension 1 : 2 1 : 4 1 : 8 1 : 16

Accuracy
intermediate

precision

Linearity
range

Figure 1: Strategy design for cell count validation. (a) Two samplings of cell suspension (n = 6) were counted each by two qualified operators
(Op.) in hemocytometer (Burker chamber) for the manual method and by two cartridges for the automated method (Nucleocassette-NC.).
The mean of all the values was used to calculated the accuracy (as accuracy error between the manual and the automated total and viable
cell count) and the intermediate precision (interassay coefficient of variation, CV). The intra-assay CV was calculated considering the
values of each cell suspension count for each method. (b) The cell suspension was then serially diluted and counted for comparing
linearity of the three methods and the optimal range of cell concentration to count.
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as the degree of agreement between expected and measured
percentage results (−5≤ accuracy≤+5); (c) linearity for each
RUN in the diluted serial analysis: calculated as R2 between
0.9 and 1 for both purity and impurity; (d) and precision:
estimated for repeatability (intra-RUN) and intermediate
precision (inter-RUN) with CV less than 20%.

3. Results and Discussion

3.1. Microbiological Examination Validation. Sterility has
always been one of the major and most critical test for ATMP
release. In particular, the time to complete the analysis may
be an issue for ATMP product with a short shelf-life. In this
regard, the paragraph 2.6.27 included in the previous edition
of Ph. Eur. might have been incompatible with the need to
release this kind of short-living ATMP product, thus making
this issue suitable for being considered as a parametric test
[16]. As we will more extensively comment below, the same
paragraph 2.6.27 in the more recent edition of Ph. Eur. aims
to facilitate the use of sterility analytical methods by includ-
ing alternative approaches and reducing the incubation
period, but time still remains an issue for those products
that must be released immediately after the completion
of the manufacturing process (fresh products). In our
experience, some products, such as CBMSC, are cryopre-
served before use and so the result of sterility is always

available before release. Other products, such as BMMSC,
must be released as fresh products and requires alternative
approaches for validation and testing. For CBMSC as well
as other cryopreserved products, the validation study was
designed with the aim to verify if any of the cryopreserva-
tion solution components (DMSO, normal saline, and
human albumin) could interfere with the detection of
microorganisms. The method selected was the direct inoc-
ulation of the sample into test media as described in Ph.
Eur. Chapter 2.6.27 that fits specifically with cell products
while the membrane filtration method described in Ph.
Eur. Chapter 2.6.1. may present difficulties when applied
to cells. The main challenge of this validation was to
define the most representative sample of the final product,
in terms of volume and conditions (fresh versus cryopre-
served). Regarding the volume to be tested, we decided
to assimilate our product to hematopoietic cell prepara-
tions for which the Ph. Eur. prescribes to inoculate 1%
of the total volume for a final product volume greater
than 10mL. Considering that the number of cells/volume
of each CBMSC batch will vary in our manufacturing
process (from 300 to 1000mL), we decided to fix the vol-
ume as the maximum one that can be obtained in a stan-
dard manufacturing process (1000mL). For that reason, for
validation purposes, we tested 10mL of final product for each
microorganism strain. Regarding the condition of the final

CD90
CD105
CD45

0

10

25

50

70

80

90

95

100

MSC%

100

90

75

50

30

20

10

5

0

K562%

+

Specificity
Purity as %
CD90+/CD105+ events
Impurity as % CD45+
events

Accuracy/linearity
Closeness of agreement
between
expected and found values.

Precision
Repeatability and
intermediate precision

Preliminary phase

Antibody tritation Cytosettings and
compensation set up 

x3 runs

Each
diluition x2 

Validation phase

Figure 2: Strategy design for immunophenotyping validation. The preliminary phase of the validation study for MSC immunophenotyping
analysis consisted in the antibody titration and the settings of the instrument for the intended use. MSC (n = 3) were mixed in duplicate with
different concentrations of CD45-positive cells (K562), stained for CD90, CD105, and CD45 and acquired by flow cytometry. Specificy,
accuracy, linearity, and precision were determined.
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product, since CBMSC are cryopreserved and must be
thawed before clinical use, sterility testing was validated on
a thawed retention sample contained in a cryopreservation
bag as the final product. For routine quality controls, the
retention sample must be thawed and tested for sterility
within three weeks from the completion of manufacturing
process and also in the validation study, the same time
schedule was followed.

For BMMSC that are released as fresh product, the tested
sample for validation was composed by pure BMMSC in a
solution made of normal saline and human albumin. The
volume chosen for the inoculation with each microbial strain
was 0.1mL, 1% of the total volume that is 10mL.

For both CBMSC and BMMSC, the results obtained in
the validation studies met the preestablished acceptability
criteria and specifically (i) the growth of the inoculated
microorganisms was observed in the presence and in the
absence of the cell product (positive controls) for all the three
validation runs, thus indicating that the product does not
possess intrinsic antibacterial activity; (ii) no microbiological
growth was observed in the negative controls both in the
presence of the product and with culture media only (speci-
ficity); (iii) the limit of detection was 1–10CFU, as requested,
with and without the product. In particular, it was possible to
detect the microorganism with the lowest quantity inocula-
tion that was 2CFU and the growth of microorganisms was
observed by seven days of incubation; and (iv) the samples
analyzed by two different operators on two different days
had the same growth (intermediate precision).

The recent revised Ph. Eur. Chapter 2.6.27 entitled
“Microbiological Examination of Cell-Based Preparations”
[14] takes into account the characteristics and the limitation
of these preparations, as their shelf-life, that if not cryopre-
served, ranges from hours to few days [17], as well as sample
composition (in some cases, the cell-based preparation itself
can inactivate contaminating microorganisms resulting in a
false negative) and/or the sample size (the total volume of a
batch could be less than 50mL, thus limitating the sample
size). In this regard, the main changes to previous version
concern a greater flexibility for the incubation tempera-
ture(s), a change in the list of microorganisms to be tested
(Yersinia enterocolitica is replaced byMicrococcus luteus that
is more appropriate as it is a common contaminant of cell-
based preparations), and information about the sensitivity
to be achieved during validation has also been included.
Several authors have already been demonstrated that, for
example, automated sterility testing is capable of rapidly
detecting low-level contamination, with an average of
2.5 days [18] and within 48 hours [19] for different biophar-
maceutical and transplantation products (e.g., pancreatic
islets). We are also validating a rapid sterility testing with
the aim to demonstrate that it is accurate, sensitive, and
specific (results not shown).

3.2. Bacterial Endotoxin Test Validation. LAL evaluation is
the most sensitive and specific test currently available to
detect and measure bacterial endotoxins, defined as “pyro-
gens” as they induce fever and other adverse reactions caused
by inflammatory mediators.

In Ph. Eur. [15], six different methods to determine
endotoxins in pharmaceutical products are described. In this
paper, we present the results of the validation using a kinetic
chromogenic test in which the reaction time of the sample is
compared with that of control standard endotoxins (CSE).
The reaction time of the sample is defined “onset time” (time
to achieve a given level of optical density). The first aim of the
validation design was to verify the suitability of the reagents
and specifically the sensitivity of the CSE. For the chromo-
genic method, this step is represented by the assurance of
the standard curve criteria. We verified that the three
values of endotoxin tested in the cartridge (0.5–0.05–
0.005 EU/mL) and reported in the standard endotoxin
certificate of analysis include a central value that corre-
sponded to the amount of endotoxin loaded as positive
control in the cartridge itself and that the last value corre-
sponded to sensitivity (λ). Moreover, we checked that the
standard curve provided by the supplier had a linearity
value of 0.998. Secondly, the validation on the product
must be performed with several purposes: (1) to identify
possible interference by the product itself, (2) to show that
the chosen dilution does not interfere, and (3) to eliminate
the possible sources of interference by different means
(e.g., heating). Before starting with the validation study,
the specific endotoxin limit (EL) and the maximum valid
dilution (MVD) must be calculated for each specific prod-
uct as described in Materials and Methods. The calculation
of EL and MVD for LAL test on ATMP product is a good
example of how difficult is the adaptation of compendial
methods that have been set on standard pharmacologic
products. In fact, Ph. Eur. states that for new medicinal
product, EL and MVD must be calculated by the user bas-
ing on administration routes and other pharmacological
parameters, but there are still no defined guidelines that
explain the rational to be followed to define these values
for ATMP. Moreover, in the literature, some authors just
indicate the values without giving any justification on the
calculation made to determine them [6], while others
chose the EL value of 0.5 EU/mL [7], as requested by
the Food and Drug Administration for general medical
devices or for individual drug products that has a maximum
human dose of 10mL/kg [20]. In our condition, we tried to
respect as much as possible the “spirit” of Ph. Eur. criteria
by calculating the EL and MVD of our products in consider-
ation of their clinical use. Specifically, the EL and MVD in
our conditions were calculated as follows:

EL = K
M

4

where K is 5 EU/kg (as requested by Ph. Eur. for parenteral
administration) andM is the maximum cellular dose infused
per kilogram in a single-hour period that in our condition is
the maximum volume of infusion per kilogram. For CBMSC,
the maximum volume infused considering a standard adult
body weight of 70 kg in 1-hour period is 80mL, so

M = 80mL
70 kg = 1 14mL/kg 5
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Therefore, EL for CBMSC is

EL = 5 EU/kg
1 14mL/kg = 4 39 EU/mL 6

For BMMSC, the maximum volume infused considering
a standard adult body weight of 70 kg in 1-hour period is
10mL, so

M= 10 mL
70 kg = 0 14 mL/kg 7

Therefore, EL for BMMSC is

EL = 5 EU/kg
0 14mL/kg = 35 7 EU/mL 8

Considering both clinical protocols, here, we reported the
validation of LAL on CBMSC that represents the “worst case”
as it has the lowest EL and the most complex cell matrix
(including DMSO).

So we calculated MVD:

MVD= EL/λ = 4 39 EU/mL
0 005 EU/mL = 878 9

For preliminary test on the interfering factors, the
product was tested at different dilutions, in order to identify
the most suitable noninterfering dilution. The chosen sample
dilutions were 1 : 30; 1 : 90; and 1 : 180.

The results obtained (Table 3) were satisfied for all the
three dilutions of the product. We can conclude that the prod-
uct was not interfering and the LAL test was valid. It was
decided to use the lowest dilution of 1 : 30 in the next phase.

In order to confirm that the chosen dilution did not have
any interference, the test was repeated by three different
operators on three batches of product, and for all the exper-
iment session, the acceptance criteria were met. Finally, we
calculated specific sensitivity of the test (PSS) as follows:

λ × chosen dilution = 0 005 EU/mL × 30 = 0 15 EU/mL
10

So we successfully performed LAL validation in our cell
product using a sensitive and rapid quantitative method, with
the encouraging result that the sensitivity of our test is much
higher than that of the EL to be confident in the detection of
the endotoxins. The specification for endotoxin test for the

product release was chosen according to the EL and the
sensitivity of the test.

Regarding the decision to remove interfering factors by
treating the product, we decided not to make any manipula-
tion in order to test the most representative sample of the
released final product with an acceptable final dilution. Our
results were consistently supporting this choice, but it is
indeed possible in the case of sample interference, to adopt
alternative approaches, that may consist, for example, in
heating the sample or modifying the pH of the media. In this
case, it may be possible to test also a lower dilution.

New frontiers in the application of LAL to ATMPs are rep-
resented by the development of alternative methods for com-
plex tissue-engineered products or combined products (cells
in combination with biomaterials). In this field, alternative
methods have recently been proposed such as cell-based
assays that are able to detect material-bound microbial
contaminations not detectable with LAL test [21] or immu-
nofluorescent staining assays to evaluate the endotoxin-
induced expression of E-selectin. The latter method could
give information also regarding the localization of bacterial
contamination sources in all steps of the manufacturing
process of tissue-engineered product for human use [22].

3.3. Adventitious Viruses Analysis Validation. ATMP pro-
duction carries the risk of adventitious virus contamination,
such as airborne respiratory viruses, that can be introduced
by the operators during processing. Testing these viruses
therefore is an essential quality control step in manufacturing
biological medicines. The compendial guidelines Q5 ICH
[23] concern products derived from in vitro cell culture, such
as interferons, monoclonal antibodies, and recombinant
DNA-derived products, including recombinant subunit vac-
cine that characterized cell bank production. Gombold et al.
[24] underline the limit of Q5 ICH (in vivo and in vitro
assays) in the detection of viruses in vaccine, as they were
developed more than 50 years ago and suggest the need of
new detection methods. While regulatory monograph and
the literature cover the adventitious virus assessment in vac-
cine, no specific guidelines are available to our knowledge for
the detection of these viruses in ATMPs. Most of the com-
mercial kits, moreover, are validated for specific diagnostic
use, in biological material such as blood, nasopharyngeal
aspirate, and bronchoalveolar lavage. In our conditions, we
validated three of these diagnostic kit, in particular, a quanti-
tative method for citomegalovirus (CMV) and Epstein-Barr
virus (EBV) and a qualitative test for respiratory viruses in
our cell products.

Table 3: Preliminary endotoxin test on the interfering factors on the final product at different dilutions.

Parameters
Product dilution

Negative control (LRW) Acceptance criteria
1_30 1_90 1_180

Onset time sample no spike >1039 >1039 >1039 >1039 >1039
CV between sample replicates (%) 0 0 0 0 <10%
CV between spike replicates (%) 1.3 5.6 2.3 0 <10%
Spike recovery (%) 115 122 114 np 50%–200%

Sample value (EU/mL) <0.15 <0.45 <0.9 np <EL
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Figure 3: Adventitious viruses validation results. Specificity of the method was assessed spiking MSC (n = 2) with a high and low viral
loads (HL and LL) of adenovirus (AdV), enterovirus (HEV), cytomegalorovirus (CMV), and Epstein-Barr virus (EBV) (a–c). (a) Results
obtained from the qualitative analysis of fifteen respiratory viruses. The samples spiked with HEV were treated (_1) or not (_2) with
protease K. Positive controls (CTRLs +) were represented by virus alone (in set A AdV and in set C HEV). A PCR internal control (PCRC)
and a whole process control (WPC) were visible in set A and set C. (b–c) Real-time PCR analysis expressed as quantity (gEq/reaction) of
CMV and EBV in all the spiked MSC and in the positive controls (CMV and EBV). (d, e) To assess detection limit and accuracy, CBMSC
(n = 3) were spiked with a lowest viral load of CMV and EBV. Ct of different quantities of DNA plasmid (standard) was plotted with Ct of
positive controls and spiked MSC.
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In order to evaluate the best conditions for extraction and
amplification, in a preliminary phase, we tested three thawed
batches of CBMSC at different cell doses (0.1, 0.5, and
1× 106 cells). The results obtained from the internal
positive controls demonstrated that also for the lowest
amount of cells, both the extraction and the amplification
procedures were successful and there was no inhibition by
samples’ components.

In order to assess the specificity of the tests, 0.1× 106
BMMSC and the same dose of CBMSC were inoculated with
a low and high viral load of CMV, EBV, enterovirus (HEV),
and adenovirus (AdV). As shown in Figure 3(a), for the
respiratory viruses, in all the samples, the band of the internal
control (PCRC) and that of the whole process control (WPC)
were present; there was a specific signal for AdV and HEV,
not only in its positive control but also in the samples spiked
with both viral loads and as expected, no specific bands
resulted in negative controls. Moreover, we demonstrated
that the treatment at 56°C with the proteinase K does not
inhibit the RNA extraction.

Also with CMV and EBV, the results provided by
real-time PCR reported in Figures 3(b) and 3(c) showed
that there is specificity in all the samples spiked with
the two low and high viral loads. The results obtained
for respiratory viruses, CMV, and EBV were also consis-
tent with the sensitivity declared by the manufacturer.
Spiking the cells with a virus quantity near the cutoff of
the sensitivity of each kit, we could detect the presence
of AdV and HEV in all the samples (data not shown).
In particular, for CMV and EBV, the Ct of the spiked
samples were correlated to the Ct of the standard represented

by plasmid DNA and the positive controls, viruses in the
absence of the cells (Figures 3(d) and 3(e)). It was also
possible to calculate the accuracy error (Ea) by comparing
the virus “quantity” for each batch of CBMSC and of the
CMV-and EBV-positive controls, and the acceptance criteria
(20≤ accuracy error≤+20) was satisfied.

Moreover, precision criteria were met, since the coeffi-
cients of variation within technical replicates (intra-assay)
and between three different batches of CBMSC were≤ 20%,
for both CMV and EBV test.

3.4. Cell Count Validation. In order to guarantee the correct
cell dose required for different clinical trials, cell count must
be accurate. Manual counting with a hemocytometer is the
most commonly used method for cell count and is the refer-
ence method described in Ph. Eur. (Chapter 2.6.29) [25].
Nevertheless, different automated methods are available on
the market that allow to obtain operator-independent cell
counting that in a GMP settings becomes extremely relevant
to rely on a univocal accurate test. Gunetti et al. [26] explain
in detail the validation of a disposable device in compari-
son with the Burker chamber, while Radrizzani et al [5]
performed validation of a flow cytometry method.

In our laboratory, we decided to validate an automated
method that allows the count of global and viable total
nucleated cells (TNC) in comparison to Burker chamber in
terms of accuracy, linearity, and precision (repeatability and
intermediate precision).

The accuracy calculated as accuracy error (difference
between the mean of values from two operators by Burker
chamber and mean of values of single nucleocassette by
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Nucleocounter) was within the range of the acceptance
criteria −5/+5 (0.07/0.36 as minimum and maximum EA
for automated total cell count and −0.02/0.29 for automated
viable cell count). In particular, we obtained the lowest dis-
crepancy between the manual method and the automated
method for viable cell count: mean accuracy error for viable
count 0.11 versus 0.21 for total cell count (Figure 4(a) in
table). These results demonstrate that the operators are well
trained in performing the manual method according to our
written SOP and are able to distinguish the cells that are

visually intact from those that show “signs of death” as
damaged cell membrane.

The dilution experiments (Figure 4(a)) indicate that both
the automated and the manual methods maintain a good
linearity even at low cell concentrations. The manual method
indeed appears to be less precise than the automated one as
shown by CV in terms of repeatability and intermediate pre-
cision. Notably, the high CV found with the manual method
does not appear to be dependent on operator variability; in
fact, the CV interoperators are relatively low (Figure 4(b)).
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These data demonstrated that the tested automated
method is accurate and precise and ensures the linearity of
the results obtained to a range of cell dilutions. These results
allow also to define the optimal cell concentration range for
cell count between 0.2 and 0.75× 106 cells/mL.

3.5. Immunophenotyping Validation.MSC immunophenoty-
pic characterization is fundamental for the identification of
the cell product before clinical application. The lack of spe-
cific and distinct cell surface markers and the heterogeneity
of the characterization studies led, more than ten years ago,
the International Society for Cellular Therapy (ISCT) to
publish the minimal criteria for defining MSC [27]. In
addition to plastic adherence and in vitro differentiation
potential, it was defined that MSC are characterized by the
expression of CD105, CD73, and CD90 and lack of
expression of hematopoietic and endothelial surface
markers such as CD14, CD45, CD34, CD11b, HLA-DR,
and CD31. Currently, these criteria are still used as
accepted standards to define MSC for clinical application.
Flow cytometry represents the most widely used method
for immunophenotypic analysis also in GMP settings, as it
allows a fast, multiparametric analysis of a cell suspension.
Nevertheless, as some authors have already underlined [28,
29], assessment of the analytical measurement as sensitivity
and linearity for the validation of this method is affected by
the lack of cellular reference materials and the difficulty in
obtaining adequate controls (e.g., cell lines with varying
levels of a given marker expression).

As an important prerequisite of our validation process,
we first defined and applied written procedures to set up
the instrument that included the titrations of the antibodies
for MSC staining and the creation of a specific acquisition
protocol with fixed fluorescence settings and compensation
(data not shown). In order to assess our ability to detect
positive markers (to determine the purity of MSC) and
hematopoietic markers (to detect impurity), we chose to
spike MSC with different concentrations of a hematopoietic
line (K562) that has similar dimension/scatter to MSC. To
simplify the analysis, we decided to take into consideration
the two positive markers for purity (CD90 and CD105) and
a negative marker (CD45) for impurity.

The results shown in Figure 5 demonstrated that, for
both purity and impurity, we obtained a good linearity
in all the experiment sets (R2 > 0 9, Figures 5(a) and 5(d))
and the accuracy value is between −5 and +5. The calculated
CV is less than 5% for repeatability (Figures 5(b) and 5(e))
and less than 10% for intermediate precision (Figures 5(c)
and 5(d)), so all the acceptance criteria were met. This
validation allowed us to have a standardized protocol for
MSC purity with the certainty to be able to detect less than
5% of impurities.

4. Conclusions

Quality controls of ATMPs are a much jeopardized issue:
there are few paragraphs of the pharmacopoeia dedicated to
cellular products (e.g., the microbiological controls) while
ATMPs are generally poorly represented in the official

documents. That is why one of the most demanding and
challenging operating field of the persons involved in quality
control is to adapt compendial method to the ATMP setting
or to validate noncompendial methods.

In the first year of activity of our hospital-based GMP
facility, the first approved in Italy in 2007, it was a significant
breakthrough to find the way towards efficient and rational
validation approaches for the ongoing and future clinical
applications. Here, we summarized the most critical valida-
tion methods to define cellular safety, identity, and purity
in the early phases of clinical trial in order to give a useful tool
for other GMP manufacturing centers.

According to the specific GMP guidelines for ATMPs [9],
potency assays are expected to be validated prior to pivotal
clinical trials. Potency regards the relevant biologic cellular
function, and it could be influenced by many variables as
the donor variability and cellular population heterogeneity
as immunogenicity, senescence, and resistance to cryopreser-
vation that may affect their effectiveness in vivo [30].
Moreover, this variability, together with the uncertain
mechanism of action and the lack of reference standards,
makes the validation strategy difficult to develop. Some groups
have already addressed this important issue [31, 32], and their
works are very precious to open an “arena” of discussion in
order to improve the quality profile of ATMPs, thus fostering
their reliability as effective and innovative therapeutic tools.
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vided in Results and Discussion.
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Adipose tissue contains abundant multipotent mesenchymal stem cells with strong proliferative and differentiating potential into
adipocytes, osteocytes, and chondrocytes. However, adipose-derived mesenchymal stem cells (ASCs) showed variable
characteristics based on the tissue-harvesting site. This study aimed at comparing human adipose-derived mesenchymal stem
cell from the orbit (Orbital ASCs) and abdomen (Abdominal ASCs). Orbital and abdominal ASCs were isolated during an
upper or lower blepharoplasty operation and liposuction, respectively. Flow cytometric analysis was done to analyze the surface
antigens of ASCs, and cytokine profiles were measured using Luminex assay kit. The multilineage potential of both ASCs was
investigated using Oil Red O, alizarin red, and alcian staining. Reverse transcriptase polymerase chain reaction (RT-PCR) was
performed to measure mRNA levels of genes involved in these trilineage differentiations. Our results showed that both types of
ASCs expressed the cell surface markers which are commonly expressed stem cells; however, orbital-ASCs showed higher
expressions of CD73, CD90, CD105, and CD146 than abdominal ASCs. Unlikely, orbital-ASC expressed CD31, CD45 and
HLA-DR lesser than abdominal-ASCs. Orbital ASCs secreted higher concentrations of eotaxin, fractalkine, IP-10, GRO, MCP-1,
IL-6, IL-8, and RANTES but lower MIP-1α, FGF-2, and VEGF concentrations than abdominal-ASCs. Our result showed that
orbital ASCs have higher potential towards adipogenic and osteogenic differentiation but lower tendency to chondrogenesis
when compared with abdominal ASCs. In conclusion, tissue-harvesting site is a strong determinant for characterization of
adipose-derived mesenchymal stem cells. Understanding defining phenotypes of such cells is useful for making suitable choices
in different regenerative clinical indications.

1. Introduction

Mesenchymal stem cells (MSCs) are widely applied in regen-
erative medicine for the treatment of tissue damage due to
some pathological diseases or trauma [1] and are derived
from different tissues such as the bone marrow, adipose tis-
sues [2], skin [3], muscle [4], and tendon [2]. However, clin-
ical applicability of these MSCs for regenerative medicine
has to meet the following criteria, such as abundant quanti-
ties, minimally invasive, multilineage differentiation, safe,
and effective transplantation and manufacturing in accor-
dance with current good manufacturing practice (GMP)
guidelines [5]. The bone marrow is the best source of stem
cell but adipose-derived mesenchymal stem cells (ASCs)
can be the alternative source in the clinical field, as both show

similar characteristics regarding morphology, proliferation,
multipotency, and some specific markers [6, 7].

Adipose tissue can be isolated easily by various methods
like blepharoplasty, levator muscle resection, and laparotomy
in abundant quantity from many sites, such as the abdomen,
breast, buttock, orbit, and thigh [8]. Thus, ASCs are more
suitable resource for regenerative medicine applications due
to its abundance and easy accessibility [9, 10]. ASCs from
different tissue sites exhibit differences in characteristics; for
example, traits of cells isolated from the subcutaneous adi-
pose tissue and from the abdomen are dissimilar [11]. Specif-
ically, stromal cells from the subcutaneous adipose tissue
proliferate faster than those from the abdomen; however,
no regional difference in differentiation of the cells has been
found [12], while the frequency of ASC is found to be higher
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in the abdomen than in the thigh, or hip region [13]. Also,
tissues isolated from the hip yield more stromal cells
compared to those isolated from the abdomen [14]. ASCs
have mesodermal origin and undergo several lineages of adi-
pogenic, osteogenic, chondrogenic, myogenic, cardiogenic,
and neurogenic differentiation [15]. Most adipose tissues
have mesodermal origin but adipose tissues from the eyelid
have ectodermal origin as neural crest-derived cells, such
as facial muscle and cartilage [16], and also can differentiate
as mesodermal lineage [17]. ASCs derived from the eyelid
have been reported to have similar characteristics of the
neural crest. [18].

The aim of this study is to characterize and compare
human ASCs isolated form the orbit and abdominal tissues
and also to compare their capacity during multilineage
differentiation.

2. Materials and Methods

2.1. Subjects. The study participants were 10 healthy men
aged between 35 and 55 years and included both types of
tissues, orbital and abdominal from the same individual.
Tissues were isolated within clinical studies approved by
the institutional review board.

2.2. Isolation of Orbital and Abdominal Adipose-Derived
Stem Cells. Orbital ASCs and abdominal ASCs were isolated
following the protocol described in the previous study with
minor modifications [19]. Briefly, orbital adipose tissue was
obtained during an upper or lower blepharoplasty operation
and abdominal adipose tissue during liposuction. The oper-
ated fat pearls were microdissected and washed in phosphate
buffer solution (PBS; Welgene, Daegu, South Korea) to
remove erythrocytes and microdissected and digested with
0.25% type I collagenase type II (Gibco Life Technologies,
Sao Paulo, SP, Brazil) at 37°C for 60min under constant
shaking [20]. After removal of supernatant, cells were sus-
pended and cultured in complete growth media containing
Dulbecco’s Modified Eagle Medium (DMEM)/F12 (Gibco;
Grand Island, New York, USA) with 10% fetal bovine serum
(FBS) (Gibco; Grand Island, New York, USA) and 1%
penicillin-streptomycin solution (P/S) (Gibco; Grand Island,
New York, USA) in 5% CO2 and 37°C. Cells were passaged
when they reached 20–90% confluence with media changed
in 2-3-day interval.

2.3. Flow Cytometry. Cells at passage 3 (p3) were detached by
using trypsin-EDTA 0.2% (Gibco, Carlsbad, CA, USA), fixed
with methanol for 10min at −20°C, washed with 1% BSA in
PBS, and then incubated with permeabilization buffer: 0.1%
Triton X-100 and 1% BSA in PBS for 10min at 4°C. Cells
were incubated with antibodies raised against CD31, CD34
CD45, CD73, CD90, CD105, CD146, and HLA-DR (Santa
Cruz Biotechnology, Dallas, TX, USA) on ice for 30min.
Cells were pelleted, washed, and fixed in 1% paraformalde-
hyde. Fluorescence-activated cell sorting (FACS) analysis
was performed on BD Biosciences FacsCalibur flow cyt-
ometer (Becton Dickinson, San Jose, CA, USA) using FlowJo
software for analysis.

2.4. Multiplex Supernatant Cytokine Assay (Luminex). We
quantified various cytokines and growth factor concentra-
tions secreted from both types of ASCs by using Luminex
multiplex assay kit (Millipore, Billerica, MA, USA) according
to the manufacturer’s instructions. This assay kit measured
protein concentrations of chemokines: eotaxin, fractalkine,
interferon-gamma inducible protein-10 (IP-10), monocyte
inflammatory protein (MCP)-1, macrophage inhibitory pro-
tein (MIP)-1α, and RANTES; proinflammatory cytokines:
granulocyte macrophage colony-stimulating factor (GM-
CSF), interleukin- (IL-) 1β, IL-2, IL-12(p40/p70), IL-6, IL-
7, IL-8, IL-15, IL-17, tissue necrosis factor- (TNF-) α, and
interferon- (IFN-) γ; anti-inflammatory cytokines: IL-1RA,
IL-4, IL-5, IL-10, IL-13, and IFN-α; and growth factors: vas-
cular endothelial growth factor (VEGF), melanoma growth
stimulatory activity (GRO), epidermal growth factor (EGF),
fibroblast growth factor (FGF)-2, and platelet-derived growth
factor (PDGF-AA and PDGF-BB).

2.5. Adipogenic Differentiation and Oil Red O Staining.
Orbital and abdominal ASCs were cultured with adipogenic
medium that contains 30μM indomethacin, 5μM insulin,
0.5mM 2-isobutyl-1-methylxanthine, and 1μM dexametha-
sone (Sigma-Aldrich; St. Louis, MO, USA). The medium
was changed every 2-3 days. At 21 days of differentiation,
cells were fixed with 10% neutral formalin for 1 hour and
stained with Oil Red O solution for 30min. For quantitation
of lipid vacuoles, cells were extracted with 200μl of 100% iso-
propanol (Merck KGaA, Darmstadt, Germany) for 15min,
and absorbance was measured using VersaMax™ Plus Rom
v1.23 ELISA plate reader (Molecular Devices®, Sunnyvale,
CA) at 540nm [21].

2.6. Osteogenic Differentiation and Alizarin Red S Staining.
Orbital and abdominal ASCs with confluent growth were
cultured in a serum-free Stem Pro osteogenesis differentia-
tion kit (Life Technologies). Cells were cultured with com-
plete growth medium (control) or induced medium for 21
days, and the medium was changed every 2-3 days. Cells were
stained with alizarin red S stain (Sigma-Aldrich; St. Louis,
MO, USA), and mineralization during osteogenesis was mea-
sured quantitatively following the manufacturer’s instruc-
tions. In brief, cells were incubated with 10% acetic acid for
30min at RT, scraped and transferred to new tubes
(1.5ml), followed by heating at 85°C for 10min, and then
cooled in ice. After removal of debris by centrifugation, the
supernatant was transferred to a new tube, normalized with
10% ammonium hydroxide solution, and absorbance was
measured at 405nm [22].

2.7. Chondrogenic Differentiation and Alcian Blue Staining.
Orbital and abdominal ASCs with 80% confluency were cul-
tured in chondrogenic differentiation kit (Life Technologies),
and the medium was changed every 2-3 days. After 3 weeks,
cells were stained with alcian blue stain (Sigma) according to
the manufacturer’s protocol. For quantitative measurement,
stained cells were extracted with 6M guanidine HCl for 2 h
at RT and absorbance was measured at 650 nm [23].
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2.8. Quantitative Real-Time Polymerase Chain Reaction
(qPCR). Total RNA was extracted from orbital and abdomi-
nal ASCs using TRIzol RNA isolation reagent, according to
the manufacturer’s instructions. RNA was quantified with
NanoDrop 1000 (Thermo Fisher, Waltham, MA, USA). We
used 1μg of RNA for cDNA synthesis with amfiSure Taq
DNA polymerase (GenDEPOT, USA). We performed qPCR
by using SYBER Green PCR Master Mix (Bio-Rad, USA) on
CFX96 real-time PCR detection system (Bio-Rad). The
primers used for qPCR are listed in Table 1. Real-time PCR
reactions were determined in triplicate with initial activation
at 95°C for 2min, followed by 40 cycles: 95°C for 30 seconds,
60°C for 30 seconds, and 72°C for 20 seconds. For the cycle
number at which the amount of amplified genes reached a
fixed threshold, threshold cycle (Ct) was determined. Rela-
tive gene expression was calculated by normalizing the differ-
ence of genes of interest in the cycle threshold value (delta
Ct) with the delta Ct value of endogenous control, 18s
ribosomal RNA (18s rRNA).

2.9. Statistics. Results are expressed as means± SEM and
analyzed using GraphPad Prism software (version 5.0,
GraphPad Software, San Diego, California). The two-tailed
unpaired Student t-test was used to analyze normally distrib-
uted data, and the Mann–Whitney test was used to analyze
nonparametric data. Statistical significance was accepted for
p value< 0.05.

3. Results

3.1. Phenotypic Characterization of Orbital and Abdominal
ASCs. Flow cytometric analysis resulted that orbital ASCs
expressed CD31, CD45, and HLA-DR expressions by 93.64,
94.19, and 94.40% lower than abdominal ASCs, respectively.
However, both types of ASCs expressed significantly low
percentage of CD34 expression which is one of the character-
istic features of stem cells. The typical markers of stem cells,
such as CD90, CD73, CD105, and CD146, were significantly
higher in both types of ASCs; however, orbital ASCs showed
these expressions higher than abdominal ASCs by 3.93,
20.73, 13.61, and 18.35%, respectively (Figure 1(a)).

3.2. Orbital and Abdominal ASCs Secreted Variable Levels of
Cytokines. Quantitative chemokine assay showed that orbital
ASCs showed higher concentrations of chemokines, such as
eotaxin, fractalkine, IP-10, MCP-1, and RANTES, respec-
tively, by 30.6, 66.2, 57.8, and 83.3% but lower concentrations
of MIP-1α by 96% when compared with abdominal ASCs.
Among proinflammatory cytokines, orbital ASCs secreted
higher concentrations of IFN-γ, IL-5, IL-6, and IL-8 than
abdominal ASCs by 11.5, 42.4, and 73.8%, respectively,
whereas other proinflammatory proteins, such as TNF-α,
IL-1β, IL-2, IL-12(p40/p70), and IL-17, were not detected
in both types of ASCs. Furthermore, considering anti-
inflammatory cytokines, both types of ASCs expressed IL-5
in similar concentrations but none of the other mentioned
cytokines were detected in any supernatant. In addition,
orbital ASCs secreted 14.3% higher concentrations of EGF
than abdominal ASCs but FGF-2 and VEGF were lower by
47.5 and 79.2%, respectively. Other growth factors, like
PDGF-AB and IGF1, were not detected in the supernatant
illustrating that their concentrations were lower than the
detection limit of the corresponding assays.

3.3. Comparison of Adipogenic Differentiation of Orbital and
Abdominal ASCs.Orbital and abdominal ASCs were induced
with adipogenic medium for 21 days to examine the lipid
droplets during adipogenesis and compared with nonin-
duced cells or control (cells grown on complete growth
media). Oil Red O staining results showed orange color for
lipid droplets which was higher in orbital ASCs when com-
pared with abdominal ASCs (Figures 2(a) and 2(b)). Further-
more, qPCR analysis showed that mRNA expressions of
genes involved in adipogenesis, such as PPARγ, E/EBPα,
and FABP4, were higher in orbital ASCs than in abdominal
ASCs by 57.9, 61.1, and 94.2%, respectively (Figure 2(c)).

3.4. Comparison of Osteogenic Differentiation of Orbital and
Abdominal ASCs. Orbital and abdominal ASCs were sub-
jected to osteogenic medium for 21 days in culture. Our
result showed that both types of ASCs showed positive stain-
ing with alizarin red stain in osteogenic medium (induced)
when compared to complete growth medium (control)

Table 1: Lists of human primer sequences used for reverse transcription polymerase chain reaction (RT-PCR).

Primers Forward sequences Reverse sequences

PPARγ ATTGACCCAGAAAGCGATTC ATTGACCCAGAAAGCGATTC

C/EBPα GGGTCTGAGACTCCCTTTCCTT CTCATTGGTCCCCCAGGAT

FABP4 AACCTTAGATGGGGGTGTCCTG TCGTGGAAGTGACGCCTTTC

BMP2 TTTGGACACCAGGTTGGTGAA ACGAATCCATGGTTGGCGT

SP7 GCACAAACATGGCCAGATTC AGA AATCTACGAGCAAGGTC

COl1A TCCTGCCGATGTCGCTATC CAAGTTCCGGTGTGACTCGTG

ACAN CCTCCCCTTCACGTGTAAAA GCTCCGCTTCTGTAGTCTGC

SOX9 TACCCGCACTTGCACAAC TCTCGCTCTCGTTCAGAAGTC

18s rRNA TGAGAAACGGCTACCACATC ACTACGAGCTTTTTAACTGC

PPARγ: peroxisome proliferator-activated receptor gamma; C/EBPα: CCAT/enhancer-binding protein alpha; FABP4: fatty acid-binding protein 4; BMP2:
bone morphogenetic protein 2; SP7: Osterix; COl1A: collagen type I; ACAN: aggrecan; SOX9: Sry-type high-mobility group (HMG) box 9; 18s rRNA: 18s
ribosomal RNA.
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(Figure 3(a)). The extraction of alizarin red showed the quan-
titative results of deposition of calcium crystal which was
significantly higher in orbital ASCs by 4.9% than abdominal
ASCs cultured in osteogenic medium (Figure 3(b)). Further-
more, to elucidate the genes involved in osteogenesis, qPCR
analysis was performed. Our result showed that orbital ASCs
showed significantly higher expressions of BMP2 by 44.1%
and SP7 by 47.2% than abdominal ASCs (Figure 3(c)).

3.5. Comparison of Chondrogenic Differentiation of Orbital
and Abdominal ASCs. After 21 days of chondrogenic induc-
tion, ASCs were stained with alcian blue stain and compared
with noninduced cells. ASCs induced with chondrogenic
medium showed aggregation of cells and increased extracel-
lular matrix production which was stained positively by
blue color in alcian blue staining as shown in (Figures 4(a)
and 4(b)). Furthermore, to determine whether the ASCs
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Figure 1: Phenotypical characterization of orbital and abdominal ASCs. (a) Flow cytometric analysis of surface markers of ASCs. (b)
Luminex assay to measure secreted cytokines by both types of ASCs. Results are presented as means± standard error mean (SEM).
∗p < 0 05 and ∗∗p < 0 01.
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underwent chondrogenesis, the mRNA expressions of genes
involved in chondrogenesis were assessed by qPCR analysis.
Our results showed that abdominal ASCs significantly
expressed higher Col1A, ACAN, and SOX9 mRNA levels
than orbital ASCs by 67.1, 90.2, and 93.3%, respectively
(Figure 4(c)). Thus, our result showed that orbital ASCs were
less potent to chondrogenic differentiation when compared
to abdominal ASCs.

4. Discussion

This study aimed at comparing the characteristic alteration
and differentiation capacity between adipose-derived mesen-
chymal stem cells (ASCs) and orbital and abdominal tissues.
Though orbital and abdominal ASCs were not detached

naturally but could be harvested by collagenase digestion
then expanded in vitro, they displayed different characteris-
tics in terms of expression profile of cytokines and surface
antigens. Our study illustrates for the first time the pheno-
typic characteristics between orbital and abdominal ASCs
along with their trilineage tendency of differentiation.

ASCs derived from any site are supposed to express mes-
enchymal stem cell (MSC) markers but not consistently
express all the characteristics of MSC, and the profile expres-
sion changes with culture time [24]. Also, MSCs are known
to have negative expressions of hematopoietic surface
markers, cluster of differentiation (CD34, CD45, and HLA-
DR), and endothelial marker (CD31) but high expressions
of CD73, CD90, and CD105 [25, 26]. CD45 is found in hema-
topoietic cells and regulates cell growth, differentiation,

Orbital ASCs Abdominal ASCs
C

on
tro

l
In

du
ce

d

(a)

Orbital ASCs
Abdominal ASCs

⁎⁎

0.8

1.0

1.2

1.4

Ab
so

rb
an

ce
 ra

tio
 at

 5
40

 n
m

InducedControl

(b)

200
250
300

⁎⁎
⁎⁎

Orbital ASCs
Abdominal ASCs

⁎⁎

Re
lat

iv
e m

RN
A

 ex
pr

es
sio

n

0

7

14

21

28

FABP4C/EBP�훼PPAR�훾

(c)

Figure 2: Adipogenic differentiation of orbital and abdominal ASCs towards adipogenesis. (a) Microscopic photograph of ASCs cultured in
adipogenic medium for 21 days and subjected to lipid staining with Oil Red O. Control cells were grown in DMEM/F12 medium for the same
period of time. (b) Quantitation analysis of lipid droplet accumulation by determining the amount of dye extracted with isopropanol and
measured at absorbance 540 nm. (c) Real-time PCR analysis for genes involved in adipogenesis, such as PPARγ, C/EBPα, and FABP4.
Results are presented as means± standard error mean (SEM). ∗p < 0 05 and ∗∗p < 0 01.
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mitotic cycle, and oncogenic transformation [27]. CD90 is a
membrane-bound glycoprotein which is expressed by almost
90% of variable tissues [28], and its function is related to
angiogenesis [29, 30]. Additionally, CD146, a typical peri-
cyte marker, is reported as common surface marker of MSCs
[31–34], and its expression is dependent on the donor or the
cell passage number [35, 36]. The previous report showed
the variation of CD90 and CD146, neuron-specific enolase
(NSE), and nuclear receptor-related protein 1 (Nurr1) in
ASCs derived from the eyelid and abdominal fat [37]. Our
findings showed that orbital ASCs contain surface markers
related to MSCs in higher levels than abdominal ASCs. In
accordance with our results, ASCs contain uniform charac-
teristic markers, positive for CD44, CD73, CD90, and
CD105 and negative for CD31, CD45, and HLA-DR [31, 38].

Most chemokines, such as RANTES, MCP-1, and IP-10,
attract the inflammatory cells, dendritic cells, monocytes,

macrophages, and T lymphocytes, while IL-6 secretion is
associated with pluripotency and immune privilege of MSCs
[39, 40]. It is reported that fractalkine, a member of
membrane-bound chemokines, has a role in osteoclast
differentiation [41], and other chemokines, such as eotaxin
and MIP-1α, have a role in eosinophil recruitment in MSCs
[42]. In our study, orbital ASCs showed more immuno-
logical safety and higher concentration of chemokine pro-
duction versus abdominal ASCs. Also, none of the anti-
inflammatory markers except IL-5 was detected however;
most proinflammatory mediators that were expressed by
both types of ASCs were variable. ASCs are reported to be a
mediator of tissue regeneration as they secrete specific
soluble factors, such as VEGF and FGF [43]. Our results
showed both types of ASCs secreted VEGF, EGF, and FGF-
2; however, secretions of FGF-2 and VEGF are lesser by
orbital ASCs versus abdominal ASCs. Thus, our study
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Figure 3: Osteogenic differentiation of orbital and abdominal ASCs towards osteogenesis. (a) Microscopic photograph of ASCs cultured in
osteogenic medium for 21 days and stained with alizarin red stain. Control cells were grown in DMEM/F12 medium for the same period of
time. (b) Quantitation analysis of mineralization by determining the amount of dye extracted and measured at absorbance 405 nm
wavelength. (c) Real-time PCR analysis for genes involved in osteogenesis, such as BMP2 and SP7. Results are presented as means
± standard error mean (SEM). ∗p < 0 05 and ∗∗p < 0 01.
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illustrates that ASCs derived from different sites have differ-
ent properties in terms of inflammation and regeneration.

Adipogenic differentiation is regulated by a complex net-
work of transcription factors that begins with increased
expressions of CCAT/enhancer-binding protein (C/EBP) β/
γ, which activates PPARγ and C/EBPα [44]. It is reported that
FABP4 is an adipokine with a distinct role of transcriptional
and metabolic regulation in ASCs [45]. In this study, ORO
staining results showed that both ASCs were induced when
cultured in adipogenic medium and orbital ASCs have more
adipogenic property compared to abdominal ASCs, which
was ascertained by mRNA expressions of genes involved in
adipogenesis. Orbital ASCs expressed higher mRNA levels
of PPARγ, C/EBPα, and FABP4 than abdominal ASCs.

Previous studies reported that BMP2 plays an important
role in cell adhesion, proliferation, and maturation of extra-
cellular matrix during osteogenesis [46, 47]. This study

revealed that orbital ASCs expressed higher BMP2 and SP7
mRNA levels than abdominal ASCs, illustrating that orbital
ASCs are more potent to osteogenic differentiation. These
increased expressions of genes are concurrent with the recent
findings of genes involved in osteogenesis [48].

SOX9 is a master regulator for the expression of major
cartilage matrix protein type II collagen [49]. In our study,
abdominal ASCs showed increased Col1A, ACAN, and
SOX9 mRNA expressions than orbital ASCs. In accordance
with this result, the recent study presented that osteoarthritic
patients showed increased expressions of these genes during
the chondrogenic differentiation [50].

The present study has some limitations that should be
noted. Firstly, we did not determine the mRNA expressions
during the early stage of differentiation of ASCs, and
secondly, protein levels of signaling mechanisms involved
in trilineage differentiations were not investigated. To the

Orbital ASCs
Co

nt
ro

l
In

du
ce

d
Abdominal ASCs

(a)

Orbital ASCs
Abdominal ASCs

⁎⁎

0.8

1.0

1.2

1.4

1.6

A
bs

or
ba

nc
e r

at
io

 at
 6

20
 n

m

InducedControl

(b)

⁎

Orbital ASCs
Abdominal ASCs

⁎⁎

⁎⁎

0.0

0.7

1.4

2.1

2.8

3.5

Re
la

tiv
e m

RN
A

 ex
pr

es
sio

n

ACAN SOX9CollA

(c)

Figure 4: Chondrogenic differentiation of orbital and abdominal ASCs towards chondrogenesis. (a) Microscopic photograph of ASCs
cultured in chondrogenic medium for 21 days and stained with alcian blue. Control cells were grown in DMEM/F12 medium for the same
period of time. (b) Quantitation analysis of extracellular matrix production by determining the amount of dye extracted with 6M
guanidine HCl and measured at absorbance 620 nm wavelength. (c) Real-time PCR analysis for genes involved in chondrogenesis, such as
Col1A, ACAN, and SOX9. Results are presented as means± standard error or mean (SEM). ∗p < 0 05 and ∗∗p < 0 01.
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best of our knowledge, this is the first comparative study of
ASCs derived from orbital and abdominal fat tissues with
their trilineage capabilities of differentiation. Collectively,
although isolated from similar adipose tissues, both types of
ASCs displayed many contrasting characteristics in terms of
surface markers and cytokine release. In addition, orbital
ASCs have more capabilities towards adipogenesis and oste-
ogenesis, but less tendency to chondrogenic differentiation
when compared to abdominal ASCs. Further studies on the
mechanism of trilineage differentiation need to be elucidated.
Understanding defining phenotypes of such cells is useful for
making suitable choices in different regenerative clinical
indications like cell-based therapy and tissue engineering.
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Stem cells (SCs) may constitute a perspective alternative to pharmacological treatment in neurodegenerative diseases. Although the
safety of SC transplantation has been widely shown, their clinical efficiency in amyotrophic lateral sclerosis (ALS) is still to be
proved. It is not only due to a limited number of studies, small treatment groups, and fast but nonlinear disease progression but
also due to lack of objective methods able to show subtle clinical changes. Preliminary guidelines for cell therapy have recently
been proposed by a group of ALS experts. They combine clinical, neurophysiological, and functional assessment together with
monitoring of the cytokine level. Here, we describe a pilot study on transplantation of autologous adipose-derived regenerative
cells (ADRC) into the spinal cord of the patients with ALS and monitoring of the results in accordance with the current
recommendations. To show early and/or subtle changes within the muscles of interest, a wide range of clinical and functional
tests were used and compared in order to choose the most sensitive and optimal set. Additionally, an analysis of transplanted
ADRC was provided to develop standards ensuring the derivation and verification of adequate quality of transplanted cells and
to correlate ADRC properties with clinical outcome.

1. Introduction

Amyotrophic lateral sclerosis is a fatal neurodegenerative
disease characterized by a progressive loss of motor neu-
rons in the central and peripheral nervous system. Starting

insidiously with an impairment of fine hand movements, foot
drop, or slurred speech, in 2 to 5 years it leads to quadriple-
gia, anarthria, aphagia, and respiratory insufficiency [1].
There is no causative treatment. The first available drug, rilu-
zole, prolongs survival by the average of 3 months, while
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edaravone, recently registered in Japan and US, relents
disease progression in a subgroup of patients without respira-
tory involvement [2, 3]. Patients with mutations in the SOD1
gene might in future profit from oligonucleotide strategy, but
the clinical trials are still ongoing [4, 5]. Stem cells (SCs) may
therefore constitute a perspective alternative to pharmaco-
logical treatment in ALS. Although the safety of SC trans-
plantation has been widely shown [6–8], their efficiency in
ALS is still unproven. It is not only due to a limited number
of studies, high variability of transplanted cell types, small
treatment groups, and fast but nonlinear disease progression
but also the lack of objective methods able to prove subtle
clinical changes.

The usual monitoring strategies used in clinical trials
involve the combination of muscle strength assessment:
MRC (Medical Research Council), grip test, functional status:
ALSFRS R (amyotrophic lateral sclerosis functional rating
scale-revised), Norris scale, and respiratory functions: FVC
and SNIP. In a recent statement, the representatives of Inter-
national Workshop on Progress in Stem Cells Research for
ALS/MND recommend the use of ALSFRS R, FVC, electro-
physiological quantitative motor unit assessment, and cyto-
kine level [9].

Here, we describe a pilot study on transplantation of
autologous adipose-derived regenerative cells into the spi-
nal cord of the patients with ALS and monitoring of the
results in accordance with the current recommendations.
In a limited number of patients, we aimed to use a wide
range of clinical and functional tests in order to identify
measures able to show early and/or subtle changes within
the muscles of interest.

Our choice of the material for transplantation was
dictated by a relative safety, nontumorigenic history, and
availability of mesenchymal cells [10]. Embryonic stem cells,
despite their high ability to differentiate toward neuronal
cells, can give rise to tumors. In turn, a very good and quite
safe material, such as fetal cells, is still ethically controversial
and difficult to obtain for wider therapy. Recent papers pres-
ent promising findings of preclinical experiments with
adipose-derived regenerative cell (ADRC) transplantation.
The ADRCs constitute a freshly isolated, heterogeneous pop-
ulation, characterized and described also by our group [10],
not cultivated in vitro (in contrast to ADSC) to enhance or
keep their high immunomodulatory properties [11]. These
cells may be isolated under a moderate level of invasiveness
and with comparatively high efficiency per number of cells.
Authors demonstrate their remarkably strong adjuvant prop-
erties that are thought to be responsible for the positive
results in regenerative medicine [12]. Scientific data suggest
that ADRCs improve blood flow, modulate the inflammatory
response, and protect tissues from dying. Furthermore, com-
pared with the bone marrow stromal cells, ADRCs show
greater plasticity, longer survival times, and higher vasculo-
genetic potential. An ADRC can be induced to differentiate,
not only into adipocytes, bone, and chondrocytes in line with
basic MSC properties but also under defined conditions into
neuroectodermal cell lineages [13]. However, the protective
properties of ADRCs depend strictly on their stage-related
differentiation. Our data gathered in preclinical and clinical

experimentation indicate that freshly isolated, undifferenti-
ated, and highly proliferating MSC have the highest adjuvant
properties [11]. With time of culture, cells differentiate and
their protective effect declines in parallel with changes in
their paracrine/adjuvant capabilities [14].

To correlate properties of freshly isolated ADRC with
clinical outcome, each ADRC fraction obtained and ready
for transplantation was divided into portions assigned to
transplantation and basic research.

2. Material and Methods

2.1. Study Design. The study was registered at http://
ClinicalTrials.gov (NCT03296501). It was designed as a non-
randomized, prospective, single-center, open-label study,
with no placebo control, to assess safety and efficacy of
ADRC transplantation into the individuals with ALS. After
a minimum of 3 months of clinical, functional, and electro-
physiological monitoring, the patients underwent ADRC
injection followed by 2 subsequent intrathecal infusions.
Safety, adverse events, and efficacy were confirmed by clini-
cal, electrophysiological, neuroimaging, and pulmonary
function assessment together with functional and objective
motor assessment. The quality of life (QoL) and depression
were monitored throughout the study.

Both the study protocol and the informed consent proce-
dure were approved by the Bioethics Committee of the Med-
ical University of Warsaw. Prior to enrollment to the study,
each participant was given detailed “Information for the
study participant” and signed an informed consent in 2 cop-
ies, one for each party. The procedure was repeated before
each surgical intervention.

2.2. Patients. Patients with ALS were diagnosed and followed
at the Department of Neurology, Medical University of
Warsaw. The qualification procedure included three steps.
The first step was a register-based-approach. The patients’
clinical data was taken from the Warsaw ALS/MND regis-
try, which collects demographic and clinical information
of all ALS/MND patients diagnosed and followed at the
Department of Neurology, Medical University of Warsaw,
since 2003 (n = 780). By using inclusion and exclusion cri-
teria as search filters (Table 1), a group of potentially eligible
patients was identified. The second step involved updated
clinical assessment. In case of positive verification, the
patients signed an informed consent (third step) and were
included into the study.

2.3. Surgical Procedures

2.3.1. Liposuction. The fat tissue was harvested from the
abdomen or inner thighs after infiltration with Klein solution
(based on lactated Ringers solution with lidocaine and epi-
nephrine) under local anesthesia. In order to preserve regen-
erative properties of cells, fat collection was performed in low
pressure (250 kPa), using syringe liposuction. We obtained
approximately 250ml of lipoaspirate during each procedure
using 3mm harvesting cannulas [15–17].
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2.3.2. Lumbar Laminectomy. The patient was placed in the
prone position, and the operative field was aseptically pre-
pared. Fluoroscopy was used to obtain positive confirmation
of the appropriate levels for thoracolumbar (T10/11) expo-
sure. A standard midline posterior approach was used with
completion of a Th10–Th11 laminectomy. A Surgicel® was
used as a hemostatic aid when necessary. A 4–5 cm incision
was made through the dura, exposing the spinal cord. Fol-
lowing the dura opening, a microinjection platform was fixed
to the operating table. The platform itself consists of 2 rigid
bars spaced to provide easy visualization of the dura and
the spinal cord. Originally designed gondola was positioned
along these rods. It was equipped with universal joints that
allowed for correction of the sagittal and coronal angles.
The device also allowed for adjustment in the mediolateral
and rostrocaudal direction. The dura was reflected away from
the pial layer and secured to the operative drape. The dorsal
root entry zone was identified, and the pial surface was
opened with a microscalpel under operating microscope
magnification. The spinal cord was penetrated on an orthog-
onal trajectory to the cord surface at a point 1mm medial
to the dorsal root entry zone. Patients received four bilateral
(8 total) injections performed at 4mm intervals along the
rostrocaudal axis at Th10–Th11. For intraspinal transplanta-
tion, the patient received 8× 10 μl at the concentration of
2000,000/10 μl which resulted in the total cell number of
16,000 cells/80 μl. The injection rate was programmed to
10μl/min, using a precalibrated microinjector pump. Doses
were administered through the pump connected to a syringe
and needle assembly. The cell suspension was infused at an
average depth of 4mm from contact at the pial surface after
an initial needle introduction to an average depth of 5mm.
Depth coordinates were individualized based on preoperative
MRI results and ranged from 3 to 5mm. By passing to a
depth of 5mm and then pulling back 1mm, a small reservoir
was created to reduce reflux. During the injection process,
the mechanical ventilation of the patient was kept shallow
in order to reduce ventilation-associated cord excursion.
Following infusion, the needle was left in place for 1 extra
minute to minimize the potential for cell suspension reflux
along the needle track. Following watertight dural closure,

muscular and fascial layers were closed. Finally, skin closure
was completed. Somatosensory evoked potentials (SSEPs)
were monitored throughout the procedure.

2.3.3. Intrathecal Stem Cell Injection. Intrathecal stem cell
injections were performed with the use of a lumbar drainage
system. Lumbar drain was placed at the level of the L3 or L4
vertebrae, so that the introducing needle entered below the
level at which the spinal cord ended. An average of 15 cm
of drain was introduced into the subarachnoid space of the
vertebral canal thus positioning its end at the level of the
Th12 vertebrae. The tubing was then secured onto the skin
with a stitch and covered with a clear sterile dressing. A total
cell suspension volume of 4ml (approx. 14,000,000 cells/ml,
56,000,000 cells/4ml in total) was injected over 2 minutes
followed by saline injection (1ml over 30 sec). The drain
was left in place for 24 hours to reduce suspension reflux
through the punctured dura.

2.4. Patients’ Evaluation. The patients’ evaluation was
divided into three sections: clinical assessment, psychological
evaluation, and laboratory tests (Figure 1). The functional
assessment was performed by the same physical therapist
specialized in neuromuscular diseases. The timetable of
the assessments is presented in Table 2. The assessments
performed at the visits that involved intervention (either
intraspinal or intrathecal ADRC transplantation) were per-
formed 3–7 days prior to a respective intervention.

2.5. Muscle Strength

2.5.1. Manual Muscle Test. The manual muscle test was per-
formed according to the Medical Research Council (MRC)
[18]. Every assessed muscle group was rated from 0 (no visi-
ble contraction) to 5 (normal).

2.5.2. Handheld Dynamometer. (HHD)—MicroFET 2 was
used to assess arm flexors, elbow flexors, wrist extensors, fin-
ger extensors, abductors of digitus secundus and hip flexors,
knee extensors, and ankle dorsiflexors. The result was an
average score of three attempts in each muscle group [19].

Table 1: Inclusion and exclusion criteria for the intraspinal and intrathecal ADRC transplantation.

Inclusion criteria Exclusion criteria

(i) Clinically definite or probable ALS (i) PEG or indications for PEG insertion

(ii) Age 18–65 years
(ii) Respiratory insufficiency, NIPPV, IV, or

indications

(iii) ALS − FRS > 25 (iii) SOD1 and C9orf72 mutation

(iv) FVC > 70% (iv) Concomitant disorders with contraindications
for neurosurgery

(v) Stable dose of riluzole for the past 30 days (v) Pregnancy or lactation

(vi) Disease duration 6–24 months (vi) Unable to provide informed consent

(vii) Pretreatment observation period of >3months
(neurological and physiotherapist assessment, ALSFRS R, and MUNIX)

(viii) In females with childbearing potential at least two efficient contraceptive methods

(ix) Able to provide informed consent
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2.6. Functional Assessment

2.6.1. Amyotrophic Lateral Sclerosis Functional Rating Scale-
Revised (ALSFRS R). ALSFRS R contains 12 functional items
concerning bulbar function, upper limb, lower limb, trunk,
and respiratory functions. Each item is scored from 0 (unable
to) to 4 (normal) [20]. The scale was independently applied
by a neurologist specializing in ALS and a physiotherapis-
t—interrater differences were discussed prior to final scoring.

2.6.2. Frenchay Arm Test (FAT). The Frenchay Arm Test was
used to assess the function of the upper limbs. It consists of
five simple tasks: drawing a line with a ruler, picking up a
pin, picking up a glass of water and drinking some, fixing a
clothespin to the stick and removing it, and combing hair
with scores 0 (unable to) to 1 (able to perform) [21]. It was
performed in both upper limbs, and the average score was
used in further analysis. In the original version, the affected
hand was assessed.

2.6.3. Trunk Control Test (TCT). The trunk control test was
administrated to evaluate functions of the muscles of the
trunk [22]. It involves completion of four tasks: rolling to a
weak side, rolling to a strong side, balancing in a sitting posi-
tion, and sitting up from lying down. Each task is scored from
0 (unable to) to 12 (able with help or in abnormal style) to 25
(fully able). The result was expressed in a sum of item scores.

2.6.4. Two-Minute Walk Test (2MWT). The two-minute
walk test was used to evaluate the function of lower limbs
and trunk muscles. The results were expressed in distance
(meters); the patient was able to cover in 2 minutes [23].
The level of fatigue was additionally estimated before and

after the test by rate of perceived exertion (Borg scale
(BS)) [24].

2.6.5. Five Times Sit to Stand Test (5STS). 5STS was also used
to measure functional muscle strength of lower extremities
and trunk [25]. A patient’s task was to rise from a chair five
times as fast as possible with arms crossed on the chest.
The results were expressed in seconds as a mean of 3 inde-
pendent attempts.

2.6.6. Timed Up and Go (TUG). TUG similarly assessed the
functional use of the lower extremity and trunk when a
patient was asked to rise from an armchair, walk 3 meters,
turn, walk back, and sit down again [26, 27]. The results were
expressed in seconds as a mean of 3 independent attempts.

2.7. Spasticity

2.7.1. Modified Ashworth Scale (MAS). MAS assesses muscle
tone in the upper and lower limbs [28, 29]. It is scored from
0 (normal muscle tone) to 4 (affected part rigid in flexion or
extension of extremity). The results were expressed as a mean
of the results obtained in all limbs.

2.8. Fatigue

2.8.1. Fatigue Severity Scale (FSS). FSS consists of 9 points
scored from 1 (definitely disagree) to 7 (definitely agree). A
result of >36 is considered positive [30].

2.9. Depression

2.9.1. ALS Depression Inventory (ADI-12). ADI-12 is a
self-reported questionnaire developed specifically to screen
for depression in ALS [31], describing mood, anhedonia,

Patient’s evaluation

Clinical

Psychological

Laboratory

Upper limbs Lower limbs Trunk
MRC ✓ ✓ 

Muscle strenght
HHD ✓ ✓ 
ALSFRSR ✓ ✓ ✓ 
FAT ✓ 

Functional
assessment

2MWT ✓ 
TCT ✓ 
5STS ✓ ✓ 
TUG ✓ ✓ 

Spasticity MAS ✓ ✓ 

FSS
Fatigue

BS

Depression ADI‐12

QoL ACSA

Respiratory functions—FVC

Electrophysiological
assessment—MUNIX

MRI

Figure 1: Patient’s assessment paradigm. The diagram presents the applied electrophysiological methods, psychological assessment, and
functional tests, along with their assignment to specific functions.
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and energy, without referring to motor-related symptoms. It
consists of 12 statements concerning the past two weeks,
scoring from 12 (best possible) to 48 (worst possible).
Scores between 23 and 29 indicate mild depression and
30 as severe depression.

2.10. Quality of Life2.11. Anamnestic Comparative Self-
Assessment (ACSA). ACSA assesses global QoL compared

to the worse and the best time of a lifetime scoring from −5
(as bad as possible) to +5 (as good as possible) [32].

2.12. Electrophysiological Evaluation

2.12.1. Motor Unit Number Index (MUNIX). The MUNIX
was performed according to the protocol developed by Neu-
wirth and Weber [33]. Six muscles were examined on both

Table 2: Timetable of the adipose-derived regenerative cell (ADRC) isolation and transplantation study.

Action visit V1 screening V2 V3 V4 V5 V6 V7

Week −24 −12 0 12 24 36 48

Permitted delta in weeks to V1 +2 +2 +2 +/−2 +/−2
Interventions

Intraspinal transplantation X

Intrathecal transplantation X X

Screening assessment

Patient information, informed consent X X X X

Inclusion/exclusion criteria X

Medical history X X X X X X

Diagnosis according to EEC X X X X X X

Physical and neurological examination X X X X X X X

EMG X

MUNIX X X X X X X X

Spinal MRI C with contrast X

Spinal MRI Th with contrast X X X X

Spinal MRI S with contrast X X X X

Spinal MRI Th X∗ X∗ X∗

Spinal MRI LS X∗ X∗ X∗

Spirometry X X X X X X X

Chest X-ray X

Laboratory studies X X X X

Muscle strength assessment

MRC X X X X X X X

HHD X X X X X X X

Functional assessment

ALSFRS R X X X X X X X

2MWT (with concomitant BS) X X X X X X X

5STS X X X X X X X

TUG X X X X X X X

TCT X X X X X X X

FAT X X X X X X X

Other examinations

FSS X X X X X X X

MAS X X X X X X X

Psychological assessment

ADI-12 X X X X

ACSA X X X X

MUNIX: motor unit number index (MUNIX). ∗Examination performer 48 h after the ARDC transplantation. MRC: Manual Muscle Test Medical Research
Council; HHD: handheld dynamometer (HHD); ALSFRS R: amyotrophic lateral sclerosis functional rating scale-revised; 2MWT: two-minute walk test; BS:
Borg scale; 5STS: Five Times Sit to Stand test; TUG: Timed Up and Go; FAT: Frenchay Arm Test; TCT: Trunk Control Test; MAS: Modified Ashworth
Scale; FSS: Fatigue Severity Scale; ADI-12: ALS Depression Inventory; ACSA: Anamnestic Comparative Self-Assessment.
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sides: abductor pollicis brevis, abductor digiti minimi,
biceps brachii, tibialis anterior, extensor digitorum brevis,
and abductor hallucis muscles after supramaximal distal
stimulation of the median, ulnar, musculocutaneous, pero-
neal, and tibial nerves, respectively. The results (CMAP
amplitude in mV) and motor unit number index were
analyzed by a certified neurophysiologist. The results were
expressed as the sum of results from all extremities (total
MUNIX), upper and lower limbs (MUNIX upper limbs
and MUNIX lower limbs).

2.13. Cell Isolation and Analysis

2.13.1. Adipose-Derived Regenerative Cell (ADRC) Isolation.
Preclinical characterisation of ADRC cellular composition,
rate of proliferation (PDT), genetic stability under 5% oxy-
gen, and maintenance of stemness properties together with
commitment to cell differentiation toward mesodermal
direction were described in our previous publication [10].

Under operating room conditions, immediately after
collection, the lipoaspirate was processed in the CellCelution
800 System (Cytori Therapeutics Inc., San Diego, CA). It was
washed to remove free blood and lipids and digested with
Celase 800 (Cytori Therapeutics Inc.) enzyme to release the
stromal vascular fraction. After a series of centrifugation
steps and passing through a system of sieves with various
pores, the stromal fraction was concentrated, and 5ml of
ADRC suspended in Ringer solution was prepared for trans-
plantation: 4ml was intended for patient’s treatment, while
1ml of remnant stromal vascular fraction was used for
in vitro analysis.

2.13.2. CFU-F Assay. The ADRC at 0 passage was seeded
on 6-well plates at a density 100 cells/well. The seeded cells
were cultured in standard culture condition for 10 days.
Then, the cells were fixed with 4% PFA for 15 minutes
and stained with 0.5% toluidine blue for 20 minutes. The
1% stock solution of dye was prepared in 70% ethanol,
and distilled water was added in proportion 1 : 1 to obtain
the final 0.5%-mixture concentration. After incubation, the
stain was directly washed with distilled water. The ADRC-
stained colonies containing 50 or more cells were counted,
and CFU-F frequency (number of colonies per number
seeded cells) was calculated.

2.13.3. Determination of Chemokine and Cytokine Profile.
The analysis of 102 chemokines or cytokines was per-
formed on CSF samples using the Proteome Profiler
Human XL Cytokine Array Kit (R&D Systems) following
manufacturers’ protocol (Table 3). The kit consists of 4
membranes, which were incubated overnight with 300μl
of every sample and a binding buffer. The membranes were
washed and incubated with the detection cocktail, with
streptavidin-conjugated horseradish peroxidase (R&D Sys-
tems) for 30min and finally incubation with the chemilu-
minescence reagent. The spots were visualized by Fusion
FX6 (Vilber Lourmat) with EvolutionCapt FX6. The signal
readings were proportional to the amount of the bound
analyte. The results were analyzed by Zen Software (Zeiss)
based on densitometric analysis (Figure 2). The graph bars

present means from two spots captured with analyzed
antibody according to the following formula: mean densit
y of analyzed spots/mean density of control spots × 100%−m
ean density of background.

2.14. Statistical Analysis. Statistical analysis of the raw data
was conducted using the GraphPad Prism version 5 soft-
ware (La Jolla, CA, USA). The mean ± SEM was calculated
for all samples, and significance was determined using one-
way ANOVA followed by adequate post hoc test. For data
of MUNIX and HHD evaluation, the Pearson coefficient
was calculated. The values were considered as significant

Table 3: Cytokine array assay.

Adiponectin/Acrp30 INF-gamma Lipocalin-2/NGAL

Aggrecan IGFBP-2 CCL2/MCP-1

Angiogenin IGFBP-3 CCL7/MCP-3

Angiopoietin-1
IL-1 alpha/IL-

1F1
M-CSF

Angiopoietin-2 IL-1 beta/IL-1F2 MIF

BAFF/BLyS/TNFSF13B IL-1ra/IL-1F3 CXCL9/MIG

BDNF IL-2
CCL3/CCL4 MIP-1

alpha/beta

CD14 IL-3 CCL20/MIP-3 alpha

CD30 IL-4 CCL19/MIP-3 beta

CD40 ligand/TNFSF5 IL-5 MMP-9

Chitinase 3-like IL-6 Myeloperoxidase

Complement
component C5/C5a

IL-8 Osteopontin (OPN)

Complement factor D IL-10 PDGF-AA

C-reactive protein
(CRP)

IL-11 PDGF-AB/BB

Cripto-1 IL-12 p70 Pentraxin 3/TSF-14

Cystatin C IL-13 CXCL4/PF4

Dkk-1 IL-15 RAGE

DPPIV/CD26 IL-16 CCL5/RANTES

EGF IL-17A RBP4

CXCL5/ENA-78 IL-18 BPa Relaxin-2

Endoglin/CD105 IL-19 Resistin

EMMPRIN IL-22 CXCL12/SDF-1 alpha

Fas ligand IL-23 Serpin E1/PAI-1

FGF basic IL-24 SHBG

KGF/FGF-7 IL-27 ST2/IL1 R4

FGF-19 IL-31 CCL17/TARC

Fit-3 ligand
IL-32alpha/beta/

gamma
TFF3

G-CSF IL-33 TfR

GDF-15 IL-34 TGF-alpha

GM-CSF CXCL10/IP-10 Thrombospondin-1

CXCL1/GRO alpha CXCL11/I-TAC TNF-alpha

Growth hormone (GH) Kallikrein 3/PSA uPAR

HGF Leptin VEGF

ICAM-1/CD54 LIF Vitamin D BP
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Figure 2: Cytokine and chemokine level in CSF after ADRC application. (a) Membrane-based antibody arrays for the parallel determination
of the relative levels of human cytokines and chemokines from CSF of ALS patients (resp. P1, P2, and P3). (b) Comparison of TNFα, IFN-γ,
IL-1β, IL-6, bFGF, and MMP-9 level after MSC transplantation ( black graph bars—3 months after ADRC application, grey bars—24 hours
after cell application). (c) Quantification of CFU frequency. ADRCs obtained after enzymatic isolation were analyzed to evaluate the stem cell/
clonogenic population among a heterogeneous stromal cell population.
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with a value of p < 0 05 (∗p < 0 05, ∗∗p < 0 01, ∗p < 0 001, and
∗∗∗∗p < 0 0001).

3. Results

3.1. Clinical Outcome. One hundred and twenty six patients
were diagnosed with MND between January 2015 and
November 2017 at the Department of Neurology and/or at
the University MND outpatient clinic. Of these, 86 patients
were at the age 18–65 (Figure 3). From the remaining group,
5 patients had clinical phenotypes other than classic ALS:
progressive muscle atrophy (n = 2), flail arm or flail leg syn-
drome (n = 2), or primary lateral sclerosis (n = 1). Nine
patients presented clinically possible ALS according to the
El Escorial criteria [34], 31 had a disease duration longer than
24 months, and 10 patients were at the advanced disease
stage (ALSFRSR < 25). From the remaining group of 31
patients, 12 had respiratory insufficiency and 4 a marked bul-
bar involvement. One patient was excluded from the study
due to a mutation in the C9orf72 gene. All in all, only 11%
of patients (n = 14) fulfilled the inclusion criteria. The
updated clinical assessment disqualified 9 patients as no lon-
ger eligible for the study due to either gastrostomy, respira-
tory insufficiency, or loss of walking capacity. One patient
decided to rebuff the transplantation.

The transplantation of ADRC into the spinal cord at the
level of Th10–11 was performed in four patients (3.2%, 3
males/1 female, mean age 37.2, site of onset—upper limbs
(4/4), mean diagnosis delay 14.7 months, and mean disease
duration 19.0 months). One patient underwent additionally
intraspinal transplantation into the cervical part. The results
of this application will be published separately. In all cases,
intraspinal injection was followed by two intrathecal cell
infusions performed in subsequent 3-month intervals. The
patients were followed every 3 months.

There was no death related to the transplantation pro-
cedure. One patient died 29 months after the first transplan-
tation, two days after gastrostomy insertion. The autopsy
was not performed. The adverse events (AEs) included
abdominal pain (2/4 patients, severity 1–3/10) in the area
of liposuction, which resolved within 24–36hours after
the intervention, and a persistent superficial sensation
impairment in the close surrounding of the site of cannula
insertion. In case of the intraspinal transplantation, all
patients experienced pain at the site of laminectomy (severity
5–6/10), which required analgesic therapy for 7–10 days. One
patient reported intubation-induced speech difficulties,
which resolved within 10 days without treatment. Following
intrathecal infusion, one patient experienced headache with-
out signs of meningeal irritation.

Total number of ALS/MND patients
N = 126

Age 18–65
N = 86

Classic ALS
N = 81

Clinically probable or definite ALS
N = 72

Disease duration < 24 months
N = 41

ALSFRS R > 25
N = 31

FVC > 70%
and ALSFRS R breathing subscore ≥ 11

N = 19

ALSFRS R bulbar subscore > 9
N = 15

No SOD1 and C9orf mutations
N = 15

Age > 65
N = 39

Patients eligible for transplantation
N = 14

Age < 18
N = 1

Other phenotypes
N = 5

Clinically possible ALS
N = 9

Disease duration > 24 months
N = 31

ALSFRS R < 25
N = 10

FVC < 70% and /or
ALSFRS R breathing subscore < 11

N = 12

ALSFRS R bulbar subscore < 9
N = 4

C9 or f72 pathological insertion
N = 1

Figure 3: The qualification scheme of patients according to the proposal during the International Workshop on Progress in Stem Cells
Research for ALS/MND in 2016.
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Two patients reported reduction of previously increased
muscle tone immediately after intraspinal ADRC infusion.
Although the study timetable did not include 2MWT and
BS evaluation directly after the intervention, in case of patient
P2, the tests were additionally carried following the patient-
reported walking improvement. The outcome of the 2WMT
improved from 100.5m (fatigability of 8 at BS) prior to trans-
plantation to 128.0m (with markedly reduced fatigabil-
ity—BS of 5) seven days after the procedure. There was a
slight reduction in the progression of walking impairment:
from a 30% reduction of the 2MWT in the 3 months before
the operation to a 10% drop in the following observation
period (Figure 4). Patient P4 reported improved walking,
arm movement, and speech from the second week after
transplantation. An objectification in the direct postoperative
period was not possible due to the pain in the lumbar region.

At three months after transplantation, there was no apparent
reduction of a walking capacity slope. According to both
patients, the effects persisted for 4 weeks and did not occur
after any of the intrathecal infusions.

Both pre- and posttransplantation monitoring showed a
physical, functional, and respiratory decline in all studied
patients (Figure 4, Table 4).

ALSFRS R and MRC shared a similar deterioration pat-
tern reaching down to 50 and 40% (resp.) of their initial
value within 21 months of observation. The slope of decline
was much steeper in the case of both MUNIX and muscle
strength as examined by HHD (Figure 5). So was the range
of decrease exceeding 90% in the observation period. There
was a positive correlation between MUNIX and HHD
throughout the study in merged results of all our patients
(r = 0 8856, p < 0 0001). The MUNIX and HHD showed a
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Figure 4: Functional tests. According to Figure 1, functional tests evaluating muscle efficiency in the upper (FAT) and lower limbs (2MWT,
TUG, and 5STS) and trunk (TCT) were performed in several time points before, in the course of, and after ADRC therapy. The stability or
decrease in these functions was compared with the trajectory of the ALSFRS scale. Impairment in all functional tests was observed faster than
decrease in ALSFRS. Although 5STS and TUG showed good correlation with other functional parameters, their longitudinal use was limited
in patients who were no longer able to stand up without the help of their arms/hands (on average 6–9 months after the first transplantation; P3
and P4).
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marked decline even when the values of ALSFRS R and MRC
were still stable. At the time of transplantation (from 3 to 6
months after the inclusion to the study), the ALSFRS R was
83%, 79%, 91%, and 68% of the value obtained at visit 1
(V1), whereas total MUNIX was as low as 68%, 85%, 59%,
and 52% in patients P1, P2, P3, and P4, respectively
(Figure 5). The above pattern was also present when upper
and lower limbs were analyzed separately.

The values of three functional tests, which separately
assessed the upper limbs, lower limbs, and the trunk,

decreased faster and earlier thanALSFRS R. In patient P1, they
all reached 50% of their initial value prior to V4, in patient P2
and P3 at V5 (except for TCT in P3), whereas ALSFRS R
reached the same level at V5 (P1) and V7 (P3), or did not
reach it yet (P2). Patient P4 only had 3 visits to date; his results
could not be analyzed in this aspect.

The results of 2MWT matched those of MUNIX and
HHD, but not MRC in the same extremities (Figures 4–6).
The reduction of MUNIX values was an earlier event;
however, the magnitude of 2MWT drop was higher. To

Table 4: Longitudinal forced vital capacity assessment in ALS patients prior to and after ADRC administration.

Patient/visit V1 V2
V3 (prior to
intraspinal tx)

V4 (prior to
1st intrathecal tx)

V5 (prior to
2nd intrathecal tx)

V6 V7

FVC (%)

P1 110 105 100 100 90 85 80

P2 89 89 84 88 85 75 65 (NIV)

P3 128 128 106 106 100 90 83

P4 90 71 65 44
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Figure 5: Muscle strength and electrophysiological assessment. The detailed clinical evaluation performed within one week of the
neurosurgery procedure and repeated every 3 months throughout the project was complemented with ALS-FRS-R, MRC, MUNIX, and
HHD evaluation. ALSFRS R and MRC shared a similar deterioration pattern. The slope of decline was much steeper in the case of both
MUNIX and muscle strength as examined by HHD. The MUNIX and HHD showed a marked decline even when the values of ALSFRS R
and MRC were still stable ( P1, P2, and P3—resp. patient 1, patient 2, and patient 3).
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Figure 6: Comparison of the course of the disease before and after the cell therapy. The graphs show the course of disease preceding the use of
ADRC (blue graph) and the course of disease during cell therapy.
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a lesser extent, a similar correlation was found between the
results of FAT, the only functional test assessing exclusively
upper limbs, and MUNIX/HHD in the upper extremities
(Figures 4–6).

Although 5STS and TUG showed good correlation with
other functional parameters, their longitudinal use was lim-
ited in patients who were no longer able to stand up without
the help of their arms/hands (on average 6–9 months after
the first transplantation) (Figure 6).

The ALS patients differed in terms of spasticity, whi-
ch—in all cases—increased with disease progression. The
MAS results ranged from 1.06 (1.37± 0.25 in patient P1, 1.5
in P2, 0.0 in P3 and 1.37± 0.35 in P4) at the first visit to
1.84 (2.25± 0.7, 2.12± 1.06, 1± 1.4 and 2± 0.35, respectively)
at the last follow-up visit (Vt). Due to spasticity, the MRC
results could not be interpreted in P2 and P4. The spasticity
did not correlate with fatigue (data not shown).

No differences in the progression rate of ALSFRS R was
found between the pre- and posttransplantation observation
period (Figure 5). There was a prominent increase in
MUNIX results in P2 prior to intraspinal transplantation
and 3 months after and in the posttransplantation period in
the case of P4 (Figure 5). After intraspinal transplantation,
MUNIX showed a higher progression rate in P1 and no
changes in P3. The 2MWT decrease was stable in P1 and
P3, whereas it was markedly increased in P2 and P4.

The FSS was found increased in all patients. It scored
from the level of 39–50 at V1 to 50–68 at Vt.

The results of psychological assessment (ADI-2) showed
mild depression (score 27) in two out of four patients prior to
transplantation. It increased within the first 12 months of
observation reaching the level of 30–33 (clinically relevant
depression) in all patients (4/4) and required antidepressive
treatment. None of the patients presented a wish for hastened
death throughout the study. The QoL (ACSA) was very low
in patients P2 and P4 (−5) and neutral in P1 (−1) and P3
(1). After 12 months, it markedly increased in the first two
patients (1) and slightly decreased in P1 (−2) and P3 (−1).

3.2. Cell Culture: ADRC Parameters.Using a 1ml suspension,
we obtained approx. 14× 106/ml ADRC with 95% viability,
expressing CD73 (99.3% of cells), CD90 (99.6%), and
CD105 (89.1%) as well as CD34, CD19, CD11b, and HLA-
DR (all in 1.7% of cells) as surface markers which was in line
with our previous experiments (10). According to ISCT rec-
ommendation, the ability of the MSC population to create
CFU (colony-forming unit fibroblasts) was considered one
of the most specific tests to define the content of stem/pro-
genitor cells in the whole heterogeneous MSC population,
thus predicting expansion and longevity of the ADRC cells.
Our results indicate that ADRCs isolated with the described
method do contain a relatively high fraction of the genuine
stem cells to approx. 20% of total (Figure 2(c)).

In the next task, the factors involved in self-renewal,
regeneration, and immunomodulatory capacity of ADRC
were analyzed in all CSF samples gathered according to the
scheme given in Material and Methods. We have performed
analysis of 102 cytokines/chemokines in the CSF of ALS
patients in the samples taken before cell transplantation

and then at 24 hours after each subsequent cell application,
in order to correlate the change in their expression with
course of the disease. Unfortunately, the pattern of their
expression changed individually without any common trend
neither for the whole group of patients nor for the particular
stages of the disease (Figure 2(a)). Among these cytokines,
only six factors have been identified, the levels of which
would be correlated with the therapeutic effect of ADRC
treatment. They exhibited a decrease in CSF levels of proin-
flammatory TNFα, IFN-γ, and IL-1β after MSC transplanta-
tion, but more interestingly with the exception of those taken
24 hours after the first ADRC injection when they remain
unchanged or even elevated in comparison with the CSF
samples from untreated patients. In contrast to this, growth
factors and anti-inflammatory/regressive agents like IL-6,
bFGF, and MMP-9 have been increased in most samples as
well as those gathered at 24 hours after cell administration
(Figure 2(b)).

4. Discussion

Qualification of ALS patients to controlled pharmacological
clinical trials encounters a number of obstacles resulting
from the disease character. They include prolonged diagno-
sis delay, variable clinical certainty at diagnosis, clinical
phenotype conditioning disease progression, and a short
ventilation-free survival [35]. Clinical trials including neu-
rosurgical procedures, like in the case of intraspinal stem
cell transplantation, additionally face the problem of bulbar
and respiratory involvement interfering with anesthesia. In
order to enable functional analysis, they also require a par-
tially preserved function of muscles innervated by the studied
part of the spinal cord. For these reasons, despite a high num-
ber of patients followed in our ALS center, their final eligibil-
ity for the current trial was only 3.2%. Our finding goes in
line with recently published results from the French ALS reg-
istry where nearly 40% of patients had diagnosis delay > 12
months, over 30% of patients had a bulbar disease onset,
15% had other phenotype than classic ALS, and in nearly
30% of cases the diagnosis was only clinically possible [36].
When adding age limit, functional stage according to ALSFRS
R, and the reduced FVC, the number of patients potentially
eligible for a stem cell clinical trial dropped dramatically.

Intraspinal ADRC transplantation at the Th10/11 level
was proved safe and well tolerated. In two patients, neurosur-
gery induced reduction of the muscle tone, which resulted
in improved walking capacity of a one-month duration,
objectively measured in one case. There was also a reduc-
tion in the progression rate of walking impairment within
3 months after the transplantation in the same patient.
Both patients had a prevalent upper motor neuron involve-
ment (UMN) with marked spasticity, and the effect was not
observed after an intrathecal ADRC infusion. It suggests an
intraspinal mechanism—either due to neurosurgical manip-
ulation similar to postcontusion neurogenic shock or due to
an immunomodulatory effect of the ADRC. Although the
sedation effect could not be excluded within the first two
days, both patients reported persistence of this state for the
4 following weeks. The phenomenon has not been previously
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reported following neurosurgical operations (if not after a
pathologic mass removal). We did not observe any deteriora-
tion due to a reduced muscle tone in two other operated
patients (including one with prevalent lower motor neuron
(LMN) impairment) that could potentially decrease their
physical performance.

Otherwise, the study did not prove effective in terms of
reversing or relenting the disease progression. The limita-
tions of the current study included an open-label character
and a low patient number limiting the use of statistical anal-
yses. However, a number of observations have been made.
From all applied measures, MUNIX proved to be the first
and the most sensitive tool in identifying fine changes at
the muscle level. It was markedly more sensitive than
ALSFRS R and MRC which was earlier found in electrophys-
iological studies in ALS [37]. Previous studies have also
shown that unlike the majority of other ALS outcome mea-
sures (FVC, ALS-FRS, and survival), MUNIX has not been
subject to high variability [38]. It also showed a high interra-
ter reproducibility in patients with ALS [39]. Moreover, in
longitudinal studies, it was reduced not only in paretic but
also in presymptomatic muscles [40]. This feature is of
utmost importance as it enables monitoring of fine changes
during the stem cell therapies. The transplantations should
however be planned earlier in the disease course since, as
shown by the same group, at the time of diagnosis the total
MUNIX score in ALS patients is reduced by 70% compared
to healthy volunteers [41]. In an advanced process, the pro-
tective stem cell properties might not be sufficient to influ-
ence the clinical outcome.

Interestingly, in our hands MUNIX was higher in
patients with prevalent UMN involvement. It may be due
to the muscle fiber overwork accompanying spasticity. A
similar phenomenon was described in Parkinson’s disease.
The authors found changed muscle’s mechanical properties
including increased muscle bulk related to structural changes
within muscles accompanying pathological central neural
drive [42]. Longitudinal studies on MUNIX in patients with
marked UMN involvement as compared to those with pref-
erential LMN damage should shed more light on this process.
By that time, it is important to measure spasticity level in all
patients who undergo intraspinal stem cell therapy. It might
also be worth considering the use of averaging multiple
MUNIX measures recently described in longitudinal assess-
ment of ALS patients in order to further objectify results [43].

In our hand, the Modified Ashworth Scale was a sen-
sitive tool in a potential patient stratification according
to the spasticity level. A recent meta-analysis of studies
regarding reliability of the scale showed a satisfactory inter-
and intrarater agreement. MAS scores exhibited better reli-
ability when measuring upper extremities compared to lower
extremities [44]. It might explain the lack of score change in
patient P4 who reported decreased muscle spasticity follow-
ing the intraspinal transplantation procedure resulting in
objective walking improvement.

In our current study, the dynamometry was the closest
measurement to MUNIX, both on the upper and lower limb
level. It was a fine tool in terms of slope and range of change
in the course of the disease. The utility of this measure was

proved in several other studies, showing a high reliability
especially in early disease stages [19, 22, 42]. To our knowl-
edge, to date it was not compared to MUNIX in longitudinal
monitoring of the disease course.

Beside muscle and motor unit assessment, we found the
functional tests very useful in a complex analysis of the
preserved physical power of the limbs and trunk. ALSFRS
R is the reference functional scale for all the clinical trials;
it is simple and easy to use at every check-up visit. However,
it asymmetrically addresses the functions of the bulbar mus-
cles (12 points), upper (12 points), lower limbs (8 points),
and trunk (4 points), together with respiratory functions
(12 points). For this reason, an analysis of FAT, 2MWT,
and TCT at the same time points allows for a more precise
description of disease progression. By addressing the func-
tions of one part of musculature at a time, this non-time-
consuming examination (lasting up to 20min altogether)
gives a wider range of scores able to reflect more subtle
changes over the disease course and applied treatment.

Although very useful in several neurologic conditions
[45] as well as in elderly patients [30], 5STS and TUG have
been found of limited use in monitoring the disease progres-
sion in patients with ALS. Since both techniques require
standing up from a sitting position, patients with increased
proximal muscles paresis were not able to perform the tests
as early as 3 months after transplantation. Despite assessing
trunk muscles in a more limited way, 2MTW was proved
more easily applicable and showed a very early decrease with
a wide range of change. Its combination with assessment of
fatigability by RPE has given additional reassuring informa-
tion (as p.ex. in P2 whose walking distance improved after
the intraspinal transplantation which was accompanied by
a marked decrease in fatigability by REP). Fatigue was
reported by 83% of ALS patients [46]. It was the most preva-
lent symptom in the late stage of ALS, significantly decreas-
ing the quality of life [47, 48]. It was also an important
reason to give up physical activity [49]. In our study, all
patients presented increased fatigue from the first visit.
Longitudinal analysis showed its further increase with time.
Despite close monitoring, multidisciplinary care, and partic-
ipation in a clinical trial, all patients developed clinically rel-
evant depression requiring pharmacological treatment. Since
in the general ALS population, depression does not signifi-
cantly increase with disease progression [50], the higher
depression levels observed at the end of the study might have
been due to the lack of improvement following the interven-
tion. Interestingly, QoL did not go along with depression in
individual cases. Primarily very low in 2 patients and neutral
in the remaining two, it became neutral in all cases. The
increase of QoL despite an apparent increase in motor
impairment is probably due to the previously described
adaptation process [51].

Beside a broad experience in patients’ monitoring, there
is still a need to find a correlation between the clinical man-
agement and quality of the used transplantation material.
Analysis of MSC secretive properties in vitro and in vivo sug-
gests the need for repeated/cyclic ADRC transplantation. It
seems that the optimal time between consecutive transplan-
tations in order to support their therapeutic effect is about
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3 months [52]. This is in line with the first paper published in
2010 by our group, describing intracerebroventricular trans-
plantation of cord blood-derived neural progenitors in a
child with severe global brain ischemic injury. After a subse-
quent transplantation of the cells tagged with SPIO nanopar-
ticles, we found them to have persisted at a wall of the lateral
ventricle for about 4 months [53]. The levels of cytokines
found in CSF at 3 months after ADRC transplantation are
also in agreement with the data reported by others [54],
stating that the route of intraspinal cell delivery is effec-
tive, feasible, and most probably optimal because of their
strait vicinity or even incorporation into the host’s neural
network [55].

The cytokine and chemokine changes observed here
after ADRC transplantation correspond well with the data
published by Tyndall et al. [12]. Although abnormal levels
of interleukin IL-6 are described mainly in relation to
inflammatory processes [56], it should also be remembered
that in reverse, IL-6 as belonging to the so-called dual-
function cytokines may also inhibit TNF-alpha and IL-1β
expression. Lu et al. [57] demonstrated in a cohort of ALS
patients that IL-6 had a significantly increased expression at
the end-stage of the disease. This may explain the increase
found in our first patient (P1), the only one who has died
during the course of observation. Conversely, in the other
patients the level of IL-6 remained rather stable together with
concomitant decrease of TNF-alpha and IL-1β. In light of the
previously reported negative correlation between the levels of
these cytokines and the duration and severity of ALS [58],
this effect of ADRC which inhibits TNF-alpha and IL-1β
expression seems to be therapeutically promising.

The above conclusion is also in line with other experi-
ences gathered during preclinical experiments. They suggest
that highly proliferating, undifferentiated, SRTF-expressing
cells present in ADRC population are one of the most effec-
tive material in therapeutic transplantation.

To sum up, there is a strong need for an international col-
laborative effort facilitating an early and effective enrollment
of ALS patients into stem cell clinical trials. It will help also to
improve enrollment and monitoring criteria, which may
result in more coherent and reliable data [59, 60].

Keeping in mind the limitations of the study, suggestions
from the presented research indicate the following:

(1) Enlargement of the group of patients at the early
stage of disease selected from several centers

(2) MUNIX analysis in patients with marked UMN
involvement/together with MAS

(3) Combination of MUNIX, HHD, MAS, 2MWT (with
BS), FSS, FAT, and TCT (approx. 1 h) which may
help obtain results along the disease progression
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The adult stem cell secretome is currently under investigation as an alternative to cell-based therapy in regenerative medicine,
thanks to the remarkable translational opportunity and the advantages in terms of handling and safety. In this perspective, we
recently demonstrated the efficient performance of the adipose-derived mesenchymal stem/stromal cell (ASC) secretome in
contrasting neuroinflammation in a murine model of diabetic neuropathy, where the administration of factors released by
dermal fibroblasts (DFs) did not exert any effect. Up to now, the complex mixture of the constituents of the conditioned
medium from ASCs has not been fully deepened, although its appropriate characterization is required in the perspective of
a clinical use. Herein, we propose the differential proteomic approach for the identification of the players accounting for
the functional effects of the cell secretome with the aim to unravel its appropriate applications. Out of 967 quantified
proteins, 34 and 62 factors were found preponderantly or exclusively secreted by ASCs and DFs, respectively. This
approach led to the recognition of distinct functions related to the conditioned medium of ASCs and DFs, with the
former being involved in the regulation of neuronal death and apoptosis and the latter in bone metabolism and
ossification. The proosteogenic effect of DF secretome was validated in vitro on human primary osteoblasts, providing a
proof of concept of its osteoinductive potential. Besides discovering new applications of the cell type-specific secretome, the
proposed strategy could allow the recognition of the cocktail of bioactive factors which might be responsible for the effects
of conditioned media, thus providing a solid rationale to the implementation of a cell-free approach in several clinical
scenarios involving tissue regeneration.

1. Introduction

Adult stem cell-based therapies have been proven effective in
resolving a wide array of clinical questions, opening the way
to their translation from preclinical models to medical prac-
tice. Up to date, 301 clinical trials explored or are currently
investigating the safety and performance of mesenchymal
stem/stromal cells (MSCs), a class of adult stem cells that

can be conveniently harvested from several tissue sources
(source: http://clinicaltrials.gov, applied filters: Active, not
recruiting +Terminated+Completed as Recruitment Status,
Interventional (Clinical Trial) as Study Type). Currently,
the therapeutic effect of MSC administration has been tested
for the treatment of numerous acute and chronic pathologies,
spanning from cardiovascular disorders to musculoskeletal
and immune diseases [1, 2]. In the last few years, it has
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become increasingly evident that the beneficial action exerted
by MSCs in these heterogeneous clinical scenarios largely
depends on paracrine mechanisms rather than being a direct
consequence of cell engraftment [3–9]. The therapeutic
potential of the secretome of these cells is currently under
investigation, gathering growing consensus because of the
remarkable translational ability of the cell-free approach that
presents substantial advantages over cell therapy, especially
in terms of handling and safety. In the context of tissue
regeneration, the secretome of MSCs from bonemarrow, adi-
pose tissue, and Warton jelly has been proven effective in
preclinical models of Parkinson’s disease, spinal cord injury,
and ischemic stroke [10, 11], while the one from human
umbilical cord mesenchymal stem/stromal cells has been
proven effective in ameliorating kidney damage and regener-
ating atrophied muscles [12, 13]. Moreover, the effects of
conditioned medium (CM) from cultured MSCs have been
largely explored in multiple biological processes linked to
clinically significant events, such as wound healing [14, 15],
inflammation blunting [16, 17], angiogenesis [18, 19], and
neuropathic pain [8]. In this scenario, we recently demon-
strated the therapeutic effect of the administration of the
CM from adipose-derived stem/stromal cells (ASCs) in a
mouse model of diabetes mellitus, providing a solid evidence
of its efficiency in contrasting neuropathic pain, neuroin-
flammation, and peripheral immune activation [20]. Inter-
estingly, we also established that the observed effects were
specifically linked to the cell source, as the treatment with
CM derived from dermal fibroblasts (DFs) did not counteract
the monitored symptoms.

Considering the therapeutic potential of the cell secre-
tome, we believe that an appropriate characterization is
required in the perspective of a clinical use. Since it is widely
accepted that the efficacy of the cell secretome is not linked
to a single “ingredient” but depends on a cocktail of factors
acting in synergy, we are currently characterizing theCMcon-
tent, in terms of both soluble components and vesicular car-
gos, by multiple approaches. Recently, we demonstrated that
the extracellular vesicles released by differentMSCs (i.e., ASCs
and MSCs from bone marrow) and DFs possess peculiar fea-
tures that allow their discrimination through Raman spec-
troscopy with an accuracy of 93.7% [21]. In our previous
in vitro and in vivo works, DFs were chosen as the term of
comparison for MSCs as these cell populations present some
common features, such as stromal localization, phenotypic
profile, and multilineage differentiative capabilities. Never-
theless, MSCs and DFs differ for important characteristics,
among which the distinct anti-inflammatory and angiogenic
potential are particularly interesting in the perspective of their
employment in the regenerative medicine field [22, 23]. Here,
we compared the secretome from ASCs to the one from DFs
through a differential proteomic approach, focusing on its
potential to predict the action of CM deriving from distinct
cell sources on different targets and pathological conditions.
We examined the factors differentially expressed between
the two populations that may be involved in the antineuroin-
flammatory properties of ASCs observed in vivo. Moreover,
on the basis of the factors preponderantly released by dermal
fibroblasts, we hypothesize a proosteogenic effect of CM-DFs
that was validated in vitro with human primary osteoblasts.

2. Materials and Methods

Unless otherwise stated, reagents and chemicals were pur-
chased from Sigma-Aldrich (Saint Louis, MO, USA).

2.1. Cell Culture. All the cell types used in this study were iso-
lated from waste tissues of healthy donors undergoing plastic
(abdominoplasty and liposuction) or orthopaedic surgery,
after written consent and following the procedure PQ
7.5.125, version 4, dated 2015-01-22, approved by the IRCCS
Galeazzi Orthopaedic Institute. ASCs were isolated from the
subcutaneous adipose tissue of 3 female donors (age range:
26–65 y/o) while DFs were isolated from the deepidermised
dermis of 3 female patients (age range: 26–46 y/o). Cells were
isolated following previously described protocols [21].
Briefly, ASCs were isolated from adipose tissue samples fol-
lowing digestion with 0.75mg/ml type I collagenase (250U/
mg, Worthington Biochemical Corporation, Lakewood, NJ,
USA) and filtering of the stromal vascular fraction. DFs were
obtained from fragmented dermis after digestion with 0.1%
type I collagenase. Osteoblasts were isolated from the cancel-
lous bone of a female patient (66 y/o) undergoing total hip
replacement surgery. Briefly, bone fragments were excised
and minced with a scalpel, washed several times in phosphate
buffered saline (PBS), and vortexed at high speed in order to
remove residual adipose and/or hematopoietic tissue. Bone
chips were then plated in petri dishes until cell outgrowth.
All cell types were maintained in a humidified atmosphere
at 37°C, 5% CO2 in complete culture medium (DMEM,
2mM L-glutamine, 50U/ml penicillin, 50μg/ml streptomy-
cin) added with 10% FBS (EuroClone, Milan, Italy). The
medium was replaced every other day and, at 70–80% conflu-
ence, cells were detached with 0.5% trypsin/0.2% EDTA,
plated at a density of 10,000 cells/cm2 for ASCs and OBs,
5000 cells/cm2 for DFs, and expanded.

2.2. Conditioned-Media Production. Conditioned medium
was prepared as previously described [20]. Once at 80–90%
confluence, cells at the 4th passage were washed twice with
PBS, kept for one hour in serum-free, phenol-free complete
DMEM, and cultured in the same starving conditions for
72 hours. Conditioned media were then centrifuged at 2500g
for 15 minutes to remove cell debris and concentrated using
Amicon® Ultra-15 centrifugal filter columns with a 3 kDa
molecular weight cutoff (Merck Millipore, Burlington, MA,
USA). Protein concentration was measured by a Bradford
assay (Bio-Rad Laboratories, Hercules, CA, USA).

2.3. nLC-MS/MS Analysis and Bioinformatics. Conditioned
media samples were delivered to ProMiFa (Protein Microse-
quencing Facility, San Raffaele Scientific Institute, Milan,
Italy) to perform nLC-MS/MS analysis. 20μg of total
proteins from each sample were in-solution digested using
the Filter Aided Sample Preparation (FASP) protocol as
reported in literature [24]. Aliquots of the samples contain-
ing tryptic peptides were desalted using StageTip C18
(Thermo Fisher Scientific, Waltham, MA, USA) and ana-
lysed by nLC-MS/MS using a Q-Exactive mass spectrometer
(Thermo Fisher Scientific) equipped with a nanoelectrospray
ion source (Proxeon Biosystems, Odense, Denmark) and a
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nUPLC Easy-nLC 1000 (Proxeon Biosystems). Peptide sepa-
rations occurred on a homemade (75μm i.d., 12 cm long)
reverse phase silica capillary column, packed with 1.9μm
ReproSil-Pur 120 C18-AQ (Dr. Maisch GmbH, Germany).
A gradient of eluents A (distilled water with 0.1% v/v formic
acid) and B (acetonitrile with 0.1% v/v formic acid) was used
to achieve separation (300 nl/min flow rate), from 2% B to
40% B in 88 minutes. Full-scan spectra were acquired with
the lock-mass option, resolution set to 70,000 and mass
range from m/z 300 to 2000Da. The ten most intense
doubly- and triply-charged ions were selected and frag-
mented. All MS/MS samples were analysed using the
Mascot (version 2.6, Matrix Science) search engine to
search the human_proteome 20171122 (93,786 sequences;
37,178,108 residues). Searches were performed with the fol-
lowing settings: trypsin as proteolytic enzyme; 2 missed
cleavages allowed; carbamidomethylation on cysteine as
fixed modification; protein N-terminus-acetylation, methio-
nine oxidation as variable modifications; and mass tolerance
was set to 5 ppm and to 0.02Da for precursor and fragment
ions, respectively. To quantify proteins, the raw data were
loaded into the MaxQuant software version 1.5.2.8 [25].
Label-free protein quantification was based on the intensities
of precursors. The experiments were performed in technical
triplicates. The complete dataset of identified and quantified
proteins, as obtained by proteomic analysis, was subjected to
Student’s t-test in order to define significantly differently
expressed proteins with a p value< 0.05, followed by hierar-
chical clustering analysis, using MeV software v. 4_9_0 [26].

2.4. In Vitro Functional Analysis of CM-ASCs and CM-DFs

2.4.1. Cell Viability. 3× 103 osteoblasts/cm2 were plated in
triplicate on 96-well plates and maintained in culture for 16
days in complete culture medium. At days 2, 4, 7, 9, 11, and
14, cells were treated with CM deriving from 10,000 ASCs
or DFs (recipient to donor cell ratio 1 : 10) and viability/pro-
liferation was monitored through time as previously
described [27]. Briefly, at each time point the culture media
were replaced with the addition of 10% alamarBlue®
(Thermo Fisher Scientific, Waltham, MA, USA) and cells
were incubated for 3.5 hours at 37°C in the dark. 100μl of
supernatant was then transferred to black-bottom 96-well
plates and fluorescence (540 nm excitation λ, 600 nm
emission λ) was read with a Wallac Victor 2 plate reader
(PerkinElmer, Waltham, MA, USA). At the end of the exper-
iment, cells were fixed and stained by Diff-Quik, following
standard protocol (Medion Diagnostics, Miami, FL, USA).
Statistical analysis was performed by two-way ANOVA and
Bonferroni’s multiple comparison test using GraphPad
Prism 5 Software (San Diego, CA, USA).

2.4.2. Real-Time PCR. OBs were plated at a density of 6000
cells/cm2 and cultured in standard conditions until conflu-
ence. Then, cells were treated with conditioned medium
deriving from 120,000 ASCs or DFs (recipient to donor cell
ratio 1 : 5). After 24 hours, the expression of osteogenic
marker genes (RUNX2, SPP1, and COLL I) and of VEGF
(recently identified as a fundamental factor involved in bone

repair and regeneration [28]) was assessed by real-time
polymerase chain reaction (RT-PCR, StepOne Plus, Life
Technologies, Carlsbad, CA, USA) [29]. Briefly, total RNA
was purified using an RNeasy Mini Kit (Qiagen, Hilden,
Germany). cDNA was obtained by a high-capacity cDNA
reverse transcription kit and amplified by Single Tube
TaqMan® Gene Expression Assays (RUNX2: hs00231692_m1,
SPP1: hs00959010_m1, VEGF: hs00959010_m1, and COLL I:
hs01076777_m1) (Applied Biosystems, Foster City, CA,
USA). Data were normalized on ACTB (Hs01060665_g1)
and the relative quantification was determined using the delta
delta CT (ΔΔCT) method.

2.4.3. Western Blot. OBs were seeded at a density of 8000
cells/cm2 and cultured in standard conditions until conflu-
ence. Cells were treated with conditioned medium deriving
from 400,000 ASCs or DFs (recipient to donor cell ratio
1 : 5) for 72 hours. Cells were then lysed in 65mM Tris-
HCl, pH6.8, with 2% sodium dodecyl sulfate (SDS) supple-
mented with protease-inhibitor cocktail. 15μg of whole cell
lysates, quantified by BCA Protein Assay (Thermo Fisher
Scientific), were resolved into 8% SDS-PAGE and transferred
to nitrocellulose membranes (GE Healthcare, Little Chalfont,
UK). Membranes were probed overnight with either rabbit
polyclonal antibody raised against osteopontin (OPN;
Abcam, Cambridge, UK) or mouse monoclonal antibody
raised against SPARC (Santa Cruz Biotechnology, Dallas,
TX, USA). Goat polyclonal anti-GAPDH antibody (Santa
Cruz Biotechnology, Dallas, TX, USA) was employed as a
housekeeping protein. Proteins of interest were detected after
45 minutes of incubation with appropriate HRP-conjugated
secondary antibodies (Santa Cruz Biotechnology, Dallas,
TX, USA) using LiteAblot® Turbo Extra-Sensitive Chemilu-
minescent Substrate (EuroClone, Milan, Italy). Images were
acquired through ChemiDoc Imaging System™ and ana-
lysed through Image Lab™ software (Bio-Rad Laboratories,
Hercules, CA, USA).

3. Results

3.1. Differential Secretome Analysis. We performed a nLC-
MS/MS analysis to identify differentially secreted proteins
between ASCs and DFs. Three conditioned media of each cell
type were analysed. 1208 proteins were identified, 976 of
which were quantified. Following a hierarchical clustering
approach, we identified two groups of factors that were dif-
ferently secreted among ASCs and DFs (Figure 1(a)). The
results showed that 15 proteins were uniquely or preponder-
antly present in CM-ASCs, while 21 were present in those
from DFs. Using this list as input in the STRING platform
[30], it resulted in the majority of differently secreted pro-
teins in both groups (9 for ASCs—FDR: 0.00433 and 15 for
DFs—FDR: 4.66e− 07) being associated to extracellular exo-
somes. No relevant functional pathway was associated to
these proteins, even though DF-specific factors appeared
to be involved in sugar metabolism (monosaccharide
biosynthetic process—FDR: 3.47e− 05, xylulose biosyn-
thetic process—FDR: 0.00461, and nonoxidative branch of
pentose-phosphate shunt—FDR: 0.023).
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Despite that no link to reported pathways was identified
for the 15 ASC-specific proteins, several of them have a
known immune function (S100 A13 protein, CCL2, LGMN,
FUCA1, and METRNL) and/or are involved in neuron death
and apoptosis (CCL2, CLU, LGMN, and PCSK5). To widen
our analysis and deepen our understanding of the differen-
tially secreted proteins, we applied different criteria. At first,
we manually checked the data to identify factors exclusively
secreted by either ASCs or DFs. Among the proteins released
exclusively by one cell type (4 and 12 for ASCs and DFs,
resp.), some factors were not identified through the previous
clustering (1 for ASCs and 6 for DFs) (Figure 1(b)). More-
over, applying Student’s t test with no further correction,
we identified additional factors differentially secreted from
ASCs (n = 18) and DFs (n = 35). Finally, we compared the

CM of same-donor ASCs and DFs and the factors released
uniquely by one population were manually selected. These
data confirmed that the two cell types peculiarly release a
multitude of different factors (31 ASC-specific proteins and
91 DF-specific proteins), regardless of the donor features.
However, since many proteins were solely selected with this
criterion (Figure 1(b)), they were not included in further
analyses. Considering the Student’s t test results combined
with cell type-exclusive data, we obtained novel and more
comprehensive lists accounting for 34 (Figure 2) and 62
(Figure 3) factors differentially or exclusively secreted by
ASCs and DFs, respectively.

These multiple proteins were run in a novel STRING
analysis. Functional enrichment confirmed that the condi-
tioned media of the two cell types contained many different
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Figure 1: Differential proteome analysis of CM-ASCs and CM-DFs. (a) Hierarchical clustering criteria identify 15 proteins preponderantly
secreted by ASCs (n = 3) and 21 factors predominantly released by DFs (n = 3). The color scale represents the label-free quantification (LFQ)
of the relative amount of proteins in the biological samples. (b) Venn diagrams (http://bioinfogp.cnb.csic.es/tools/venny) representing the
number of differentially expressed proteins identified by distinct statistical analyses (Student’s t test alone (TT) or followed by hierarchical
clustering (HC)) and discrimination criteria (factors uniquely present in the CM of one cell type considering all samples (E) or
considering only ASCs and DFs harvested from the same donor (E (SD)).
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proteins associated to extracellular vesicles (17 proteins for
ASCs—FDR: 3.55e− 05 and 34 proteins for DF—FDR:
7.84e− 13). Moreover, it reinforced the previous observation
that CM-DFs contain proteins involved in metabolic pro-
cesses (Figure 3) and suggested that in CM-ASCs there are
different factors regulating endocytosis and cell secretion
(Figure 2). Regeneration functions associated to cell type-
specific factors were also identified. In particular, the regula-
tion of neuron death and of neuronal apoptotic properties
were among the first 5 results regarding biological processes
associated to ASC factors (Figure 2), consistently with our
preclinical data on neuropathic pain [20]. Differently, beside
sugar metabolism, several DF factors appeared to have a role
in ossification and/or bone metabolism (HNRNPC, MRC2,
RBMX, RRBP1, TNC, and TWSG1, Figure 3). In order to val-
idate this last observation, we performed functional tests on
osteoblasts isolated from a human bone specimen.

3.2. Effects of ASC and DF Secretome on Human Primary
Osteoblasts. As a proof of concept, the involvement of

DF-specific factors in bone metabolism/ossification was
validated by testing the effects of the secretome of same-
donor (46 y/o female donor) ASCs and DFs, on cultured
human primary osteoblasts. At first, we investigated the
influence of CM treatments on osteoblast viability over a
period of two weeks (Figure 4(a)). While the effect of CM-
ASCs was almost undetectable, CM-DFs strongly stimulated
osteoblast viability through time and the lag phase observed
between days 7 and 9 in other groups was avoided. At day
14, we observed a larger number of osteoblasts treated with
CM-DFs with respect to other groups (Figure 4(a), micro-
photographs), demonstrating that this treatment favored cell
proliferation rather than enhancing cell metabolism. Then,
the short-term effect of the secretome on gene expression
was investigated (Figure 4(b)). After 24 hours of treatment,
the levels of RUNX2, SPP1, and VEGF mRNA resulted in
an enhancement by CM-DFs (fold change of 4.1 for RUNX2
and 5.2 for both SPP1 and VEGF), thus supporting our
hypothesis of a proosteoblastic action of CM-DFs. By con-
trast, CM-ASCs reduced the expression of these genes of
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Figure 2: STRING analysis uncovering protein-protein interactions and biological processes associated to the 34 proteins solely or
preponderantly secreted by ASCs.
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Figure 3: STRING analysis uncovering protein-protein interactions and biological processes associated to the 62 proteins solely or
preponderantly secreted by DFs.
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Figure 4: In vitro effect of CM-ASCs and CM-DFs on osteoblasts. (a) Semilog graph representing osteoblast viability assessment at different
time points of untreated cells (blue line), cells treated with CM-ASCs (green line), or cells treated with CM-DFs (orange line). The equations
of the exponential functions describing osteoblast growth in the different conditions are shown. Data represents the mean± SD of 3 replicates
(difference versus untreated ∗∗p < 0 01 and ∗∗∗∗p < 0 0001). Microphotographs are representative of cell confluence for each group at the final
time point. Scale bars = 100 μm. (b) Relative expression of important osteoblast genes after 24 hours of treatment with CM-ASCs (green bars)
or CM-DFs (orange bars) in respect to untreated cells, by RT-PCR. The mRNA levels of Runt-related transcription factor 2 (RUNX2),
osteopontin (SPP1), vascular endothelial growth factor (VEGF), and type I collagen (COLL I) are represented in relation to β-actin, here
used as a internal control. Data are shown as mean± SD of technical duplicates. (c) Protein expression of extracellular matrix components
by osteoblasts treated with CM-ASCs or CM-DFs for 72 hours. Western blot analysis of osteonectin (SPARC) and osteopontin (OPN)
expression following the treatments. Bands were quantified by densitometry and normalized on GAPDH.
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about 4 times while COLL I expression was slightly dimin-
ished by both treatments. Finally, we investigated the effect
of a longer CM treatment (72 hours) on the intracellular pro-
tein levels of SPARC and OPN (Figure 4(c)), two important
extracellular matrix components. The stimulating effect of
CM-DFs on osteoblasts was confirmed by a +123% increase
in SPARC expression with respect to untreated cells. How-
ever, a slightly minor upregulation of SPARC was also
induced by CM-ASCs. In addition, a little increase (+29%)
in the naïve 33 kDa form of OPN [31] was also ascribable
to the DF secretome only. Nevertheless, this effect was not
maintained for all the protein isoforms subject to posttrans-
lational modifications (data not shown).

4. Discussion

In light of the fact that conditioned media could be used in
the future as biotechnological products for regenerative med-
icine, it is essential to carry out their characterization before
proceeding to clinics. Here, we have implemented differential
proteomics to investigate the secretome of ASCs and DFs,
focusing on the potential applications in the regenerative
medicine field. We applied different criteria to select proteins
that were differentially or exclusively released by one cell type
and we came up with 34 and 62 factors uniquely or preva-
lently secreted by ASCs and DFs, respectively. The STRING
analysis of these factors led to the recognition of distinct
functions related to the CM of ASCs and DFs which are con-
sistent with previous findings on ASC-CM neuroprotective
effects [20, 32–34] and with our current results on DF secre-
tome osteoinductive properties (Figure 4). Several proteins
released more abundantly or exclusively by ASCs, namely
AXL, CCL2, CLU, CRLF1, LGMN, and PCSK9, were found
to be significantly associated with the regulation of neuronal
death and apoptosis. These bioactive factors might contrib-
ute to the modulation of neuroinflammation exerted by
CM-ASCs in our preclinical models of neuropathic pain
[20, 35] by activating different mechanisms. AXL is a recep-
tor tyrosine kinase which regulates the innate immune sys-
tem activation [36] and controls the phagocytosis of dead
neurons. Even though this protein is probably released by
ASCs through exosomes (STRING, Exocarta), it still needs
to be shown whether it is transferred to recipient cells.
Chemokine (C-C motif) Ligand 2 (CCL2) is a pleiotropic
chemokine with an important role in neurogenesis exerted
by promoting glial cell proliferation and growth, inducing
stem cell migration into sites of damage, and directing differ-
entiation of precursor cells into neurons, astrocytes, and oli-
godendrocytes [37]. Clusterin (CLU) is a stress-induced
chaperone involved in neuronal protection [38]. Its levels
are increased in multiple degenerative conditions [39] and
following traumatic brain injury [40]. CLUmodulates neuro-
inflammation also thanks to its capacity to suppress comple-
ment activation. Legumain (LGMN) is a cysteine protease
which regulates the development of immune response and
tolerance by playing a key role in the processing of antigens
[41]. Among its functions, the involvement in the axonal
regeneration following spinal cord injury in zebrafish is
particularly intriguing [42]. Finally, the soluble receptor

Cytokine Receptor-Like Factor 1 (CRLF1) and the secreted
protease Proprotein Convertase Subtilisin/Kexin type 9
(PCSK9) may contribute to neuroprotection due to their
activity in promoting neuronal cell survival [43] and in regu-
lating neuronal apoptosis [44], respectively. In addition, two
factors specifically released only by ASCs could contribute to
the therapeutic action of their CM. Indeed, similarly to
CCL2, CXCL8/IL-8 is known to possess neuroprotective
features [37]. Furthermore, Scrapie Responsive Gene 1
(SCRG1), which is a positive regulator of stem cell self-
renewal, migration, and differentiation potential [45], has
been recently proposed as an inhibitor of the infiltration of
monocytes, dendritic cells, natural killer cells, and chroni-
cally activated T lymphocytes [46]. Other proteins with a
known immune function were highlighted by the hierarchi-
cal clustering analysis. Among them, Alpha-L-Fucosidase 1
(FUCA1) exerts immunoregulatory actions [47], Meteorin-
like protein (METRL) stimulates the expression of anti-
inflammatory cytokines [48], and S100 calcium-binding
protein A13 (S100A13) acts as a regulator of macrophage
inflammation [49]. Our hypothesis is that all these proteins
concur in the conversion of the proinflammatory/neurodes-
tructive environment observed in diabetic mice into an
anti-inflammatory/neuroprotective one [20]. Further investi-
gations with CM previously deprived of specific factors could
confirm their involvement in the neuroinflammation blunt-
ing. In any case, our unbiased approach allowed us to identify
neuroprotection as one of the main functions of the ASC
secretome. The modulation of neurodegenerative and neu-
roinflammatory diseases by the release of neurotrophic and
immunomodulative molecules is well documented not only
for ASCs but also for other MSCs [10, 33] and it explains
the multitude of applications for MSCs and their conditioned
media in these contexts [20, 32, 35, 50, 51].

On the other hand, the analysis of the factors preponder-
antly or specifically released by DFs produced unexpected
outcomes. CM-DFs resulted particularly enriched in proteins
involved in sugar metabolism and further investigations
should aim at deciphering whether these factors might be
involved in the production of glycosaminoglycans and/or in
other metabolic processes. Of note, several proteins, which
are involved in bone metabolism and ossification (HNRNPC,
MRC2, RBMX, RRBP1, TNC, and TWSG1), were also high-
lighted. Among them, Tenascin C (TNC) is an extracellular
matrix glycoprotein implicated in osteoblastic differentia-
tion and mineralization within the bone, probably acting
as a mediator of TGF-β-induced new bone formation
[52]. C-type mannose receptor 2 (MRC2, also known as
ENDO180, CD280, or uPARAP) plays a supporting role
in bone development being involved in collagen trafficking
and deposition [53]. Another factor involved in collagen
turnover, particularly in its biosynthesis, is Ribosome-
Binding Protein 1 (RRBP1, also known as p180). All these
proteins, together with RBMX (RNA-Binding Motif Protein,
X-Linked) and HNRNPC (Heterogeneous Nuclear Ribonu-
cleoproteins C1/C2), have been reported to be significantly
upregulated during the osteogenic differentiation of MSCs
[54], suggesting their role in osteogenesis. Finally, the
secreted protein Twisted Gastrulation Homolog 1 (TWSG1)
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is known to bind bone morphogenetic proteins and to influ-
ence osteoblast maturation, even though with contrasting
effects [55, 56]. Interestingly, it also inhibits osteoclastogene-
sis [57], supporting a primary role as a bone-building effec-
tor. Since up to now the CM-DF osteoinductive potential
has never been reported, we performed a functional in vitro
test which provided evidence of the proosteogenic function
predicted from the proteomic analysis. In this study,
CM-DFs switched from a term of comparison, convenient
to point out the specific effectors contained in CM-ASCs,
to an interesting source of bioactive factors. With our
results, we do not want to minimize the proosteogenic
potential of the MSC secretome, which has been already
documented especially for BMSCs [58], but to suggest
novel applications for DFs. In fairness, the potential use
of these cells in supporting tissue regeneration has been
largely investigated, mainly considering their ability to
synthesize and deposit extracellular matrices and release bio-
active molecules [59]. Further investigations will be focused
on assessing the effects of the DF secretome and/or of its sin-
gle components on other cell types.

Interestingly, most of the factors differentially released by
ASCs and DFs are contained in extracellular vesicles, but
only half of the proteins involved in the regenerative func-
tions are released as vesicular cargos (STRING). This remark
is consistent with recent observations of a major effect
exerted by the whole conditioned medium compared to the
exosomes only [60] (our unpublished observations). Further
studies investigating this issue are strongly recommended
before choosing the proper cell product to be used in specific
applications.

5. Conclusions

This study provides evidence that the differential proteomic
analysis constitutes a useful tool to determine the proper
therapeutic target of conditioned media derived from differ-
ent cell types. Our data reinforced previous observations on
the neuroprotective action of the ASC secretome by pointing
out specific factors involved in this process and identifying an
unexpected proosteogenic aptitude of CM-DFs. This method
might be applied to identify the bioactive factors which are
released by different cells and are responsible for the biolog-
ical effect of their conditioned media. At last, a proper valida-
tion of specific CM factors could pave the way for the future
production of artificial cocktails of bioactive molecules (a
novel biological medical product) to be used in different
regenerative medicine applications.
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Cultured mesenchymal stromal cells (MSCs) are cells that can be used for tissue engineering or cell therapies owing to their
multipotency and ability to secrete immunomodulatory and trophic molecules. Several studies suggest that MSCs can become
pericytes when cocultured with endothelial cells (ECs) but failed to use pericyte markers not already expressed by MSCs. We
hypothesized ECs could instruct MSCs to express the molecules CD271 or CD34, which are expressed by pericytes in situ but
not by MSCs. CD271 is a marker of especial interest because it is associated with multipotency, a characteristic that wanes in
MSCs as they are culture expanded. Consequently, surface expression of CD271 and CD34 was detected in roughly half of the
MSCs cocultured with ECs as spheroids in the presence of insulin-like growth factor 1 (IGF-1). Conversely, expression of
CD271 and CD34 was detected in a similar proportion of MSCs cultured under these conditions without ECs, and expression of
these markers was low or absent when no IGF-1 was added. These findings indicate that specific culture conditions including
IGF-1 can endow cultured MSCs with expression of CD271 and CD34, which may enhance the multipotency of these cells
when they are used for therapeutic purposes.

1. Introduction

Cultured mesenchymal stromal cells (MSCs) are cells that
exhibit properties such as adherence to plastic, differentiation
into mesodermal cell lineages, proliferation, and secretion of
trophic factors [1, 2]. Firstly isolated from the bone marrow
[3], MSCs have been obtained from several organs and tis-
sues such as the tendon [4], pancreas [5], liver [6], synovial
membrane [7], umbilical cord [8], and adipose tissue (AT)
[9]. This ubiquitous distribution of cells able to give rise to cul-
turedMSCs is explained by their association with the perivas-
cular niche [10, 11]. Accordingly, MSCs have been proposed
to arise from perivascular cells called pericytes [10, 12, 13].

Pericytes are a subset of mural cells that have impor-
tant roles in blood vessel morphogenesis and remodeling
[14], as they interact with endothelial cells (ECs) through

the basal membrane and stabilize blood vessels [15]. The
relationship between pericytes and MSCs has been ini-
tially discussed by Bianco and Cossu [16]; later, this rela-
tionship was extended with the suggestion that MSC-like
cells originate from pericytes that were activated after
tissue injury [10]. More recently, cultured pericytes and
MSCs from AT were found to have an essentially identi-
cal surface molecule profile (including various pericyte-
related markers) and an almost identical gene expression
profile, which confirms that pericytes can give rise to cul-
tured MSCs [17].

In addition to their capacity of differentiation into several
cell types and their ability to secrete bioactive molecules [1],
MSCs have been shown to exhibit angiogenic properties
[18], which further suggests their relationship with the
perivascular niche. Cocultivation of MSCs with ECs is an
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effective way to produce vascular structures in vitro to pro-
vide prevascularized constructs for tissue engineering [19].
Consequently, a large number of reports have demonstrated
the ability of MSCs to interact with ECs to form vascular
structures both in vitro and in vivo [20–28].

While the studies on MSC-EC interactions mentioned
above focused on the application of MSCs in tissue engi-
neering, only a few of them focused on the molecular phe-
notype of MSCs cocultured with ECs, and some of these
suggest MSCs may assume a native pericyte (nPC) pheno-
type (i.e., a molecular phenotype characteristic of PCs in
their native perivascular niche in vivo) based on the expres-
sion of some pericyte-related molecules. Loibl et al. [29]
found that direct cell contact betweenMSCs and ECs upregu-
lates the expression of genes that encode the pericyte-related
molecules CD146, NG2 (neural/glial antigen 2), α-SMA (α-
smooth muscle actin), and PDGFR (platelet-derived growth
factor receptor) in MSCs. Other studies suggest that MSCs
acquire a smooth muscle cell phenotype when in contact
with ECs [30, 31].

Detection of the acquisition of an nPC phenotype by
MSCs when they are cocultured with ECs is difficult because
of some factors. Firstly, cultured MSCs are known to express
pericyte-related markers (e.g., PDGFRβ, NG2, and α-SMA)
[15] prior to contact with ECs. Secondly, since a number of
studies have described pericyte markers after expansion of
blood vessel-derived cells in culture, many of these markers
may be not specific to nPCs [32]. Consequently, there is no
consensus on the most reliable marker for the detection of
an nPC phenotype [33, 34].

In view of the above, the use of molecules known to be
expressed by pericytes in situ but lost after their expansion
in vitro could represent a more strict approach to detect the
acquisition of an nPC phenotype by cultured MSCs. CD34,
for example, has been detected on the surface human AT
nPCs [17, 35] but not on their culture-expanded progeny
[17]. Likewise, CD271 has been detected in noncultured
pericytes from the human bone marrow [36, 37], kidneys
[38], and AT [17], and its expression is lost after culture
expansion [17]. In mesenchymal cells, expression of CD271
is intrinsically associated with a primitive phenotype. Esteve
et al. found that CD271 expression in CD45−CD34+CD31−

cells obtained from human AT decreased as the freshly
isolated cells underwent adipogenic differentiation in vitro
[39]. The expression of genes specific to AT stem/progenitor
cells was detected in human AT-derived pericytes knowingly
positive for CD271 [40]. Human dental pulp-derived MSCs
derived from CD271+ cells are more clonogenic than their
CD271− counterparts, and forced expression of the gene that
codes for CD271 in the murine multipotent cell line
C3H10T1/2 inhibited their differentiation into osteoblasts,
adipocytes, chondrocytes, and myocytes [41].

In this work, we sought to assess the expression of CD34
and CD271 in human AT-derivedMSCs cocultured with ECs
to check if this physical interaction could stimulate MSCs to
take up an nPC phenotype. Consequently, we found that an
impressive proportion of MSCs could express CD271 or
CD34 in vitro owing to the culture conditions used rather
than the physical contact with ECs.

2. Materials and Methods

2.1. Reagents and Materials. Reagents used in this study were
purchased from Sigma-Aldrich Brasil Ltda (São Paulo, SP,
Brazil), unless specified otherwise. Fetal bovine serum (FBS)
was purchased from Gibco® (Life Technologies do Brasil
Com. Ind. Prod. Biotec. Ltda, Itapevi, SP, Brazil). Plasticware
used was supplied by Greiner Bio-One Brasil Produtos
Medicos Hospitalares Ltda (Americana, SP, Brazil).

2.2. Isolation andCulture of Adipose Tissue-DerivedMesenchymal
Stromal Cells. Human adipose tissue was obtained as dis-
carded material from liposuction surgeries at Irmandade
Santa Casa de Misericórdia de Porto Alegre (ISCMPA)
after informed consent of patients. AT from four differ-
ent donors were used for the isolation of MSCs. This study
was approved by the Institutional Review Board of ISCMPA
(CAAE 11903713.7.0000.5335).

AT-derived MSCs (ATMSCs) were isolated as previously
described [17]. Briefly, AT fragments weremixed withHank’s
balanced salt solution (HBSS) supplemented with 10mM of
HEPES in 50mL centrifuge tubes and centrifuged at 600×g
for 10 minutes. Floating AT was removed, transferred to a
50mL centrifuge tube containing an equal volume of col-
lagenase solution (300 units of collagenase I (Worthington
Biochemical Corp., Lakewood, NJ, USA)) permL of Dulbecco’s
Modified Eagle’s Medium-low bicarbonate containing 2%
fetal bovine serum (DMEM-LB/2), and incubated at 37°C
for 40 minutes in a water bath with intermittent swirling
of the tubes. A detailed description of all media formula-
tions used in this study is shown in Table 1. At the end of
the incubation period, the contents of the tubes were cen-
trifuged at 250×g for 10 minutes. The pellets were mixed
and resuspended in 10mL of red blood cell lysis solution
(155mM NH4Cl, 10mM KHCO3, 0.1mM EDTA, and
1mM sodium pyruvate in ultrapure water). After incubation
for 10 minutes, the tube was filled with DMEM containing
10% FBS (DMEM/10) and centrifuged. The supernatant
was discarded, and the pellet was resuspended in DMEM/
10. After washing by centrifugation, the pellet was resus-
pended inDMEM/10, andviable cellswere countedusing try-
pan blue in a Neubauer’s chamber.

After enzymatic disaggregation, 15,000 cells/cm2 were
seeded into 75 cm2 culture flasks in DMEM/10. Cells were
maintained in an incubator at 37°C with a humidified atmo-
sphere containing 5% CO2. When cultures were 80% conflu-
ent, cells were collected after incubation with cell detachment
basal solution (HBSS containing 1mM sodium pyruvate and
0.5mM EDTA) followed by cell detachment solution (cell
detachment basal solution containing 0.025% trypsin) and
seeded at a density of 4000 cells/cm2 into new 75 cm2 culture
flasks in DMEM/10. At the end of the second passage,
ATMSCs were frozen in FBS containing 10% (v/v) dimethyl
sulfoxide or expanded as required for the experiments. On
some occasions, ATMSCs were additionally cultured in
pericyte medium (PCM, Table 1) for at least 7 days prior
to analysis or experiments. The types and concentrations
of growth factors in PCM, inclusive IGF-1, were the same
as in the proprietary pericyte medium sold by ScienCell
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Research Laboratories (Carlsbad, CA). Cells between pas-
sages 4 and 6 were used in the experiments.

2.3. Isolation and Culture of Human Umbilical Vein Endothelial
Cells (HUVECs). Human umbilical cords were obtained
as discarded material after full-term deliveries at Hospital
Universitário ULBRA Mãe de Deus (Canoas, RS, Brazil)
after informed consent from the parturients. The obtainment
of umbilical cords has been approved by the Institutional
Review Board of ULBRA (CAAE 55076816.2.0000.5349).

Collection of HUVECs was carried out as previously
described [42], with slight modifications. Umbilical cords
from three different donors were used for the isolation of
HUVECs. The umbilical cord vein was washed twice with
phosphate-buffered saline (PBS), and a collagenase solution
(150 units of collagenase I per mL of DMEM-LB/2) was
inserted through one of the vein’s ends. The vein’s ends were
clamped, and the vein was incubated for 10 minutes at 37°C
in a water bath. After incubation, the collagenase solution
containing HUVECs was removed from the vein and centri-
fuged at 300×g for 10 minutes. Pellets were resuspended in
endothelial cell medium (ECM, Table 1) and seeded into
75 cm2 culture flasks previously coated with 1% gelatin solu-
tion. ECM composition was modified from a previously
published study [43], as addition of IGF-1, heparin, ascorbic
acid, and hydrocortisone improved HUVEC growth. Cells
were maintained in an incubator at 37°C with a humidified
atmosphere containing 5% CO2. When cultures were 80%
confluent, cells were collected following the same procedure
used for ATMSCs. At the end of the second passage, HUVECs
were subjected to immunophenotyping and expanded accord-
ing to the experiments’ requirements or frozen inFBS contain-
ing 10% of dimethyl sulfoxide. Cells between passages 4 and 6
were used in the experiments.

2.4. Culture of Cells as Spheroids. ATMSCs and HUVECs
were cultured as spheroids as previously described [44], with
some modifications. Briefly, ATMSCs and HUVECs were
collected from culture flasks, counted, mixed at a ratio of
2 : 3 (ATMSCs :HUVECs) or added alone (only ATMSCs)
to 2mL propylene tubes, and centrifuged at 150×g for 5
minutes. A total of 500,000 cells were used to form the spher-
oids. We carried out five culture strategies: (i) ATMSCs cul-
tured in DMEM/10 and then as spheroids for 7 days. Cells
from two different donors were used in two independent
experiments; (ii) ATMSCs precultured in MCDB/2 for 7 days
and then cultured as spheroids in MCDB/2 for 7 additional
days. Cells from two different donors were used in two inde-
pendent experiments; (iii) ATMSCs precultured in PCM for
7 days and then cultured as spheroids in PCM for 7 addi-
tional days. Cells from three different donors were used in
four independent experiments; (iv) ATMSCs precultured in
IGF-1-free PCM (IF-PCM) for 7 days and then cultured as
spheroids in IF-PCM for 7 additional days. Cells from two
different donors were used in two independent experiments;
(v) ATMSCs precultured in PCM for 7 days and then cocul-
tured with HUVECs as spheroids in ECM for 7 additional
days. Cells from two different donors were used in two inde-
pendent experiments.

2.5. Flow Cytometry. ATMSCs cultured in DMEM/10 in cul-
ture flasks (i.e., two-dimensional (2D) conditions), in PCM
in 2D conditions or as spheroids (alone or cocultured with
HUVECs) as mentioned above, were immunophenotyped
by flow cytometry. Cells cultured in 2D conditions were har-
vested using trypsin-EDTA, and cells from the spheroids
were dissociated using type I collagenase. After cell collection
and centrifugation, 1× 105 cells were resuspended in 100μL
of PBS containing 1% bovine serum albumin and were

Table 1: Description of the culture media used in the experiments.

Acronym Culture medium description Application

DMEM-LB/2
Low-glucose Dulbecco’s Modified Eagle’s Medium
supplemented with 2.2 g/L of sodium bicarbonate

(i.e., low bicarbonate), 10mM HEPES, and 2% of FBS.
Collagenase dilution.

DMEM/10

Low-glucose Dulbecco’s Modified Eagle’s Medium
supplemented with 3.7 g/L of sodium bicarbonate,
10mM HEPES, 1% of penicillin/streptomycin

solution, and 10% of FBS.

Culture of ATMSCs (2D and as spheroids). Basal
medium for differentiation induction media.

MCDB/2
MCDB 131 supplemented with 2% FBS and 1%

of penicillin/streptomycin solution.
Culture of ATMSCs (2D and as spheroids).

PCM basal medium.

PCM

Pericyte medium—MCDB 131 supplemented with
2% FBS and 1% of penicillin/streptomycin solution,

2 ng/mL of EGF, 2 ng/mL of FGFb, 2 ng/mL of
IGF-1 (LONG®R3 IGF-I), 5 μg/mL of insulin from
bovine pancreas and 1 μg/mL of hydrocortisone.

Culture of ATMSCs (2D and as spheroids).

IF-PCM IGF-1-free PCM. Culture of ATMSCs as spheroids.

ECM

Endothelial cell medium—MCDB 131 supplemented
with 2% FBS and 1% of penicillin/streptomycin
solution, 10 ng/mL of EGF, 5 ng/mL of FGFb,

20 ng/mL of IGF-1, 1 μg/mL ascorbic acid 2-phosphate,
10 IU/mL of heparin and 0.2 μg/mL of hydrocortisone.

Culture of HUVECs (2D) and coculture of
ATMSCs with HUVECs as spheroids.
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stained with 0.1μg of fluorochrome-labeled antibody for
30 minutes at room temperature in the dark. Antibodies
used included fluorochrome-conjugated anti-human CD11b,
CD31, CD34, CD79a, CD90, CD105, CD106, CD146,
CD271, CD140b, and NG2 immunoglobulins. Isotype-
matched fluorochrome-conjugated control antibodies or
unstained cells were used as negative controls. The antibodies
used to detect surface markers in this study, as well as
their suppliers, fluorochromes, and clone names, are listed
in Supplementary Table 1. After washing with PBS, cells were
resuspended into 300μL of PBS, and fluorescence was read in
a BD Accuri™ C6 flow cytometer (Becton, Dickinson and
Company, Franklin Lakes, New Jersey, USA). The cell
populations were identified based on forward-scatter and
side-scatter parameters, and 10,000 events were gated for
analysis. Flow cytometry histograms and graphics were
generated using BD Accuri C6 Software.

2.6. Differentiation Assays. Adipogenic differentiation and
osteogenic differentiation were performed on ATMSCs cul-
tured in DMEM/10 or in PCM. Cells were seeded at a density
of 4× 104 cells per well in 12-well culture plates. For adipo-
genic differentiation, cells were cultured in DMEM/10 con-
taining 1× 10−8M dexamethasone and 5μM rosiglitazone
for 7 to 10 days, when this medium was augmented with
5μg/mL bovine insulin and cells were cultured for additional
time (14–17 days). For osteogenic induction, cells were cul-
tured in DMEM/10 containing 1× 10−8M dexamethasone
and 50μg/mL ascorbic acid 2-phosphate for 10 days, when
this medium formulation was augmented with 2mM β-glyc-
erophosphate and cells were cultured for additional two
weeks. Lipid-containing vacuoles of adipocytes were stained
with Oil Red O and the calcium-rich extracellular matrix
secreted by osteoblasts was detected by staining with Alizarin
Red S. Images were acquired using an Axio Vert.A1 micro-
scope (Zeiss, Jena, Germany).

3. Results

3.1. Characterization of ATMSCs Cultured in 2D Conditions.
Firstly, ATMSCs cultured in standard conditions (DMEM/
10) and ATMSCs cultured in PCM, both cultured in 2D con-
ditions (culture flasks) for 7 to 10 days, were immunopheno-
typed. Since ATMSCs cultured in PCM acquire surface
molecule and gene expression profiles very similar to those
presented by cultured pericytes [17], we decided to verify
the expression of the nPC markers CD271 and CD34 on
the surface of ATMSCs cultured under pericyte conditions.
The flow cytometry analysis showed that ATMSCs have a
similar immunophenotype whether cultured in DMEM/10
or PCM. ATMSCs cultured in DMEM/10 (Figure 1) or
PCM (Figure 2) do not express CD271 or CD34. Multipoten-
tial capacity of ATMSCs cultured in DMEM/10 or PCM was
assessed, and cells cultured in both conditions differentiated
into adipocytes and osteoblasts, as depicted in Figure 3.

3.2. Coculture of ATMSCs and ECs on Matrigel. Since
ATMSCs cultured in PCM did not express the nPC markers
under study, we assessed the expression of genes that code for

CD271, CD34, and NG2 (NGFR, CD34, and CSPG4, resp.)
after coculture of ATMSCs with murine ECs (endothelial cell
line EOMA) on Matrigel® (Supplementary Materials). In
these preliminary experiments, the murine ECs were allowed
to develop capillary-like structures onto which ATMSCs
were seeded, as physical contact between with these struc-
tures was expected to influence the expression of nPC
markers on ATMSCs. A murine EC line was chosen to
improve the experimental accuracy; the expression of human
transcripts was not detected in the murine cells (Supplemen-
tary Table 2), which means that only ATMSC-derivedNGFR,
CD34, and CSPG4 would be detected by the probes used. We
found increased expression of NGFR, CD34, and CSPG4 in
ATMSCs cocultured with murine ECs on Matrigel
(Supplementary Table 3). Expression of CD34 by EOMA
cells cultured alone in one of the conditions used (culture
on Matrigel for 7 days) precluded validation of expression
of this gene by ATMSCs alone in this experiment.
Conversely, the strategy of using ECs from a different
species in cocultures with human ATMSCs was valid for
NGFR and CSPG4, as detection of these transcripts in
EOMA cells was absent under all the conditions tested,
while it was detectable in ATMSCs. We also found the
colocalization of ATMSCs with tubular structures formed
by ECs on Matrigel (Supplementary Figure 1), which is a
feature of pericytes. Even though this coculture system
proved useful for an initial evaluation, we found that only a
small number of ATMSCs actually became physically
associated with the murine ECs, which could hurdle the
detection of the nPC markers under study. Additionally,
the quality of capillary-like structures formed by EOMA
cells was poor, which called for a different approach. Since
the prevailing hypothesis at the time of this experiment was
performed was that physical contact with ECs is required
for the expression of nPC markers by ATMSCs, the need
for increased events of ATMSC-EC contact became evident.
Therefore, we sought to establish a three-dimensional (3D)
coculture system that could maximize physical contact
between ATMSCs and human ECs (HUVECs) with
subsequent verification of expression of the nPC markers
CD271 and CD34 on the cells’ surfaces. The use of
intracellular dyes such as CM-DiI or DiO to label the two
cell populations, which was used in the preliminary
experiments involving coculture of ATMSCs with EOMA
cells, was dismissed owing to the possible transfer of these
dyes between these two cell types, as intracellular dyes have
been shown to be transferred from ATMSCs to other cell
types when cultured together [45].

3.3. Coculture of ATMSCs and HUVECs as Spheroids.
ATMSCs were cocultured with HUVECs as spheroids pro-
duced by culturing cells in suspension on low attachment
surfaces, which leads to the formation of cell aggregates
[46]. Although other coculture systems that allow interaction
between pericytes and ECs in extracellular matrices such as
collagen are available [47], this spheroid coculture system
was chosen because of its ease of implementation and low
cost. The spheroids were formed by mixing a total of
500,000 cells at a ratio of 2 : 3 (ATMSCs :HUVECs) and
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Figure 1: Immunophenotyping of ATMSCs cultured in standard conditions (DMEM/10, in 2D). Cells expressed CD90, CD105, CD140b,
and NG2 but lacked expression of CD11b, CD34, CD79a, CD106, CD146, and CD271. Histograms drawn in black represent negative
controls. Histograms drawn in red represent the expression of the abovementioned molecules by the cell populations. Overlapping curves
represent populations of cells that do not express the tested markers. Histograms are representative of two independent experiments,
except for CD140b and NG2, whose data corresponds to a single ATMSC population analyzed. Mean± standard deviations of the
percentage of cells expressing the surface markers are indicated in parenthesis.
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culturing them in polypropylene tubes. ATMSCs were cul-
tured in PCM for 7 days prior to coculture with HUVECs
as spheroids in ECM for additional 7 days. Then, individual-
ized cells from the spheroids were subjected to flow cytome-
try. We found that about 50% of cells expressed the nPC
marker CD271 (Figure 4). The endothelial cell marker
CD31 was detected in 33% of cells (Figure 4). We attribute
the lower percentage of CD31-expressing cells observed after
the flow cytometry analysis to the loss of HUVECs during the
spheroid processing for flow cytometry, which is particularly
harsh on HUVECs especially because, in spite of the action of
collagenase, some mechanical disaggregation by pipetting is
required for cell dissociation. As a control, we cultured
ATMSCs for 7 days in PCM before culturing them alone as

spheroids for additional 7 days. We found that about 30%
of ATMSCs cultured alone in ECM as spheroids expressed
the nPC marker CD271 (Figure 4). The preparation of
HUVEC-alone spheroids was also attempted, but HUVECs
failed to form spheroids alone—only clusters with a few cells
developed under the conditions used in this study (not
shown). Additionally, these small cell clusters were not disso-
ciable by collagenase digestion even with some physical dis-
aggregation by pipetting, which forced us to remove these
controls from the analyses.

When spheroids were formed in ECM, the objective of
using this medium was to make sure HUVECs, which are
more delicate than ATMSCs, would remain functional dur-
ing the experiments. Spheroids formed by ATMSCs alone
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Figure 2: Immunophenotyping of ATMSCs cultured in PCM in 2D. Cells expressed CD90 and CD105 but lacked expression of CD11b,
CD34, CD79a, CD106, CD146, and CD271. Histograms drawn in black represent negative controls. Histograms drawn in red represent
the expression of the abovementioned molecules by the cell populations. Overlapping curves represent populations of cells that do not
express the tested markers. These data are representative of two independent experiments. Mean± standard deviations of the percentage
of cells expressing the surface markers are indicated in parenthesis.
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in ECM were meant to serve as negative controls. The reali-
zation that HUVECs were not the key factor for the expres-
sion of CD271 by ATMSCs led to the use of PCM for
subsequent experiments as ATMSCs respond well to this
medium, which is simpler to assemble than ECM. When
flow cytometry analysis was performed on the individualized
cells from the spheroids formed by ATMSCs alone in PCM,

which were expected to work as negative controls, we found
the expression of the nPC markers CD34 and CD271 in 54
and 44.5% of cells, respectively (Figure 5). Since no CD34+

or CD271+ cells were present in any of the ATMSC popula-
tions cultured in PCM in 2D conditions (Figure 2) and the
time under spheroid culture conditions was short (one week),
amplification of small populations of preexisting CD34+ or
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Figure 4: Flow cytometry histograms depicting cells from coculture of ATMSCs and HUVECs in ECM as spheroids and ATMSCs cultured
alone in ECM as spheroids. After coculturing ATMSCs and HUVECs in ECM as spheroids, 49.8% of cells were found to express CD271 and
33.1% of cells expressed CD31. When cultured alone in ECM as spheroids, 33.2% of ATMSCs expressed CD271. Histograms drawn in black
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Figure 3: ATMSCs cultured in DMEM/10 or in PCM in 2D were induced to differentiate into adipocytes or osteoblasts. Lipid-containing
vacuoles of adipocytes were stained with Oil Red O and the calcium-rich extracellular matrix secreted by osteoblasts was detected by
staining with Alizarin Red S.
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CD271+ cells is unlikely. CD146 was not detected on the sur-
face of cells from the spheroids formed by ATMSCs alone
(Figure 5). In a previous work by our group, freshly isolated
pericytes did not express this molecule on their surface
[17], a finding that was attributed to cleavage of the CD146
ectodomain by matrix metalloproteinase 3 (MMP3) [48];
recently, production of MMP3 by perivascular CD271+ cells
in human synovial tissue was confirmed [49].

The expression of other MSC markers was then assessed
in ATMSCs derived from spheroids formed in PCM, and
these cells were found to express CD90 but not CD11b,
CD79a, CD105, or CD106 (Figure 5). HUVECs cultured in
standard conditions were positive for CD31 and CD146 but
not CD271 (n = 3); in one population analyzed, only about
6% of these cells expressed CD34 (Figure 6). Finally, in a

single experiment performed to verify their differentiation
ability in vitro, CD271+ cells isolated from spheroids contain-
ing only ATMSCs were culture expanded and could be
induced to differentiate along osteogenic and adipogenic
pathways (not shown).Whencultured, theseCD271+ cells lost
CD271 expression but retained expression of the ATMSC
markersCD90 andCD105 (not shown) and could be passaged
at least three times. No further experiments using these cells
were performed.

3.4. Influence of Culture Conditions on Expression of CD34
and CD271 by ATMSCs. To verify the influence of culture
conditions on the expression of nPC and MSC markers in
ATMSCs from spheroids, we performed flow cytometry of
ATMSCs subjected to various culture conditions prior to
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Figure 5: Flow cytometry histograms of ATMSCs cultured as spheroids in PCM for 7 days. Cells expressed CD34, CD90, and CD271 but did
not express CD11b, CD79a, CD105, CD106, and CD146. Histograms drawn in black represent negative controls. Histograms drawn in red
represent the expression of the abovementioned molecules by the cell populations. Overlapping curves represent populations of cells that
do not express the tested markers. These data are representative of four independent experiments. Mean± standard deviations of the
percentage of cells expressing the surface markers are indicated in parenthesis.
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culture as spheroids. Firstly, we cultured ATMSCs as spher-
oids for 7 days in DMEM/10. When these cells were analyzed
by flow cytometry, they exhibited a classical MSC immuno-
phenotype, except that CD105 expression was lacking
(Figure 7). ATMSCs were also cultured with MCDB/2
(PCM without growth factors) for 7 days and then as spher-
oids for 7 more days in MCDB/2. Flow cytometric analysis of
these cells showed that cells present a classical mesenchymal
phenotype (Figure 7), with no expression of CD34 but with a
slight expression of CD271. Finally, we precultured ATMSCs
for 7 days in IF-PCM (PCM with no added IGF-1) and
then cultured them as spheroids for 7 days. We chose to
remove IGF-1 from the culture medium because of the
well-known effects of this growth factor on proliferation
and differentiation in a broad range of cell types [50]. After
flow cytometric analysis of individualized cells from spher-
oids cultured in IF-PCM, we found the expression of the
classical MSC marker CD90, and absence of CD11b,
CD34, CD79a, CD105, CD106, CD146, and CD271
(Figure 7).

4. Discussion

Several studies have suggested MSCs can become pericytes
when cocultured with vascular-like structures formed by
ECs [20–25, 27–30], but pericyte markers used in those stud-
ies are already present on MSCs. CD271 and CD34 are
expressed by noncultured human AT pericytes, and their
expression is lost by these cells after expansion in culture,
which indicates they are specific to mature pericytes [17].
Therefore, presence of these molecules on the surface of
ATMSCs was used as an endpoint to assess the acquisition
of a phenotype reminiscent of nPCs by MSCs cocultured
with ECs. Pilot experiments demonstrated increased expres-
sion of CSPG4, NGFR, and CD34 (genes that code for
NG2, CD271, and CD34, resp.) in ATMSCs that were
cocultured with murine ECs on Matrigel (Supplementary
Table 3). In these pilot experiments, we also observed the
colocalization of a fraction of ATMSCs with tubular
structures formed by ECs on Matrigel, which is a feature of
pericytes (Supplementary Figure 1).

Expression of CD34 by MSCs, pericytes, and other post-
natal multipotent cells has been discussed through the past
few years [51]. Another type of stromal cell, the telocyte,
has been shown to be positive for CD34, and to acquire
expression of α-SMA in vivo during tissue repair in the
enteric wall, acting as a progenitor cell [52]. The vasa
vasorum of the human saphenous vein [53] and the human
neonatal heart [54] contain CD34+ pericytes. Additionally,
several studies have reported that cells expressing CD34,
but not CD31 and CD146, in the tunica adventitia of AT
blood vessels are able to give rise to cells with MSC character-
istics in vitro [55–59]. In these works, the authors considered
expression of CD146 and lack of expression of CD31 and
CD34 as characteristics of nPCs. However, as reviewed by
Lin and Lue [60], in vivo identification and discrimination
of pericytes andMSCs in the AT is not an easy task. Histolog-
ical analysis of AT indicates that cells in the tunica adventitia
and endothelium of arteries and arterioles express CD34; the
layer between the adventitia and endothelium contains cells
that simultaneously express α-SMA and CD140b [61] or α-
SMA and CD146 [55, 57]. Traktuev et al. [35] showed that
CD34+ cells obtained from AT also express the pericyte
markers NG2, CD140a, and CD140b, are located in the peri-
vascular region in vivo, and interact with ECs to form tubular
structures in vitro. Furthermore, Braun et al. [62] identified a
population of stromal cell-like cells that express CD34 and
CD271, but not CD146, and give rise to cultured MSCs,
unlike CD146-expressing perivascular cells, which do not
express CD34. In a previous study published by our group,
pericytes were isolated from human AT using an elaborate
process; these noncultured pericytes were found to be posi-
tive for CD34 and CD271 while negative for CD146 and
essentially become MSCs after expansion in culture [17].

Cattoretti et al. were the first to demonstrate expression
of CD271 by human bone marrow pericytes (adventitial
reticular cells) in the human bone marrow stroma [36]. More
recently, Madelung et al. [63] and Flores-Figueroa et al. [37]
also detected CD271 on human bone marrow adventitial
reticular cells. Sowa et al. [64] identified CD271+ cells aligned
with blood vessels in the subcutaneous AT of mice and
named them neural crest-derived adipose MSCs. Yang et al.
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[65] found expression of CD271 on cells in the vasa vasorum
of the venous adventitia and in a limited population of cells
in the adventitia of small vessels in AT. In human fetal liver,
CD271 is present on cells with characteristics of liver peri-
cytes (hepatic stellate cells (HSCs)) identified as positive for
CD34 but negative for CD45 [66]. Interestingly, murine
hepatic HSCs express CD271, and addition of its ligand
(nerve growth factor (NGF)) increases the frequency of apo-
ptotic HSCs in serum-free culture [67]. Since no evidence of a
significant amount of apoptosis in the CD271+ cells in the
spheroids was present, we did not investigate apoptosis in
these cells. CD271 expression has also been shown to be
induced in ECs by exposure to high glucose, leading to
release of microRNA-503, which negatively affects pericyte
function [68]. Clearly, the HUVECs used in this study did
not express CD271, nor did any of the media used by us con-
tain a high glucose content—the amount of glucose in
MCDB-131 or DMEM is 1.0 g/L, which represents a physio-
logical glucose concentration.

MSC cultures established fromCD271+ cells isolated from
human bone marrow [69] or AT [70] are more proliferative,
more clonogenic, and have a greater capacity to differentiate
into mesodermal lineages than their CD271− counterparts.
MSC cultures established from CD271+ bone marrow cells
also produce more cytokines, have greater immunosuppres-
sive effects, and promote greater engraftment of hematopoi-
etic cells in vivo than MSCs selected by adherence to plastic
[71]. These findings indicate that MSCs obtained from
CD271+ cells have greater potential for therapeutic applica-
tions. In this context, acquisition of CD271 expression by
ATMSCs may not only suggest the acquisition of a pericytic
phenotype by them, as it may also indicate occurrence of a
transition to a more primitive, plastic state. Consequently,
culture conditions that promote CD271 expression on
MSCs could help counteract the long-known loss of multi-
potency in these cells after several passages in culture [72].
Comparing the clonogenicity and differentiation ability
between CD271+ and CD34+ cells that developed in the
spheroids and ATMSCs established using traditional
methods was beyond the scope of this study; therefore,
further studies are warranted to explore the full potential
of these cells

Since no other studies have reported the acquisition of an
nPC-like phenotype by MSCs without cell contact with ECs,
one question arises. If it is not the interaction with ECs that
makes MSCs acquire an nPC phenotype, what drives this
conversion? Two hypotheses come up supported by our find-
ings: interaction between cells in a 3D environment and pres-
ence of IGF-1 in the culture medium.

Culturing MSCs as spheroids has already been pointed
as an efficient manner to improve their stemness, immu-
nomodulatory capacity, and angiogenic effects [46, 73]. Gene
expression is altered in MSCs cultured as spheroids, which
includes upregulation of anti-inflammatory [74–76] and
cell-cell/cell-extracellular matrix interaction genes [77, 78].
Therefore, the 3D microenvironment provided by the spher-
oid seems to improve cell communication and mimic charac-
teristics of the in vivo pericyte niche, which may coax MSCs
to take up an nPC-like phenotype.

IGF-1 exerts a broad range of physiological effects on the
vasculature by means of both endocrine and autocrine/para-
crine mechanisms [79]. IGF-1 stimulates the expression of
VEGF [80, 81], which is a potent mitogen for ECs and
plays important roles in angiogenesis [15]. Interestingly,
IGF-1 has been shown to favor the development of
CD31−CD34+CD146− cells at the expense of development
of CD31−CD34+CD146+ cells in AT [82]. In line with this
finding, no CD146+ cells were detected by us in spheroids
formed by MSCs alone in the presence of IGF-1, a condition
that allowed expression of CD34 and CD271 by MSCs. Since
expression of these markers was not appreciable in spheroids
lacking added IGF-1, we hypothesize that this growth factor,
along with the microenvironment provided by the spheroid,
plays major roles in the conversion of MSCs into pericyte-
like cells. Recently, IGF-1 was found to be distinctively
expressed by noncultured human AT pericytes but not
expressed by culture-expanded pericytes [40]. Together, these
data suggest that IGF-1 contributes to the acquisition and
maintenance of a pericytic phenotype, whether in a paracrine
or autocrineway. Since this studywasnot designed to examine
the effects of IGF-1 on the acquisition of an nPC-like pheno-
type by ATMSCs, the question as to whether the effects of this
growth factor on the expression of CD34 or CD271 by
ATMSCs are dose-dependent remains unanswered.

5. Conclusions

Defining ways to improve stemness of MSCs is of special
interest in the field of regenerative medicine, in which these
cells are expected to be important tools. In addition to being
a marker for a subset of pericytes in various human tissues,
CD271 is a molecule associated with multipotency. Previ-
ously published reports indicate that MSCs derived from
CD271+ cells exhibit superior proliferation, differentiation,
and immunosuppressive/trophic abilities as compared to
MSCs derived from CD271− cells. Therefore, the culture con-
ditions described herein may be used to provide MSCs with a
greater ability to serve therapeutic purposes. Our results
show, for the first time, that expression of CD271 and
CD34 in ATMSCs can be effected in vitro using specific con-
ditions in the absence of endothelial cells.
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Mesenchymal stem/stromal cells (MSCs) have been investigated for the treatment of diseases that affect the cardiovascular system,
including Chagas disease. MSCs are able to promote their beneficial actions through the secretion of proregenerative and
immunomodulatory factors, including insulin-like growth factor-1 (IGF-1), which has proregenerative actions in the heart and
skeletal muscle. Here, we evaluated the therapeutic potential of IGF-1-overexpressing MSCs (MSC_IGF-1) in a mouse model of
chronic Chagas disease. C57BL/6 mice were infected with Colombian strain Trypanosoma cruzi and treated with MSCs,
MSC_IGF-1, or vehicle (saline) six months after infection. RT-qPCR analysis confirmed the presence of transplanted cells in
both the heart and skeletal muscle tissues. Transplantation of either MSCs or MSC_IGF-1 reduced the number of inflammatory
cells in the heart when compared to saline controls. Moreover, treatment with MSCs or MSC_IGF-1 significantly reduced
TNF-α, but only MSC treatment reduced IFN-γ production compared to the saline group. Skeletal muscle sections of both
MSC- and MSC_IGF-1-treated mice showed a reduction in fibrosis compared to saline controls. Importantly, the myofiber area
was reduced in T. cruzi-infected mice, and this was recovered after treatment with MSC_IGF-1. Gene expression analysis in the
skeletal muscle showed a higher expression of pro- and anti-inflammatory molecules in MSC_IGF-1-treated mice compared to
MSCs alone, which significantly reduced the expression of TNF-α and IL-1β. In conclusion, our results indicate the therapeutic
potential of MSC_IGF-1, with combined immunomodulatory and proregenerative actions to the cardiac and skeletal muscles.

1. Introduction

In the field of regenerative medicine, mesenchymal stem/
stromal cells (MSCs) are promising tools for the develop-
ment of novel advanced therapy medicinal products to treat
chronic inflammatory diseases [1]. MSCs can be easily
obtained from different sources, including the bone marrow,
adipose tissue, and umbilical cord tissue, allowing for the
development of both autologous and allogeneic therapies
[2]. Several clinical trials that have been performed have
demonstrated the safety of the clinical application of MSCs
[3]. In order to improve the therapeutic effects of MSCs,

genetic modification for the overexpression of specific
growth factors is currently being investigated [4, 5].

The release of trophic paracrine factors by MSCs has
been associated with many of the proregenerative and immu-
nomodulatory effects observed in the context of MSC-based
therapies [2]. One of such growth factors is insulin-like
growth factor-1 (IGF-1), which has been shown to exert pro-
regenerative actions in skeletal muscle, promoting muscle
cell proliferation and differentiation, histological recovery of
muscle fiber type and size, and functional improvements
[6, 7]. Moreover, IGF-1 induces myocyte hypertrophy
and satellite cell activation and increases protein synthesis
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in differentiated myofibers [8]. In heart tissue, IGF-1 was
shown to improve engraftment of MSCs, promoting neo-
vascularization and inhibiting cardiomyocyte death [9, 10].

Chagas disease is an infectious disease caused by the
intracellular parasite Trypanosoma cruzi. Previously con-
fined to the Latin American region, Chagas disease has now
spread to other continents due to population migration
[11]. Cardiac complications occur in approximately 30% of
infected subjects, which may present arrhythmias and heart
failure [12]. Tissue analysis reveals the presence of chronic
myocarditis, myocytolysis, and an intense interstitial fibrosis,
as the result of a combination of persistent parasitism, micro-
vascular inflammation, neurogenic dysfunction, and autoim-
mune responses [13]. These processes are also observed in
the mouse model of Chagas disease caused by a myotropic
Trypanosoma cruzi strain, which develops a progressive
inflammatory response and fibrosis in the heart, along with
an intense skeletal myositis, in the chronic phase of infection
[14]. Modulation of the exacerbated inflammatory response
in combination with the stimulation of endogenous regen-
eration represents a promising therapeutic approach for
Chagas disease.

The ability of MSCs to modulate immune responses and
fibrosis has been demonstrated in the context of T. cruzi
infection in mice [15–18]. We have previously generated
and characterized a bone marrow-derived MSC cell line
overexpressing IGF-1 [19]. In the present study, we investi-
gated the therapeutic potential of IGF-1-overexpressing
MSCs in the experimental model of chronic Chagas disease,
by evaluating their immunomodulatory and proregenerative
effects in the heart and skeletal muscles.

2. Materials and Methods

2.1. Animals. Six- to eight-week-old female C57BL/6 mice
were used for T. cruzi infection. Age-matched naïve mice
were kept under the same conditions during the experiments,
to serve as uninfected controls. All animals were raised and
maintained in the animal facility of the Center for Biotech-
nology and Cell Therapy, São Rafael Hospital (Salvador,
Brazil), and provided with rodent diet and water ad libitum.
Animals were handled according to the National Institutes
of Health guidelines for animal experimentation. All proce-
dures described had prior approval from the local animal
ethics committee under number 012/09 (São Rafael Hospital,
Bahia, Brazil).

2.2. Culture of IGF-1-Overexpressing MSCs. A genetically
modified MSC line with stable overexpression of human
IGF-1 (MSC_IGF-1) was previously generated using bone
marrow MSCs obtained from GFP transgenic mice [19].
Briefly, MSCs were transduced with a lentiviral vector for
overexpression of hIGF-1, and clones were characterized by
polymerase chain reaction (PCR) and enzyme-linked immu-
nosorbent assay (ELISA) to assess transgene expression. The
cells were also shown to maintain MSCs’ characteristics,
including phenotypic markers, trilineage differentiation
potential, and reduced inhibition of lymphocyte proliferation.
MSC_IGF-1 was cultured in Dulbecco’s Modified Eagle’s

Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin (all from
Thermo Fisher Scientific, Waltham, MA, USA) in a
humidity-controlled incubator at 37°C and 5% CO2, with
complete medium replacement every three days.

2.3. T. cruzi Infection and Cell Therapy. Mice were infected
by intraperitoneal injection with 1000 trypomastigotes of
Colombian T. cruzi strain, obtained from culture superna-
tants of infected LLC-MK2 cells. Six months after the infec-
tion, mice were randomly assigned into three groups: MSCs
(n = 10), MSC_IGF-1 (n = 10), or saline (n = 8). Age-
matched naïve mice were used as normal controls (n = 10).
Cell transplantation was performed by four intravenous
injections of cell suspensions containing either 106 MSCs
or MSC_IGF-1, in saline, with an interval of 15 days between
each injection. An equal volume of vehicle (100μL) was used
in the saline group (Figure 1(a)).

2.4. Morphometric Analyses. Mice were euthanized two
months after the initiation of the cell therapy protocol, under
anesthesia with ketamine and xylazine. Heart and skeletal
muscles were removed and fixed in 10% buffered formalin.
Tissue sections were analyzed by light microscopy after par-
affin embedding, followed by standard hematoxylin and
eosin (H&E) staining. Inflammatory cells were counted
using the software Image-Pro Plus v.7.0 (Media Cybernetics,
Rockville, MD, USA). The number of inflammatory cells was
determined by counting 10 fields (400x magnification) per
heart or skeletal muscle section. Sirius Red-stained sections
were entirely digitalized using a confocal microscope A1+
(Nikon, Tokyo, Japan). The percentage of fibrosis was deter-
mined by analysis ofwhole sections of heart or skeletalmuscle,
stained with Sirius Red with a semiautomatic morphometric
protocol, using Image-Pro Plus v.7.0 (Media Cybernetics,
Rockville, Maryland, USA). Two blinded investigators per-
formed the analyses.

2.5. Immunofluorescence Analyses. Skeletal muscle sections of
10μm were fixed with 4% paraformaldehyde and incubated
overnight at 4°C with skeletal myosin primary antibody
diluted 1 : 50 (Sigma-Aldrich, St. Louis, MO, USA). On the
following day, the sections were incubated for 1 h with
secondary antibody anti-rabbit IgG Alexa Fluor 488 conju-
gate at dilution of 1 : 600 (Thermo Fisher Scientific). Nuclei
were stained with 4,6-diamidino-2-phenylindole (VECTA-
SHIELD mounting medium with DAPI H-1200; Vector
Laboratories, Burlingame, CA, USA). The presence of
fluorescent fibers was determined by observation in the A1+
confocal microscope (Nikon). Quantifications of stained
areas were performed in large image captured under 100x
magnification, using the Image-Pro Plus v.7.0 software
(Media Cybernetics).

2.6. Cytokine Measurement. Cytokine concentrations were
evaluated in the serum by ELISA, using DuoSet kits for
tumor necrosis factor alpha (TNF-α), interferon gamma
(IFN-γ), interleukin 10 (IL-10), and transforming growth
factor beta (TGF-β), according to the manufacturer’s
instructions (R&D Systems, Minneapolis, MN, USA).
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2.7. Real-Time Reverse Transcription Polymerase Chain
Reaction (RT-qPCR). Total RNA was isolated from heart
and skeletal muscle samples with a TRIzol reagent (Thermo
Fisher Scientific), and concentration was determined by
photometric measurement. High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific) was used to
synthesize cDNA of 1μg RNA by following the manufac-
turer’s recommendations. RT-qPCR assays were performed
to detect the expression levels of Tnf (Mm00443258_m1),
Ifng (Mm00801778_m1), Nos2 (Mm01309898m1), Arg1
(Mm00475988_m1), Il1b (Mm00434228_m1), Il10
(Mm00439616_m1), Tgfb1 (Mm00441724_m1), Ptpcr
(mm01293577_m1), and Cox2 (Mm01307329_m1). For the
detection of GFP and human IGF-1 mRNA, the following
primer sequences were used in real-time PCR assays: GFP:
5′-AGCAGAACACCCCCATCG-3′ and 3′-TCCAGCAGG
ACCATGTGATC-5′ and hIGF-1 5′CCAAGACCCAGAAG
GAAGTACA-3′ and 3′-TGGCATGTCACTCTTCACTCC-5′.
The RT-qPCR amplification mixtures contained 20μg tem-
plate cDNA, TaqMan Master Mix (10μL), and probes in a
final volume of 20μL (all from Thermo Fisher Scientific).
All reactions were run in duplicate on an ABI 7500 Sequence
Detection System (Thermo Fisher Scientific) under standard
thermal cycling conditions. The mean cycle threshold (Ct)
values from duplicate measurements were used to calculate
expression of the target gene, with normalization to an inter-
nal control, Gapdh, using the 2−DCt formula. Experiments
with coefficients of variation greater than 5% were excluded.
A nontemplate control (NTC) and nonreverse transcription
controls (No-RT) were also included.

2.8. Statistical Analyses. Statistical comparisons between
groups were performed by Student’s t-test when comparing
two groups and ANOVA followed by a Newman-Keuls post
hoc test for multiple comparisons, using a GraphPad Prism
program (Software Inc., San Diego, CA, USA) version 5.0.
Results were considered significant when P < 0 05.

3. Results

3.1. MSCs and MSC_IGF-1 Are Detected in the Heart and
Skeletal Muscles following Transplantation to Chronic
Chagasic Mice. A treatment regimen composed of repeated
intravenous injections of MSCs or MSC_IGF-1 (Figure 1(a))
was associated with increased mortality (40% for the MSC
group and 30% for the MSC_IGF-1 group) in mice chroni-
cally infected with T. cruzi, due to pulmonary embolism.
Surviving mice (n = 6 for the MSC group and n = 7 for the
MSC_IGF-1 group) were euthanized two months following
the initiation of the treatment regimen for histological and
gene expression analyses and quantification of cytokines
(Figure 1(a)).

First, we evaluated the presence of transplanted cells in
the heart and skeletal muscles by detection of the transgene
mRNAs by RT-qPCR. GFP was used to detect both MSCs
and MSC_IGF-1, while hIGF-1 was used to detect
MSC_IGF-1. We detected GFP mRNA in the hearts of six
out of seven mice from the MSC_IGF-1 group and five out
of six mice in the MSC group (Figure 1(b)). While no expres-
sion of hIGF-1 was found in mouse hearts from the MSC
group, four out of seven mice in the MSC_IGF-1 group were
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Figure 1: Experimental design and cell tracking. C57BL/6 mice were infected with 1000 T. cruzi trypomastigotes (Colombian strain) and
treated, during the chronic phase, with 106 MSCs or MSC_IGF-1, intravenously, every 15 days, during 60 days (a). Saline-treated and
naïve mice were used as controls. Heart and skeletal muscle tissues were collected 15 days after the last administration of cells for
RT-qPCR analysis of GFP (b) or human IGF-1 gene expression (c). Values represent the mean ± SEM of 5–7 animals/group.
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Figure 2: Quantification of inflammatory cells infiltrating the heart. Representative images of heart sections from mice euthanized two
months after cell therapy with MSCs, MSC_IGF-1, or untreated controls. Heart sections were stained with H&E, and the number of
inflammatory cells was quantified, comparing naïve (a) and infected mice treated with saline (b) MSCs (c) or MSC_IGF-1 (d). Bars = 50μ
m. (e) Number of inflammatory cells per mm2 in H&E-stained sections. Data represent the mean ± SEM of 5–7 animals/group. ∗P < 0 05,
∗∗P < 0 01, and ∗∗∗P < 0 001.
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Figure 3: Quantification of cardiac fibrosis. Representative images of heart sections stained with Sirius Red obtained from naive (a) or
infected mice treated with saline (b), MSCs (c), or MSC_IGF-1 (d). Bars = 50μm. (e) Quantification of the percentage of cardiac fibrosis
area. Results are expressed as mean ± SEM of 5–7 animals/group. ∗∗P < 0 01 and ∗∗∗P < 0 001.

4 Stem Cells International



positive for the expression of this mRNA (Figure 1(c)). In the
skeletal muscle, all mice treated with MSCs were positive for
GFP, while 4 out of 7 mice presented both expressions of
GFP and hIGF-1 in mice treated with MSC_IGF-1
(Figures 1(b) and 1(c)).

3.2. Cell Therapy with MSCs and MSC_IGF-1 Modulates
Cardiac Inflammation and Fibrosis. Next, we evaluated
the effects of cell therapy by tissue analysis in the hearts
of chagasic mice. All mice chronically infected with T. cruzi
presented intense inflammatory infiltrates in the myocar-
dium, which were mainly composed of mononuclear cells
(Figures 2(a)–2(d)). Infiltrating inflammatory cells were
quantified, and a significant reduction in the number of cells
was measured in both MSC- and MSC_IGF-1-treated mice,
when compared to saline-treated controls (Figure 2(e)). Dif-
fuse areas of cardiac fibrosis, distributed along the atria,

atrioventricular junction, and ventriculi, were observed in
all T. cruzi-infected mice and not in all naïve controls
(Figures 3(a)–3(d)). A reduction in the fibrotic area was also
observed in the hearts of mice treated with either MSCs or
MSC_IGF-1, when compared to saline-treated controls
(Figure 3(e)).

Additionally, the expression levels of proinflammatory
and anti-inflammatory genes were evaluated in heart
samples. Treatment with MSCs or MSC_IGF-1 produced a
statistically significant reduction in the expression of
TNF-α, while IFN-γ gene expression was reduced only in
MSC-treated mouse hearts (Figures 4(a) and 4(b)). No
significant differences were observed in TGF-β or IL-10
gene expression between MSC-, MSC_IGF-1-, and saline-
treated groups (Figures 4(c) and 4(d)).

We also investigated the systemic immunomodulatory
effects of cell therapy by quantification of cytokines in the
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Figure 4: Cytokine evaluation in the heart and serum after cell therapy. Samples or infected mice treated with saline, MSCs, or MSC_IGF-1
were collected two months following the initiation of the cell therapy protocol and analyzed by RT-qPCR in the heart tissue for gene
expression (a–d) and by ELISA in the serum for protein quantification (e–h) of TNF-α (a, e), IFN-γ (b, f), IL-10 (c, g), and TGF-β (d, h).
Data represent the mean ± SEM of 5–7 mice per group. ∗P < 0 05, ∗∗P < 0 01, ∗∗∗P < 0 001, and #P < 0 0001 compared to other groups.
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serum. Similar to the findings in the heart tissue, the levels of
TNF-α were reduced significantly in the groups treated with
either MSCs or MSC_IGF-1, although IFN-γ levels decreased
only in the MSC-treated group (Figures 4(e) and 4(f)). No
statistically significant differences were observed in TGF-β
or IL-10 serum levels, when comparing treated mice to saline
controls (Figures 4(g) and 4(h)).

3.3. Proregenerative and Immunomodulatory Actions of
MSC_IGF-1 in the Skeletal Muscle of Mice Chronically
Infected with T. cruzi. Skeletal muscle from naïve mice
presented a normal microscopic structure, with preserved
myocytes, as observed by H&E staining (Figure 5(a)). In
contrast, sections from T. cruzi-infected mice of saline
and MSC groups presented clear signs of skeletal muscle

destruction and substitution for fibrosis and adipose tissue
(Figures 5(b) and 5(c)). In MSC_IGF-1-treated mice, how-
ever, we observed a marked preservation of the myofibers
(Figure 5(d)). This finding was confirmed by quantification
of the area occupied by myofibers, visualized by positive
staining for skeletal myosin (Figures 5(e)–5(h)). Naïve mice
had a significantly higher myosin+ area than saline- or
MSC-treated mice and presented a similar pattern to
MSC_IGF-1 mice (Figure 5(i)).

Muscle sections of naïve mice presented low interstitial
cellularity (Figure 6(a)), while T. cruzi-infected mice were
infiltrated predominantly by mononuclear cells between myo-
fibers and surrounding blood vessels (Figures 6(b)–6(d)).
Significant deposition of fibrosis was also observed in
skeletal muscle sections of infected mice, compared to
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Figure 5: Proregenerative effects of therapy with MSC_IGF-1 in the skeletal muscle. Representative images of skeletal muscle sections stained
with H&E, obtained from naïve (a) or infected mice treated with saline (b), MSCs (c), or MSC_IGF-1 (d), showing destruction of myofibers
and substitution for fibrosis and adipose tissue in infected mice, when compared to naïve mice, and recovery in MSC_IGF-1-treated mice (d).
Skeletal myosin staining in skeletal muscle sections from naïve (e) or infected mice (f) treated with saline (g), MSCs (h), or IGF-1 (i),
confirming the enhanced presence of myosin+ myofibers in MSC_IGF-1-treated mice. Bars = 100 μm. (j) Quantification of the skeletal
myosin+ area. ∗∗P < 0 01 and ∗∗∗P < 0 001.
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naïve controls (Figures 6(e)–6(h)). However, morphomet-
ric analysis did not show a reduction in the number of
infiltrating inflammatory cells in mice treated with either
MSCs or MSC_IGF-1, when compared to saline-treated
mice. In fact, we found that mice treated with MSC_IGF-
1 presented a significantly higher number of inflammatory
cells (Figure 6(i)). This was corroborated by RT-qPCR
analysis for the detection of PTPRC mRNA, demonstrating
a significantly higher expression level for CD45, a panleu-
kocyte marker (Figure 6(j)). The quantification of fibrosis
by morphometric analysis in Sirius Red-stained sections
showed that both treatments with MSCs and MSC_IGF-1
were able to reduce fibrosis in the skeletal muscle
(Figure 6(k)).

Finally, gene expression analysis of the skeletal muscle
tissue revealed that treatment with MSCs was able to signifi-
cantly reduce the expression of proinflammatory cytokines
TNF-α and IL-1β when compared to saline-treated mice.
This was not observed for MSC_IGF-1-treated mice, which
showed no significantly different expression levels, when
compared to saline-treated mice (Figures 7(a) and 7(b)). In
fact, MSC_IGF-1-treated skeletal muscle had increased
expression of COX2 gene (Figure 7(c)). MSC_IGF-1 treat-
ment did not significantly alter the expression of iNOS and
arginase genes, markers of M1 and M2 macrophages, respec-
tively (Figures 7(d) and 7(e)). Finally, a significantly higher
expression of the IL-10 gene was seen in the MSC_IGF-1
group compared to the other groups (Figure 7(f)).
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Figure 6: Quantification of inflammatory infiltrates and fibrosis area in the skeletal muscle. Representative images of skeletal muscle sections
stained by conventional H&E stain for analysis of inflammatory infiltrates in naïve (a) or infected mice submitted to treatment with saline (b),
MSCs (c), or MSC_IGF-1 (d). Representative images of Sirius Red staining for quantification of the fibrosis area in the skeletal muscle of
naïve (e) or infected mice submitted to treatment with saline (f), MSCs (g), or MSC_IGF-1 (h). Bars = 50μm. Quantification of
inflammatory cells by morphometry (i) and evaluation of Ptprc expression by RT-qPCR (j). (k) Percentage of the fibrosis area
quantified by analysis of whole sections stained with Sirius Red-stained skeletal muscle. Data represent the mean ± SEM of 5–7 mice per
group. ∗P < 0 05, ∗∗P < 0 01, ∗∗∗P < 0 001, and #P < 0 0001.
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4. Discussion

In the present study, we evaluated whether IGF-1 overex-
pression can increase the immunomodulatory and/or
regenerative actions of MSCs in the context of experimental
Chagas disease cardiomyopathy. We found that transplan-
tation of MSC_IGF-1 reduced cardiac inflammation and
fibrosis, in a similar magnitude to the effect observed in
MSC-treated mice. When skeletal muscle tissue was evalu-
ated, however, a marked regenerative effect was observed
in mice transplanted with MSC_IGF-1 cells.

IGF-1 has been associated with processes involved in
both cardiac and skeletal muscle regeneration [7, 8, 20].
These studies, however, have focused on the role of IGF-1
in the regeneration after acute injuries to the skeletal mus-
cle, while its role in a chronic setting, in the presence of

persistent myositis, has not been addressed. We have previ-
ously shown that IGF-1 gene expression is increased in the
heart and skeletal muscles in the acute phase of infection
with T. cruzi in mice [21]. Here, we found that
MSC_IGF-1 had a clear effect in the regeneration of
the skeletal muscle from mice chronically infected with
T. cruzi, in which the loss of skeletal myofibers could be
the result of direct damage induced by T. cruzi infection
associated with sarcopenia induced by chronic inflamma-
tion and increased local and circulating levels of TNF-α
[22]. The fact that circulating TNF-α levels were equally
modulated by both MSCs and MSC_IGF-1 suggests that
the recovery of skeletal myofibers by IGF-1-overexpressing
cells is not a consequence of immunomodulatory actions
but possibly be the result of direct actions mediated by
IGF-1 in the skeletal muscle.
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Figure 7: Gene expression analysis in the skeletal muscle. Skeletal muscle samples of uninfected or chagasic mice treated with MSCs,
MSC_IGF-1, or saline were removed two months after therapy and analyzed by RT-qPCR for the expression of Tnf (a), Ilb (b), Cox2 (c),
Nos2 (d), Arg1 (e), and Il10 (f). Data represent the mean ± SEM of 5–7 mice per group. ∗P < 0 05 and ∗∗P < 0 01.
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The role of IGF-1 in the activation of satellite cell and
muscle regeneration is well established [23]. It is also known
that inflammation is crucial for muscle repair, and macro-
phages play an important role in this process by secreting
IGF-1 to promote activation and proliferation of Pax7+ satel-
lite cells [24]. Interestingly, recruitment of bone marrow cells
to the skeletal muscle was also previously shown to contrib-
ute to myogenesis in a Pax7-/Myod-independent way [25].
Moreover, we have previously demonstrated the direct con-
tribution of bone marrow-derived cells in the regeneration
of myofibers during T. cruzi infection, in a bone marrow
chimera experimental model [21].

The interaction between immune cells and muscle regen-
eration has been previously explored, and suppression of
macrophage activity impairs muscle regeneration, leading
to severe fibrosis [26]. Macrophage subtypes are also associ-
ated with different stages of the myogenic program, since
proinflammatory (M1) macrophages predominate during
the proliferative stage of muscle regeneration and anti-
inflammatory (M2) macrophages are involved during the
differentiation stage [27]. In the present study, therapy with
MSC_IGF-1 was associated with increased numbers of
mononuclear cells infiltrating the skeletal muscle, along with
high expression of inflammatory mediators, such as TNF-α
and IL-1β, along with the anti-inflammatory cytokine
IL-10. These results could be explained by direct actions of
IGF-1, but it is also possible that immune response directed
towards the transgenes—GFP and hIGF-1—could have been
elicited, and this was not investigated in the present study.

An interesting finding was the increased expression
of COX2 in the skeletal muscle tissue of MSC_IGF-1-
transplanted mice. IGF-1 signaling can induce COX2 expres-
sion in different cell types, including keratinocytes [28],
mammary glands [29], and various tumor cells [30–32].
COX2 is an enzyme involved in arachidonic acid metabo-
lism, responsible for the production of eicosanoids, including
tromboxanes and prostaglandins, which are important
inflammatory mediators. Importantly, prostaglandin E2 has
been demonstrated to play a crucial role in processes of
myoblast proliferation and regeneration, and functional
recovery has been demonstrated [33, 34]. We found the
expression of hIGF-1 in the muscle tissues of transplanted
mice, indicating that this factor may be locally involved in
the COX2 upregulation observed in our study and suggest-
ing the participation of PGE2 in the muscle regeneration
promoted by MSC_IGF-1 in chronic chagasic mice.

Several cell types have been investigated in therapies
directed towards Chagas disease. Bone marrow mononuclear
cells were initially tested in preclinical studies and were asso-
ciated with a reduction in cardiac inflammation and fibrosis
[35], mainly due to their immunomodulatory action [36],
but failed to significantly improve the heart function in a ran-
domized clinical trial [37]. MSCs have also been previously
studied in experimental models of Chagas disease and were
associated with significant improvements in inflammation
and fibrosis [16, 18]. One significant limitation of our mouse
model of Chagas disease is the lack of left ventricular
dysfunction, which does not allow for the investigation of
functional cardiac improvements that could be associated

with the therapy. This limits our conclusions to aspects of
immunomodulation, fibrosis, and regeneration, which were
evaluated at the tissue level. Additional preclinical studies
using a different model would be necessary to evaluate the
potential of this gene and cell therapy in improving left
ventricular function. To date, the results of clinical trials with
MSCs in the treatment of heart failure of other etiologies
have been modest, at best [38]. However, no clinical studies
with MSCs in Chagas disease patients with cardiac dysfunc-
tion have been performed so far.

In conclusion, our results indicate that the overexpres-
sion of growth factors may be an interesting approach for
improving the therapeutic potential of MSCs, since IGF-1
overexpression promoted increased proregenerative actions
in association with maintained immunomodulatory and
antifibrotic actions, when compared to regular MSCs, in the
mouse model of chronic Chagas disease.
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Stem cell therapy has prompted the expansion of veterinary medicine both experimentally and clinically, with the potential to
contribute to contemporary treatment strategies for various diseases and conditions for which limited or no therapeutic options
are presently available. Although the application of various types of stem cells, such as bone marrow-derived mesenchymal stem
cells (BM-MSCs), adipose tissue-derived mesenchymal stem cells (AT-MSCs), and umbilical cord blood-derived mesenchymal
stem cells (UCB-MSCs), has promising potential to improve the health of different species, it is crucial that the benefits and
drawbacks are completely evaluated before use. Umbilical cord blood (UCB) is a rich source of stem cells; nonetheless, isolation
of mesenchymal stem cells (MSCs) from UCB presents technical challenges. Although MSCs have been isolated from UCB of
diverse species such as human, equine, sheep, goat, and canine, there are inherent limitations of using UCB from these species
for the expansion of MSCs. In this review, we investigated canine UCB (cUCB) and compared it with UCB from other species
by reviewing recent articles published from February 2003 to June 2017 to gain an understanding of the limitations of cUCB in
the acquisition of MSCs and to determine other suitable sources for the isolation of MSCs from canine. Our review indicates
that cUCB is not an ideal source of MSCs because of insufficient volume and ethical issues. However, canine reproductive
organs discarded during neutering may help broaden our understanding of effective isolation of MSCs. We recommend
exploring canine reproductive and adipose tissue rather than UCB to fulfill the current need in veterinary medicine for the well-
designed and ethically approved source of MSCs.

1. Introduction

In the last 20 years, stem cells have received ample attention
from researchers in both human and veterinary medicine for
their functional characteristics and therapeutic potential in
different applications [1–4]. The number of animals previ-
ously treated in veterinary medicine provides a consequential
basis for estimating the effectiveness of stem cell therapy in
the treatment of different diseases [5, 6]. Nearly all types of
animal tissues can be repaired or regenerated by the explicit
action of stem cells [7], which exhibit high potential for prop-
agation and differentiation [8]. Moreover, animal models are

extensively used to examine the properties and promising
potential of stem cells for reasonable application in human
medicine in the future. Consequently, human and veteri-
nary medicine are intertwined in the emerging field of
stem cell research. Pioneering innovations in stem cell
research have been accomplished by the collaboration of
clinical and veterinary scientists.

For instance, adult stem cells isolated from various
sources, mainly bone marrow- (BM-) and adipose tissue-
(AT-) derived stem cells, have been widely used for the
treatment of different animal diseases [9, 10]. As in human
medicine, adult mesenchymal stem cells (MSCs) play an
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important role in veterinary medicine for the treatment of
acute injury and chronic disorders. In brief, MSCs, also
known as marrow stromal cells [11] or mesenchymal pro-
genitor cells, are considered the most heavily utilized stem
cells in the field of regenerative medicine and tissue engi-
neering [12, 13] to overcome the complications and limi-
tations of gene-based therapies. Currently, MSCs are used
in clinical cell therapies and trials in many countries [14]
for their in vitro expansion, notable multilineage differen-
tiation potential [15, 16], capability to treat tissue injury
[17, 18], viability after long-term storage by cryopreserva-
tion [19], support of hematopoietic stem cell (HSC)
expansion as feeder cells [20], and immunomodulatory
properties [21, 22]. These extensively applied cells were
first depicted by Friedenstein et al. as a cell population
analogous to fibroblasts [23]. They have the potential to
differentiate into numerous cell types such as osteoblasts,
adipocytes, cardiomyocytes, chondrocytes, hepatocytes,
and brain cells [24–35]. These cells can be isolated from
BM, AT, peripheral blood, skeletal muscle, connective
tissue of the dermis, and Wharton’s jelly (WJ) as well as
umbilical cord blood (UCB) [30, 36–39].

Although BM represents an abundant source of MSCs
[33, 40] in the field of tissue engineering and cell-based ther-
apy, harvesting of cells is invasive with a stringent donor age
requirement and increased donor site morbidity [41–46].
Therefore, UCB has been identified as an ideal alternative
source in terms of ease of accessibility as well as reduced
morbidity. UCB carries a large number of MSCs per volume,
which are more flexible and pluripotent than bone marrow-
derived mesenchymal stem cells (BM-MSCs) [38, 47]. Addi-
tionally, it has been proposed that umbilical cord blood-
derived mesenchymal stem cells (UCB-MSCs) are not as
mature as other stem cells and may not induce alloreactive
responses that harmonize the immune system [32, 48, 49]
and have the lower carcinogenic potential [50].

Nevertheless, although the presence of HSCs and their
isolation from UCB are well established [51–54], the statis-
tics concerning the existence of UCB-MSCs are conten-
tious and require further evaluation. Earlier experiments
to isolate UCB-MSCs from different species have either
been aborted, have been time-consuming and onerous
[55–57], or have been only 30–60% effective under suitable
conditions [38, 39, 58–63].

UCB-MSCs can be isolated from different species such as
human [37, 58, 59, 64–74], sheep [75, 76], equine [77–79],
canine [80–84], and goat [85]. Human UCB-MSCs (hUCB-
MSCs) are collected noninvasively at the time of delivery,
whereas sheep UCB is collected intrusively by the surgical
intrauterine approach [75, 76]. Equine UCB represents a
noninvasively and nontraumatically retrieved source of stem
cells, with potentially excellent cellular characteristics includ-
ing proliferation capacity, immune tolerance, and differenti-
ation potency [78]. It is reported that UCB from more than
100 mares and foals has been collected safely and
efficaciously. The enrichment rate of MSCs from equine
UCB is very high compared with that of other species [86].

Canine and feline are mainly considered companion
animals rather than laboratory animals. Generally, pet

owners prefer their pet (canine and feline) to be neutered
(spayed or castrated) for the purpose of sterilization. After
spay, canine UCB (cUCB) is impossible to collect, as the
females lose their reproductive capability. In this view, cUCB
raises the problem of limited availability. Yet, there are a few
studies on the successful isolation and application of canine
UCB-MSCs (cUCB-MSCs).

Even though UCB-MSCs are the latest tool and have
already been commercialized for human medicine, the prog-
ress of UCB-MSC research in veterinary medicine is at a
standstill. Therefore, veterinary medicine must overcome
the major challenges of UCB-MSCs. We know that cUCB-
MSCs have a great impact on veterinary medicine. Thus,
cUCB-MSCs should be further explored to boost the supply
thereof. In this respect, this is the first review that highlights
the limitations of cUCB for the isolation of MSCs and
suggests another significant source of MSCs in canine.

2. Umbilical Cord Blood and Mesenchymal
Stem Cells

The umbilical cord, also known as the navel-string or
birth cord, is the channel between the growing placenta
and fetus. In the course of prenatal development, the
umbilical cord is a physiological and inherent part of the
fetus. Typically, the umbilical cord consists of two arteries
(the umbilical arteries) as well as one vein (the umbilical
vein) buried in WJ, a gelatinous element composed largely
of mucopolysaccharides. The two umbilical arteries transfer
deoxygenated, nutrient-diminished blood away, whereas
the umbilical vein carries oxygenated, nutrient-boosted
blood to the fetus. The umbilical cord is covered by an epithe-
lium obtained from the enveloping amnion.

UCB has been utilized as a rich and readily available
alternative source of primitive and unspecialized stem cells
since 1988 [87]. The blood remaining in the umbilical vein
after birth is an abundant source of hematopoietic stem
and progenitor cells. This criterion makes UCB an allogenic
donor source that can be applied in a variety of hematologic,
pediatric, genetic, oncologic, and immunologic disorders
[53, 88–90]. Fresh UCB is also an auspicious source of
non-HSCs such as MSCs, endothelial cells, and unrestricted
somatic stem cells [30, 91–93]. Although several previously
published articles reported the identification of MSCs in
UCB [38, 39], some authors debated the existence of MSCs
in UCB and declared that only HSCs are present therein
[56, 94]. The origin of MSCs in UCB is unrecognized, but
it is possible that the cells are discharged from the fetal liver
or bone marrow into the fetal circulation [65]. Presently, the
isolation of MSCs from UCB has a lower success rate com-
pared with BM-MSCs (63% versus 100%) [67]. AT is another
alternative source that can be accessed less invasively and
repeatedly with an easy procedure, resulting in larger quan-
tities of fresh MSCs [95].

3. Process of Article Selection

We utilized the search engines PubMed and Google Scholar
to gather a list of publications and manuscripts detailing
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research, employment, or isolation ofMSCs from human and
animal subjects from February 2003 to June 2017. For a
report to be included in this survey, it must have contained
“Umbilical Cord Blood-derived Mesenchymal Stem Cells
(UCB-MSCs)” in either the heading or the abstract. The
keyword “Umbilical Cord Blood-derived Mesenchymal Stem
Cells (UCB-MSCs)” combined with “human,” “equine,”
“sheep,” “goat,” and “canine” was used to generate the list.
We did not include any review articles in our survey.
Highly relevant articles were initially determined by the
heading and abstract, followed by a further examination
to confirm whether the collection of UCB was from
human or animal subjects. We accept that this search
technique was not encyclopedic, as there are many more
articles in journals that are not included in PubMed or
Google Scholar. We evaluated the listed studies by differ-
ent characteristics such as the weight of the species, final
blood volume, and enrichment rate of MSCs.

For studies in which UCB-MSCs were isolated from
humans, the key areas recognized were ethics (informed
consent was obtained), route of delivery, UCB unit and
volume, and MSC success rate. For studies in which UCB-
MSCs were isolated from animals, the key areas noted
were ethics (reporting of omission and approval of the
study by the Animal Care and Use Committee), study
design (distribution of groups and sample number and
volume), route of delivery, and experimental animals (species,
breed, and weight).

4. UCB-MSC Articles Entailing Human and
Animal Sources

The electronic search singled out 130 articles. A total of 20
articles based on human and animal sources of UCB-MSCs
were considered based on the heading, abstract, and content
(species, UCB unit and volume, and MSC success rate).
Review articles, duplicates, and irrelevant papers were
removed. In total, 55% (11/20) of articles reported human
subjects, and 45% (9/20) of papers reported animal subjects,
such as equine, sheep, goat, and canine (Table 1). Nine arti-
cles regarding human subjects stated that UCB was collected
with the informed consent of the mothers, while four studies
detailing animal subjects received approval from an animal
ethics committee (Table 2).

5. Success Rate of MSC Isolation from UCB

Some researchers successfully isolated 33.3%–60% of hUCB-
MSCs under different cell culture conditions [69, 71].
Bieback et al. reported that a net volume of more than
33mL of UCB and a mononucleated cell (MNC) count
higher than 1× 108 are difficult to achieve for the isolation
of UCB-MSCs from human subjects. However, they were
capable of increasing the success rate from 29% to 63%
[37]. Jin et al. reported the isolation of 50% of UCB-MSCs
from 24 pregnant women [67]. When the blood volume
exceeds 90mL, 90% of MSCs from UCB can be isolated
[66, 70]. Liu et al. stated that the efficacy of MSC isolation
from UCB can reach 75% (n = 144) [72]. Sibov et al. and

Johannes et al. demonstrated that more than 70mL of
UCB is required for the successful isolation of MSCs
[70, 73]. On the other hand, Thomas et al. isolated equine
UCB-MSCs from a volume of 42mL at a 100% success rate
with PrepaCyte-EQ (PEQ) medium. The same authors iso-
lated MSCs with a success rate of 57% from a volume of
65–250mL of equine UCB [77, 78]. Different authors have
investigated the isolation of MSCs from UCB of goat and
sheep (Table 3) [76, 85].

Although Kang et al. and Jang et al. separately continued
their experiments with cUCB-MSCs, they did not explicitly
provide any information about the blood volume and num-
ber of canine subjects they used [80, 83]. Lim et al. success-
fully isolated MSCs from an exceedingly low UCB volume
of 8mL [84]. As the UCB volume of canine is insufficient to
isolate MSCs, another author utilized the blood of canine
fetus heart along with UCB [82] (Tables 4 and 5).

6. MSCs in Human and Veterinary Medicine

The application of stem cells in cell-based therapies and tis-
sue engineering is increasing to overcome the complications
and hurdles of gene therapy. In both animals and human,
stem cell implantation can serve as an advanced treatment
for some incurable conditions such as bone fracture malig-
nancies [96, 97], spinal cord injuries [98], and genetic dis-
orders [99]. Tables 6 and 7 summarize the application of
MSCs in the treatment of a wide range of diseases in pre-
clinical studies of experimental animal models and veteri-
nary clinical studies of animals with naturally occurring
diseases. In human medicine, MSC products have already
been developed and approved in South Korea. Cartistem®
(Medipost), the world’s first allogenic hUCB-MSC drug,
has gained popularity in South Korea since January 2012
for the treatment of cartilage injury and osteoarthritis,
and efforts are presently being made to broaden its indica-
tions for different target diseases. However, the isolation
and characterization of stem cells obtained from numerous
tissues and sources have led to highly detracting argu-
ments regarding stem cell therapy [100–102].

Stem cell researchers worldwide are endeavoring to
acquire the ideal or optimal autologous or allogenic MSCs,
not only from human but also from equine, canine, and
feline, to treat diseases such as musculoskeletal diseases,
degenerative arthritis, atopic dermatitis, myocardial disease,
chronic renal failure, and nerve damage [103]. Based on the
concept of “One Health,” new synergistic therapies such as
stem cell therapies for human and veterinary medicine are
in increasing demand and developed in collaboration—the
time for focus on human and animal health is now [104].

Table 1: Articles included in this survey regarding UCB-MSCs
from different species.

Sources of UCB Reference Number of articles

Human [20, 37, 58, 65–67, 69–73] 11

Animal [75–78, 80, 82–85] 9
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7. Therapeutic Potential and Sources of MSCs

MSCs, specifically multipotent stem cells, have the capability
to generate adipogenic, chondrogenic, osteogenic, and myo-
genic as well as endothelial cell lineages [14, 37]. Because of
these possibilities, there has been an increased focus on the
isolation of MSCs from different sources for transplantation
and tissue engineering. MSCs have been isolated from diverse

adult-derived sources such as BM, AT, lung, heart, peripheral
blood, synovium skeletal muscle, dermis, and dental pulp as
well as from fetal or neonatal tissues such as amniotic fluid
and membrane, placenta, UCB, cord vein, WJ, and umbilical
cord [59, 105–108]. BM is a bountiful source of MSCs; how-
ever, AT is a reliable source of MSCs with the best frequency,
and UCB seems to be a remarkable alternative source that
allows expansion for a greater number of MSCs [59, 64, 67].

Table 2: Summary of ethical approval in studies that reported the collection of UCB from human and animal subjects.

Ethics
Reference

Yes No

Informed consent from UCB donors [20, 37, 58, 65–67, 69, 70, 73] [71, 72]

Approval from animal ethics committee [75, 80, 84, 85] [76–78, 82, 83]

Table 3: Summary of papers that reported data regarding the isolation of UCB-MSCs from human, equine, sheep, and goat.

Species Breed Route of delivery UCB unit UCB volume (mL) Frequency of MSCs (%) Reference

Human — Vaginal 10 50 60 [71]

Human — Cesarean 35 — 40 [69]

Human — Vaginal 13 60 46 [20]

Human — Vaginal 59 108 63 [37]

Human — Vaginal 24 — 50 [67]

Human — Vaginal — ≥80 90 [66, 70]

Human Cesarean 456 ≥90 90.9 [65]

Human — Vaginal 144 — 75 [72]

Human — Vaginal 9205 40–321 — [73]

Human — Vaginal 30 — 35 [58]

Equine — Vaginal 7 65–250 57 [78]

Equine — Vaginal 5 42 100 [77]

Goat Mongrel Vaginal — — — [85]

Sheep Santa Ines Surgical procedure 5 100 — [76]

Sheep — Surgical intrauterine approach 4 10 — [75]

Table 4: Summary of papers that reported data regarding the isolation of MSCs from cUCB.

Source of MSCs Breed Weight (kg) Route of delivery UCB Unit UCB Volume (mL) Reference

cUCB Mongrel 58 C-section 1 8 [84]

cUCB and blood of canine fetus heart — — — — — [82]

cUCB — — C-section — — [83]

cUCB Beagle 10.1 C-section 7 — [80]

C-section: Cesarean section.

Table 5: Summary of purposes of cUCB studies.

Purpose of experiment Reference

Transplantation of cUCB-MSCs in spinal cord injured dogs [84]

Isolation and characterization of cUCB-MSCs [82]

Implantation of cUCB-MSCs mixed with β-TCP to enhance osteogenesis [83]

Comparison of osteogenic potential of canine MSCs derived from AT, BM, UCB, and WJ [80]

β-TCP: beta-tricalcium phosphate.
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Table 6: Preclinical studies with MSCs.

Cell source Cell type Pathology Outcome Reference

Rat Human AD-MSC Peripheral nerve injury Repair of nerve [119]

Rat Human AD-MSC Cerebral ischemia Repair of nerve [120]

Mouse Human UCB-MSC Hind limb ischemia Repair of artery [121]

Rat Human UCB-MSC Cavernosal nerve injury Improved function [122]

Rat Allogenic AD-MSC Peripheral nerve injury Repair of nerve [123]

Rat Allogenic BM-MSC Skin wound Repair of skin [124]

Rat Autologous BM-MSC Spinal cord injury Repair of nerve [125]

Rat Autologous AD-MSC Spinal cord injury Repair of nerve [126]

Rat Mouse SC-MSC Erectile dysfunction Improved function [127]

Rabbit Human AD-MSC Spinal cord injury Repair of nerve [128]

Rabbit Human UCWJ-MSC Normal No immune rejection [129]

Rabbit Porcine S-MSC Osteochondral defect Immune rejection [130]

Rabbit Allogenic S-MSC Articular cartilage defect Repair of defect [131]

Rabbit Allogenic BM-MSC Articular cartilage defect Repair of defect [132]

Rabbit Allogenic/autologous BM-MSC Bone defect Repair of defect [133]

Porcine Autologous BM-MSC Articular cartilage defect Repair of defect [134]

Porcine Mouse BM-CMSC Vocal fold wound Repair of vocal fold [135]

Porcine Allogenic S-MSC Articular cartilage defect Repair of defect [136]

Canine Allogenic BM-MSC Bone defect Repair of defect [137]

Canine Allogenic BM-MSC Cardiac ischemia Improved function [138]

Canine Allogenic BM-MSC Myocardial infarction Improved function [139]

Canine Allogenic BM-MSC Skin wound Repair of skin [140]

Canine Allogenic BM-MSC Normal
Inflammation, tubular necrosis,

mineralization, and fibrosis of kidney
[141]

Canine Allogenic AD-MSC Spinal cord injury Repair of nerve [80]

Canine Allogenic UCB-MSC Spinal cord injury Repair of nerve [84]

Canine Autologous BM-MSC Disc degeneration Repair of nerve [142, 143]

Canine Autologous BM-MSC Bone defect Repair of defect [144]

Canine Autologous BM-MSC Static nerve injury Repair of nerve [145]

Canine Autologous BM-MSC Osteochondral defect Repair of defect [146]

Canine Autologous BM-MSC Myocardial infarction Improved function [147]

Canine Autologous BM-MSC Osteonecrosis of the femoral head Repair of blood vessel [148]

Canine Autologous BM-MSC Oral ulcer Repair of ulcer [149]

Canine Autologous BM-MSC Diabetes Improved function [150]

Canine Autologous BM-MSC Vocal fold wound Repair of vocal fold [151, 152]

Canine Autologous BM-MSC Periodontal defect Repair of defect [153]

Canine Autologous BM-MSC Periodontal class II furcation defect Repair of defect [154]

Canine Allogenic/autologous BM-MSC Spinal cord injury Repair of nerve [155]

Canine Autologous AD-MSC Spinal cord injury Repair of nerve [156]

Canine Autologous MSC Chondral defect Repair of defect [157]

Canine Allogenic AD-MSC Thoracolumbar intervertebral disc disease Improved clinical sign [158]

Equine Allogenic AD-MSC Superficial digital flexor tendonitis Repair of tendonitis [159]

Equine Autologous BM-MSC Superficial digital flexor tendonitis Repair of tendonitis [160]

Equine Autologous BM-MSC Osteoarthritis Repair of osteoarthritis [161]

Equine Allogenic/autologous BM-MSC Normal Enhancement of MSC [162]

Dolphin Autologous AD-MSC Normal Cell collection success [163]

Caprine Autologous BM-MSC Osteoarthritis Repair of osteoarthritis [164]

AT-MSC: adipose tissue-derived mesenchymal stem cells; UCB-MSC: umbilical cord blood-derived mesenchymal stem cells; BM-MSC: bone marrow-derived
mesenchymal stem cells; SC-MSC: skeletal muscle-derivedmesenchymal stem cells; S-MSC: synovium-derivedmesenchymal stem cells; UCWJ-MSC: umbilical
cord Wharton’s jelly-derived mesenchymal stem cells.
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8. UCB-MSCs from Human Sources

The frequency of MSCs in hUCB is a point of controversy
among researchers [56, 57, 107]. This is attributed to the per-
sistent difficulties in the isolation of UCB-MSCs. Most
researchers have adopted suitable conditions from the litera-
ture to enrich the recovery of UCB-MSCs, including choos-
ing full-term UCB units, storing for no more than 15 h, and
obtaining an MNC count above 1× 108 as the selection crite-
rion for UCB units [37]. While Rebelatto et al. declared that
sample volume did not correlate with MSC isolation [62],
others have suggested that sample volume (minimum
33mL [37] or 45mL [109]) is a critical parameter. The
enrichment rate of MSCs has varied broadly from 10% to
60% [110–112]. Namely, of 644 UCB units were subjected
to MSC isolation in diverse studies, only 167 successful out-
growths have been recorded (26% success rate) [38, 58–60,
62, 113]. A high enrichment rate of 90% MSCs was obtained
when the UCB volume was more than 80mL [66, 70].

Many groups have reported an isolation efficiency of
65% using numerous culture methods such as reduction
of monocytes and lymphocytes from MNCs before cell

seeding, development of cells under hypoxia, and the
inclusion of cytokines, platelet lysate, or medium supple-
ments [64, 66, 114, 115]. Other published studies accom-
plished isolation of MSCs from human UCB with up to
40–90% efficiency by adopting different parameters [20, 37,
65–67, 69, 72]. Table 8 represents the yield rate of UCB-
MSCs isolated from human and animal sources fulfilling
special criteria.

9. UCB-MSCs from Animal Sources

Successful isolation of MSCs (up to 100%) from equine UCB
has been reported with the use of special culture media with a
large volume of 42–250mL [77, 78]. Although the isolation of
MSCs from sheep and goat was successful, the researchers
did not reveal any specific parameters that resulted in an
effective number of MSCs [75, 76, 85]. Based on our literature
survey, we have demonstrated that a large volume of UCB
with some other special determinants is a principal factor
to achieve high MSC yield. As the blood volume of cUCB is
too low to yield an efficient number of MSCs, cUCB may
be recognized as an unsuitable source of MSCs. Lim et al.

Table 7: Veterinary clinical studies with MSCs.

Cell source Cell type Pathology Outcome Reference

Canine Autologous BM-MSC Gastrocnemius tendon injury Repair of tendon [165]

Canine Autologous BM-MSC Chronic Chagas cardiomyopathy Improved function [166]

Canine Autologous AD-MSC Chronic anconitis Repair of anconitis [95]

Canine Autologous AD-MSC Arthritis, patella luxation Repair of arthritis [167]

Canine Autologous AD-MSC Chronic arthritis of hip joint Repair of arthritis [168]

Canine Autologous AD-MSC Atopic dermatitis Repair of dermatitis [169]

Canine Allogenic AD-MSC Lumber herniated intervertebral disc Repair of nerve [170]

Canine Allogenic AD-MSC Hip dysplasia Improved function [9]

Canine Autologous AD-MSC
Chronic osteoarthritis related to

hip dysplasia
Reduced lameness [171]

Canine Autologous AD-MSC Severe osteoarthritis Reduced lameness [172]

Canine Human ESC-MSC Anal furunculosis Recovery of fistulas [173]

Feline Autologous AD-MSC Chronic kidney disease Moderate improvement in GFR [174]

Feline Allogenic AD-MSC Chronic kidney disease Modest improvement in renal function [175]

Feline Allogenic AD-MSC Chronic kidney disease No adverse effect [176]

Feline Autologous AD-MSC Chronic gingivostomatitis
Reduction in the severity of

clinical disease
[177]

Equine Allogenic UCB-MSC Chronic laminitis Repair of laminitis [178]

Equine Autologous BM-MSC Tendon injury Repair of tendon [179]

Equine Autologous BM-MSC Superficial digital flexor tendon Repair of tendon [180]

Equine Autologous BM-MSC Tendinitis, desmitis Repair of inflammation [181]

Equine Autologous AD-MSC Bone spavin
Improvement in inflammatory
reaction and clinical conditions

[182]

Equine Allogenic AD-MSC Endometriosis
Positive remodeling of
endometrial tissue

[183]

Equine Allogenic AD-MSC and PRP Superficial digital flexor tendon Repair of tendonitis [184]

Equine Allogenic AD-MSC and PRP Tendonitis Improved function [185]

Dolphin Autologous AD/BM-MSC Skin wound Repair of skin [186]

AT-MSC: adipose tissue-derived mesenchymal stem cells; UCB-MSC: umbilical cord blood-derived mesenchymal stem cells; BM-MSC: bone marrow-derived
mesenchymal stem cells; ESC-MSC: embryonic stem cell-derived mesenchymal stem cells; GFR: glomerular filtration rate; PRP: platelet-rich plasma.
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worked with a 58 kg mongrel dog, which very rarely have
more than 8mL of UCB [84]. In two independent studies
by Kang et al. and Jang et al., UCB from multiple dogs was
collected to obtain the desired number of MSCs [80, 83]. As
the amount of UCB from canine cannot produce a sufficient
number of MSCs, another researcher collected blood from
the canine fetal heart and successfully obtained MSCs [82],
which creates an inconsistency and ethical problems in the
pursuit of animal experiments. Our attempt to isolate MSCs
from the umbilical cord (Figure 1) [116] of three healthy dogs
resulted in an average sample volume of 1mL and a yield rate
of 66% (unpublished data).

10. UCB from Companion Animals

Nowadays, canine cesarean sections (C-sections) are decreas-
ing because of the increase in spaying or castration to prevent
the birth of unwanted litters, extend longevity and promote
pet health, and possibly mitigate undesirable behaviors. More
precisely, spaying can help prevent uterine infections and
breast tumors. Concurrently, castration of male companion
animals precludes testicular cancer as well as some prostate
problems. The traditional time for neutering is before the
onset of sexual maturity, as long as the animal is healthy.
Spaying involves abdominal surgery to remove the ovaries

and uterus, whereas castration involves elimination of the
testes, resulting in infertility. Under these circumstances,
while acquiring cUCB is normally challenging, these
removed reproductive organs are frequently accessible in
veterinary clinics. Specifically, the ovaries and testes are
often discarded as medical waste but are proven to be
potent and reliable sources of MSCs. MSCs from these
reproductive organs (testis and ovary with adjacent por-
tions) with high differentiation potentiality have already
gained popularity.

These MSCs are able to differentiate into three mesoder-
mal cell types, including adipogenic, osteogenic, and
chondrogenic, indicating multipotent properties resembling
those of AT-MSCs [117]. We can thoroughly examine the
presence of MSCs in canine reproductive organs and sur-
rounding tissues (fat and connective tissue) discarded during
neutering operations; theseMSCs also exhibit growth charac-
teristics indistinguishable from those of AT-MSCs. There-
fore, further investigation of canine reproductive organs
and tissues with the assistance of new preservation technol-
ogy [118] will improve our understanding of reproductive
stem cell biology to potentially augment cell-based therapies
and regenerative medicine.

Unlike in humans, it is almost impossible to obtain UCB
from canine immediately after natural birth, as the dam’s
instinct prompts her to ingest the puppy’s placenta and
umbilical cord. From this perspective, we have made many
efforts (unpublished data) to collect cUCB from Korean
veterinary clinics. However, this was difficult, as many pet
owners tend to prevent their pet from breeding. Conversely,
if the canine pet is pregnant, the owner generally prefers nat-
ural birth unless a medical reason necessitates C-section.
Therefore, the reduction in canine C-sections in veterinary
hospitals, the introduction of specialized breeders, and
changes in the supply of canine make it almost impossible
to obtain UCB from canine. Conducting a surgical procedure
or C-section in canine solely to obtain UCB for laboratory
purposes gives rise to the question of legitimacy. To solve this
problem, we can use MSCs from canine AT [95] along with
reproductive tissue. It has been demonstrated that MSCs
from AT have higher frequency and potentiality compared
with UCB-MSCs [59, 67].

Table 8: Yield rate of UCB-MSC isolation from human and equine
fulfilling special criteria.

Source of
UCB

Parameters Yield rate (%) Reference

Human Explant method 40 [69]

Human
Large BV with HPL

medium
46 [20]

Human
Large number of UCB

units
50 [67]

Human
Large BV with MesenCult

Proliferation kit
60 [71]

Human
ST ≤ 15 h, BV ≥ 33mL,

≥108 MNC count
63 [37]

Human
Large number of UCB
units with serum-free

culture medium
75 [72]

Human
Factorial experiment with

large BV
≥90 [66]

Human ST ≤ 2 h, V ≥ 90 90.9 [65]

Human
DP ≤ 37 weeks,

BV ≥ 80mL, ST ≤ 6 h 90 [70]

Equine BV 42mL

PEQ medium 100

[77]FUD medium 60

FD medium 20

Equine Large BV 57 [78]

HPL: human platelet lysate; MNC: mononucleated cell; ST: storage time;
BV: blood volume; DP: duration of pregnancy; PEQ: PrepaCyte®-EQ
medium; FUD: Ficoll-Paque™ PREMIUM medium loaded with undiluted
whole blood, FD: Ficoll-Paque PREMIUM medium loaded with diluted
whole blood.

Figure 1: The canine umbilical cord with the placenta and
amniotic sac.
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11. Conclusions

One challenge in cellular therapy and regenerative medicine
is the availability of alternative stem cell sources. Although
cUCB-MSCs can proliferate and differentiate as stem cells,
cUCB is not an ideal source because of low volume and
ethical considerations of using a companion animal. In this
regard, we suggest broadening the investigation of canine
reproductive tissue and AT, instead of UCB, as the preferred
source of MSCs.
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Osteoarthritis is a common condition that causes joint pain and stiffness that affects both humans and dogs. In Australia, allogeneic
canine adipose-derived mesenchymal stem cells for therapy have been commercially available since 2010. In this report, we describe
the outcome of the treatment of two hundred and three dogs diagnosed with degenerative arthritis with severe chronic pain in joints
causing lameness at walk, reduced mobility, and functional disability. Posttreatment assessment data after 10 weeks revealed
significant improvement (p < 0 007) of the symptoms: pain reduction, improvement of mobility, and increased daily activity as
measured as quality of life score. Ninety percent of young dogs (<9 years) showed excellent improvement in pain and mobility
and were able to run and resume normal activity. Sixty percent of older dogs showed good improvement. However, 12% of dogs
did not exhibit any change in symptoms; one dog showed worsening of the symptoms. This report provides the support for the
safety and efficacies of allogeneic adipose-derived mesenchymal stem cells in a regenerative therapeutic veterinary model.

1. Introduction

Osteoarthritis (OA) is a common degenerative disease in dogs
and is a major cause of disability. It is estimated that one in
five dogs in Australia and the US suffers from this debilitating
disease, which significantly reduces their mobility and causes
severe pain [1, 2]. Currently, there is no cure for OA andmost
treatment regimens focus on symptommanagement and pain
reduction through prescription drugs [3, 4] and the use of
supplements including nutraceuticals—omega 3 fatty acid
glucosamine and pentosan polysulphate. Since OA is a pro-
gressive condition, it is only controlled by these drugs and
supplements. Surgical options such as joint replacement are
available for the hips and elbows; however, surgery is often
costly. Therefore, there is an urgent need for an alternative
therapy with effective disease-modifying effects.

In this regard, adult stem cell therapy, in the form of mes-
enchymal stem (or stromal) cells (MSCs), has recently

provided a new paradigm for treating chronic arthritic dogs
from symptom management to stimulating regeneration of
bones and cartilage, resulting in considerable improvements
in quality of life [5–14]. MSCs are acknowledged as an impor-
tant new source of useful bioactive compounds with several
therapeutic properties [15]. A major study by Caplan [16]
demonstrated the extraordinary properties of MSCs; by com-
plex multistep processes, these cells induced the formation of
chondrocytes and osteoblast in a damaged bone. MSCs are
also able to secrete a variety of bioactive factors that allow
them to be attracted to the site of injury and reduce pain and
inflammation and also contribute directly to the tissue repair.
MSCs were able to aggregate, multiply, and bridge injured tis-
sue by forming vasculature-controlled chondrocytes for carti-
lage formation and osteoblast for bone formation [16].

MSCs are derived from the mesodermal lineage and are
present in the bone marrow, dermis, fat and muscle, and sev-
eral other body organs as an endogenous reserve of self-
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renewing cells. Of these tissues, the adipose tissue provides a
relatively abundant supply of MSC and is easy to isolate in
greater number than the bone marrow or any other tissue
type [17]. In early stages of life, each of these organs has a
population of stem cells, called adult stem cells that have
roles in replenishing damaged cells by self-renewal and a
unique ability to form the particular cell type it resides in.
With age, the supply of these self-renewing stem cells signif-
icantly decreases by tenfold from newborn to teenage years
and again by teenage to old age [16].

Other important features of MSCs are their anti-
inflammatory and immunosuppressive abilities enabling
them to significantly attenuate the immune responses in the
host [18]. These cells along with soluble bioactive com-
pounds are then able to inhibit the activation of T lympho-
cytes, B lymphocytes, and natural killer cells [18–20].
Because of this important property, MSCs can be used in
allogeneic treatment where the cells from one donor dog
can be used to treat other dogs. With these multipotent,
immune modulator properties and the ability to produce sev-
eral bioactive compounds, these cells are able to regenerate
and repair the cartilage and bone and provide long-term
relief in the small companion animals including dogs and
cats. Equine stem cells are also proven to be beneficial in
treating tendon and ligament injuries in horses [17].

In this study, we report the outcome of the treatment
of two hundred and three dogs with allogeneic adult stem
cell therapy in dogs suffering from osteoarthritis and other
joint defects. The veterinarians involved in the treatment
of animals initially diagnosed and characterised the extent
of degeneration by following the Kellgren-Lawrence grade
system to categorise OA based on the radiographic fea-
tures [25]. Furthermore, the lameness and pain scoring
was carried out by the veterinarians and recorded pre-
and posttreatment; scoring 1 to 5 was based on the sever-
ity of the symptoms: score of 1 for mild symptoms and
score of 4 for the severe pain and lameness. Posttreatment
assessment data 10 weeks after MSC treatment revealed
significant improvement of OA symptoms: pain reduction,
improvement of mobility, and increased daily activity as
measured as quality of life score.

2. Materials and Methods

2.1. Donor Selection. The donor dogs were selected based on
the following criteria: (a) less than 5 years of age, (b) satisfac-
tory overall health and well-being based on normal clinical
chemistry and haematology reports, and (c) minimal level

of vaccination against DHP. Twenty grams of the adipose tis-
sue from the abdominal region was collected from the suit-
able donor dogs by surgery under general anaesthesia using
aseptic techniques. The adipose tissue was transported to
the AVSC laboratory in a sterile transport buffer at 4 degree
Celsius within four hours of collection.

2.2. Isolation and Purification of Adipose-Derived
Mesenchymal Stem Cells. Mesenchymal stem cells were iso-
lated, purified, and identified following the methods
described in “Pittsburgh patent” AU 784580. Briefly, the adi-
pose tissues were washed with sterile PBS buffer and sub-
jected to enzymatic digestion to obtain stromal vascular
fraction (SVF) using aseptic techniques throughout process-
ing in a physical containment 2 (PC2) at the AVSC labora-
tory. The SVF cells were then expanded in a suitable
growthmedia and cells were passaged up to passage 2. A pure
culture was obtained after two passages. The cells were tested
for quality and purity using clusters of differentiation (CD)
markers (CD 34, 44, 45, and 90) by FACS analysis.

Australian Veterinary Stem Cell (AVSC) has been pro-
viding allogeneic culture-expanded MSCs to the veterinary
profession in Australia since 2010. AVSC is a licensee of pat-
ents held by the University of Pittsburgh and Vet Stem to
obtain MSCs from adipose tissue, expand MSCs in culture,
and use them to treat clinical diseases. AVSC has obtained
approval and complies with the Australian government regu-
latory authority, Australian Pesticides and Veterinary Medi-
cine Authority (APVMA), to isolate, expand CAD-MSCs in
its laboratory, and supply the cells to the requesting veteri-
narians treating arthritic dogs.

3. MSC Treatment

3.1. Patient Selection. A clinical examination was carried out
by the treating veterinarians including a full blood examina-
tion. The joint of the dog was assessed using Table 1. The
grading of OA, the age, gender, and breed were recorded.
Dogs diagnosed with cancer were deemed unsuitable for
the stem cell therapy. Also, any previous medication pre-
scribed to the dog was noted. To summarise, no dogs that
were treated were grade 1 on the scale; ~14% of dogs were
grade 2, 53% were grade 3, and 33% were grade 4.

A prescription was sent to the AVSC laboratory with the
dog’s detail and dosage required. The cells were delivered to
the veterinarians as per the prescription. Cell viability and
number were ensured postthaw and prior to despatching
the cells in a sterile syringe ready to inject.

Table 1: The Kellgren-Lawrence grading of osteoarthritis∗.

Grading Radiographic features OA

Grade 0 No abnormalities No features of OA

Grade 1 Minute osteophytes Doubtful

Grade 2 Definite osteophytes Minimal

Grade 3 Diminished joint space Moderate

Grade 4 Greatly diminished joint space + sclerosis of the subchondral bone Severe
∗Adapted from Arden and Nevitt [25], Best Practice and Research Clinical Rheumatology.
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The IA injections were administered by the veterinarians
to the dogs under anaesthesia. IV injections were carried out
under sedation or if patient was calm, no sedation was
needed. Dogs were observed for 2 hours after receiving the
injections before being allowed to return home. Owner’s con-
sent was obtained for each treated dog for a follow-up after
two months posttreatment.

The dogs receiving IA or IV were placed in two separate
categories. Of the 203 dogs, 128 received a single dose of IA
injection in the affected joint. Sixty-five dogs received a single
IV injection, and 10 dogs received both IA and IV injections.
The dogs were also grouped by weight: group 1: 2–9.9Kgs, 2:
10–20Kgs, 3: 21–30Kgs, and 4: 31+Kgs.

3.2. Treated Dog Population. Various breeds of the dogs were
treated with the allogeneic adult stem cells (CAD-MSC)
including Staffordshire Terriers, Golden Retrievers, Border
Collies, Siberian Huskies, Bullmastiffs, Italian Spinones, Blue
Heelers, Labradors, German Shepherds, Rottweilers, Cattle
Dogs, Maltese Terriers, Jack Russels, and Spoodles. The dogs
were presented with OA in various joints.

The dogs were of various age groups, from 8 months to
16 years old. These were grouped in 4 different age groups

A–D: group A, <5 years; group B, 6–9 years; group C, 10–
12 years; and group D, 13+ years.

This study was conducted under the Monash University
Animal Ethics Committee approval number SOBSA/MIS/
2008/49.

3.3. Statistical Analysis. The frequency of each QOL score
was determined; the statistical relationship between age of
the dogs and QOL and weight of the dogs and QOL score
were examined by a one-way between-group analysis of var-
iance (ANOVA). Post hoc comparisons were made by the
Tukey test. The statistical analysis was carried out by statisti-
cal software SPSS v 22 [21]. The QOL scores were compared
among dogs of various age groups and weight groups.

4. Results

Adipose-derived MSCs were isolated from young healthy
dogs with satisfactory overall health. MSCs were cultured
and expanded in vitro before characterisation (Figure 1(a)).
The expanded cells were analysed by Fluorescence-activated
cell sorting (FACS) using two positive surface markers CD44
and CD90 and two negative markers CD 34 and CD45, as
shown inFigure 1(d). Furthermore, the purified and expanded
cells were subjected to differentiation assays to chondrogenic
and osteogenic lineages in vitro (Figures 1(b) and 1(c)). The
results of these assays determined that the quality of the cells
had met the requirements as described by the International
Society of Cellular Therapy (ISCT, 2006) [22], and the cells
were subsequently stored for future clinical use.

Two hundred and three dogs suffering from osteoarthri-
tis and other joint defects were involved in the allogeneic
adult stem cell therapy study. Veterinarians involved in the
stem cell therapy were advised to follow the Kellgren-

Table 2: Osteoarthritis grade evaluated by the vets prior to CAD-
MSC treatment.

Age group Grade 2 Grade 3 Grade 4

A: 0–5 years 14 14 14

B: 6–9 years 15 40 6

C: 10–13 years 3 42 16

D: 14–16 years 0 7 22
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Figure 1: (a) Canine purified adipose MSCs at 20x magnification. (b) Differentiation assay chondrogenesis stained by Alcian blue. (c)
Osteogenesis, alkaline phosphatase-positive colonies stained with Alizarin Red. (d) FACS analysis of the cultured canine adipose MSCs.
Two positive and two negative CD markers for MSCs were used to identify the cells. MSCs were positive for CD90 and CD44 and
negative for CD34 and CD45 cell markers.
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Lawrence grade system to categorise OA. The stage of OA
was normally defined as the grade of OA based on the
radiographic features as described by Table 1. The dogs
treated with the CAD-MSC showed OA ranging from
grade 2 to grade 4. The lameness and pain scoring was
carried out by the veterinarians and recorded pretreat-
ment; scoring 1 to 5 was based on the severity of the
symptoms (Table 1). A score of 1 is given for normal
lameness and no pain or functional disability through to
a score of 5 for the severe pain and lameness as shown
in the table.

The 203 dogs were graded for the level of osteoarthritis
and the results are summarised in Table 2. A total of 32 dogs
were grade 2 minimal OA, 103 grade 3 moderate OA, and 58
grade 4 severe OA (Table 2).

The outcome of the treatment of various grades of OA, in
terms of improvement in pain, mobility as quality of life
improvement, posttreatment was also assessed. Owner’s con-
sent was obtained by the veterinarians for a follow-up, and
owners were advised to report any adverse reactions to the
veterinarian immediately.

Posttreatment assessment and statistical analyses were
also performed to determine the improvement in the dogs.
A numeric rating scale was employed by the veterinarians
based on the clinical outcome upon comparison from pre-
and posttreatment questionnaires on lameness and pain
reduction and improvement in mobility and overall
demeanour (Table 3). The lameness and pain scoring
was carried out posttreatment and compared with pre-
treatment scores; a quality of life (QOL) score was
assigned to each dog using a score of 1 to 5 (Table 4)
and restricted to only three parameters: pain, mobility,
and functional disability. A score of 1 was given to the
dogs exhibiting excellent improvement in terms of mobil-
ity and overall wellbeing, score 2 for good improvement,
score of 3 for no difference, score of 4 for worsening of
the symptoms, and score of 5 for death due to stem cells.

A total of 203 dogs were assessed for the improvement in
their pain and mobility and willingness to play voluntarily.
The dogs were assessed by veterinarians for the quality of
life (QOL) score and the data grouped with respect to the
various age groups, as well as whether they received a single
dose of IA injection in the affected joint (n = 128), received
a single IV injection (n = 65), and received both IA and IV
injections (n = 10).

Firstly, of the one hundred and twenty-eight dogs that
received IA injection (Figure 2) in the affected joint, 79
were reported to have an excellent improvement (Table 5).

Table 3: Symptoms of arthritic knee; lameness and pain scores#.

Lameness Pain Functional disability

1 (normal) 1 (no pain) 1 (normal)

2 (intermittent) 2 (mild pain) 2 (slightly stiff)

3 (persistent) 3 (severe pain) 3 (stiff)

4 (non-weight bearing) 4 (severe pain) 4 (very stiff, unwilling to walk)

5 (ambulatory only with assistance) 5 (severe pain) 5 (need assistance to walk)
#Adapted from Black et al. [6].

Table 4: Quality of life (QOL) score.

Score Symptoms

1 Excellent improvement

2 Good improvement

3 No difference

4 Worse

5 Considerably worse or death
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Figure 2: Quality of life (QOL) score for different age groups of
dogs receiving single injection of MSCs by an IA injection.

Table 5: IA injection and quality of life score with respect to the age
groups.

Age group QOL 1 QOL 2 QOL 3 QOL 4 QOL 5

A: 0–5 years 27 9 0 0 0

B: 6–9 years 30 13 5 0 0

C: 10–13 years 14 12 5 0 0

D: 14–16 years 8 1 3 1 0

Table 6: IV injection and quality of life score with respect to the age
groups.

Age group QOL 1 QOL 2 QOL 3 QOL 4 QOL 5

A: 0–5 years 3 1 2 0 0

B: 6–9 years 5 4 4 0 0

C: 10–13 years 14 11 5 0 0

D: 14–16 years 3 9 4 0 0
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The number of dogs demonstrate an excellent
improvement and a QOL score of 1 was statistically signif-
icant (p < 0 007). The QOL score between the groups was
also statistically significant (p < 0 021). Seventy-five percent
of dogs under the age of 5 (n = 36) had reported a QOL
score of 1 suggesting excellent improvement, and 25%
exhibited a QOL score of 2 suggesting good improvement.
Similarly, dogs belonging to the age group 6–9 demon-
strated a slightly different ratio of improvement. 62% of
dogs of this age group demonstrated excellent improve-
ment, and 27% showed good improvement, and only 6%

of dogs showed no change in their condition. Overall,
89% of dogs of age 6–9 showed good improvement in
their quality of life.

Dogs of age group C years showed 45% (n = 31) of excel-
lent improvement, 38% of good improvement, and 16% no
change in their condition after the treatment. Overall, 83% of
dogs belonging to this age group showed good improvement.
Similarly, in age groupD, 62%of dogs (n = 13) reported excel-
lent improvement, 1 dog showed good improvement, and 23%
reported no change. Overall, 66.8% of dogs of this older age
group showed improvements. Tables 5 and6demonstrate that
majority of the dogs of each age group displayed a QOL score
of 1 implying excellent improvement in their quality of life
when compared to the other scores (Figure 2).

The results from the 65 dogs that received IV injections
demonstrated the following: only 6 dogs of age group A were
given IV MSCs and of that, 50% demonstrated excellent
improvement; only 16.5% exhibited good improvement and
33% showed no change. Dogs belonging to the age group B
demonstrated equally distributed score of 1, 2, and 3.

The dogs belonging to age group C had the largest num-
ber of dogs in it (n = 30) compared to any other age group.
46% of the dogs showed an excellent response, 36.6% showed
good improvement, and 16.6% did not show any improve-
ment. In age group D (n = 16), 19% scored QOL 1, 56.3%
scored QOL2, and 25% scored QOL 3. No death has been
reported for any dog undergoing MSC treatment.

Furthermore, 10 dogs received both IA and IV treatment
as recommended by the veterinarian. The clinical grading for
these animals and the QOL scores posttreatment are shown
in Tables 7 and 8. Due to the small sample size, statistical
analysis could not be performed. However, nine out of ten
dogs were reported to have either good or excellent improve-
ment (Table 8).

Finally, a comparison of the outcomes between all treat-
ment types was summarised in Figure 3. Overall, it was
observed that the majority of dogs showed excellent to good
improvement with a QOL score of 1 or 2. The highest
improvement was observed in both the IA treatment alone
and the IA and IV treatment groups with ~90% of dogs
receiving a QOL score of 1 or 2, while in the IV treatment-
alone group, 50 out of 65 dogs (76%) showed excellent to
good improvement.

5. Discussion

In this report, over 85% of dogs of various breeds and ages
recorded combined a QOL score of 1 and 2 when assessed
on the parameters of lameness and pain, suggesting signifi-
cant improvement in their quality of life (p < 0 021). Similar
results have been reported previously elsewhere [6, 7, 12].
MSC therapies have been attributed as being one of the major
breakthroughs in treating osteoarthritic conditions in dogs
and other animals. It is safe and effective and employs endog-
enous repair within the body helping osteoarthritic dogs to
improve quality of life significantly [7–9, 11, 12, 16]. MSCs
are known to differentiate into various tissue types, aid the
body’s own regeneration abilities, and also produce several
useful bioactive compounds that assist in repairing damaged

Table 7: Osteoarthritis grade evaluated by the vets prior to CAD-
MSC treatment for dogs receiving both IA and IV injections.

Age group Grade 2 Grade 3 Grade 4

A: 0–5 years 2 1 1

B: 6–9 years 0 1 1

C: 10–13 years 0 0 1

D: 14–16 years 0 2 1

Table 8: IA and IV injection and quality of life score with respect to
the age groups.

Age group QOL 1 QOL 2 QOL 3 QOL 4 QOL 5

0–5 years 2 2 0 0 0

6–9 years 1 0 1 0 0

10–13 years 1 0 0 0 0

14–16 years 2 1 0 0 0
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Figure 3: Treatment type and QOL score.
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tissues and are capable of regeneration of degenerated tissues
[15]. Due to the anti-inflammatory properties and immune
modulation capabilities, MSCs are safe to use in recipients
without causing any immune response and other adverse
effects [18, 20]. The result from our own experiences stated
in this report supports the similar findings by other workers
[6–9, 11–13, 22, 23].

The improvement on QOL scores was better in dogs
under the age of 9 (Figure 2), when compared to the older
dogs. The QOL score of 3 (no change) could be attributed
to the advanced stage of the disease, severe degenerative
alterations in bone architecture, and other contributing
factors such as poor health and prolonged diseased state.
There was one case reported where the QOL was scored 4
for a dog 14 years of age that had multiple joints affected
including both hips and stifles. The dog did not respond to
the treatment and had shown worsening in condition but
was managed on NSAIDs. The natural progression of the
disease for this particular dog was observed.

Of all the dogs undergoing CAD-MSC therapy, none dis-
played any severe adverse events other than slight discom-
fort; two of the dogs exhibited a mild skin allergy which
was managed on antiallergic medication.

As observed in Figure 3, IA treatment provided better
results when compared with the IV treatment. However, IV
treatment was only chosen because of the polyarthritis condi-
tion, and this could have attributed to the lower improve-
ment. Also, it is worth noting that the age group played a
major role in achieving the best outcomes. Most of the dogs
receiving IA treatment under the age of 5 showed good
improvement and therefore suggested that the dog’s own
overall health and vitality are significant factors in response
to the MSC therapy [24–26].

In conclusion, the innovative allogeneic CAD-MSC treat-
ment provides good alternative treatment modality in the
management of canine osteoarthritis. The long-term assess-
ment and ongoing reporting of the larger population of dogs
undergoing stem cell therapy is warranted to further under-
stand the therapeutic benefits of this new technology.

Abbreviation

CAD-MSCs: Canine adipose-derived mesenchymal stem
cells

OA: Osteoarthritis
QOL: Quality of life.
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Horses are widely used as large animal preclinical models for cartilage repair studies, and hence, there is an interest in using equine
synovial fluid-derived mesenchymal stem cells (SFMSCs) in research and clinical applications. Since, we have previously reported
that similar to bone marrow-derived MSCs (BMMSCs), SFMSCs may also exhibit donor-to-donor variations in their stem cell
properties; the current study was carried out as a proof-of-concept study, to compare the in vivo potential of equine BMMSCs
and SFMSCs in articular cartilage repair. MSCs from these two sources were isolated from the same equine donor. In vitro
analyses confirmed a significant increase in COMP expression in SFMSCs at day 14. The cells were then encapsulated in neutral
agarose scaffold constructs and were implanted into two mm diameter full-thickness articular cartilage defect in trochlear
grooves of the rat femur. MSCs were fluorescently labeled, and one week after treatment, the knee joints were evaluated
for the presence of MSCs to the injured site and at 12 weeks were evaluated macroscopically, histologically, and then by
immunofluorescence for healing of the defect. The macroscopic and histological evaluations showed better healing of the
articular cartilage in the MSCs’ treated knee than in the control. Interestingly, SFMSC-treated knees showed a significantly
higher Col II expression, suggesting the presence of hyaline cartilage in the healed defect. Data suggests that equine
SFMSCs may be a viable option for treating osteochondral defects; however, their stem cell properties require prior testing
before application.

1. Introduction

The regeneration capability of articular cartilage is limited
due to the lack of blood vessels and nerve supply [1]. Bone
marrow stimulation techniques such as subchondral drilling,
abrasion, and microfracture procedures are the currently
accepted methods of regenerating articular cartilage defects
which aim at employing bone marrow constituents to repair
the defects [2, 3]. These procedures are supposed to stimulate
chondrogenesis coupled to the formation of fibrocartilage
and/or hyaline cartilage. Autologous chondrocyte implanta-
tion is another technique which has been used in the repair

of chondral and osteochondral lesions [4, 5]. This technique
however, suffers from technical and biological challenges,
including site morbidity, low numbers of chondrocytes, and
the formation of the undesirable fibrocartilage [6, 7]. Regen-
eration of articular cartilage is thus a health concern for both
human and veterinary patients, and an ideal therapy has yet
to be identified.

Recent literature suggests that mesenchymal stem cells
(MSCs) may present an attractive treatment option for
articular cartilage repair [8]. Mesenchymal stem cells can be
easily isolated fromdifferent adult tissue sources, such as bone
marrow, adipose tissue, umbilical cord blood, or synovium [9]
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and can differentiate into chondrocytes under optimal condi-
tions when stimulated by growth factors [10, 11]. Bone
marrow-derived MSCs (BMMSCs) have acquired special
attention for cartilage regeneration; it has proven to promote
cellular proliferation while preserving the chondrocyte phe-
notype [12, 13]. However, recent reports have suggested that
synovial fluid-derived MSCs (SFMSCs) may have the poten-
tial and hence may be a better source to regenerate cartilage
defects, such as those involving chondral and osteochondral
defects [14]. Synovial fluid-derived MSCs present an attrac-
tive cell source because they can be harvested relatively in a
minimally invasive manner from synovial fluid and retain a
particularly high capacity for chondrogenic differentiation
and proliferation compared with MSCs obtained from other
tissues, such as bone marrow or periosteum [9, 15, 16].

Horse joints are anatomically equivalent to the human
knee and ankle, and as a result, horses are widely used
as large animal preclinical models for cartilage repair studies.
Specifically, the equine chondral defect models have been
recognized to have specific advantages for translation into
human articular cartilage regeneration [17–19]. While horses
may more closely approximate the human clinical situation,
large animal studies pose logistical and financial challenges.
As a result, small animal rodent models are cost effective
and have proven to be useful for proof-of-concept studies.
Additionally, rodent models allow for the use of xenogenic
cells and hence present methods that can be used for further
experimentation in large animal models.

We previously reported a donor-matched comparison of
bone marrow and synovial fluid-derived MSCs from 5
healthy mixed breed horses (age 8–13 years) with respect to
their in vitro properties of proliferation, expression of mesen-
chymal stem cell protein markers, and chondrogenic poten-
tial. Out of the 5 donors, we identified one in which the
SFMSCs were similar to the BMMSCs in their proliferation
and expression of CD29, CD44, and CD90 but exhibited a
significantly higher in vitro chondrogenesis [16]. Based on
the in vitro results, we hypothesized that the SFMSCs will
have a significantly higher chondrogenic potential in vivo as
well. To prove our hypothesis, in this study, we compared
the in vivo chondrogenic potential of SFMSCs and BMMSCs
by implanting them in a rat osteochondral defect model and
evaluated articular cartilage healing.

2. Materials and Methods

2.1. Cell Culture, Protein Extraction, and Western Blot (WB)
Analysis of Equine MSCs. BMMSC and SFMSC cultures
have been previously generated and characterized in our
laboratory [16, 20]. Cryopreserved passage 3 MSCs from
one specific equine donor were used in all the experiments
in this study.

For chondrogenic differentiation, BMMSCs and SFMSCs
were cultured in DMEM F12 media supplemented with
transforming growth factor beta 1 (TGF-β1) (R&D Systems,
Minnesota, USA) for 14 days. For WB analyses, total cell
lysates were prepared using the standard radioimmuno-
precipitation (RIPA) buffer composed of 50mM Tris-
HCl (pH7.5), 1% Nonidet P-40, 0.25% Na deoxycholate,

150mM NaCl, 1mM EDTA (Boston BioProducts, Ashland,
Massachusetts, USA), and complete protease inhibitor cock-
tail. Cells were harvested, and after sonication, the superna-
tant was collected by centrifugation and the protein
concentration was determined using the bicinchoninic acid
(BCA) protein assay (Thermo Scientific, Rockford, Illinois,
USA). For WB analysis, 50μg of each protein sample was
electrophoresed on a 10% polyacrylamide gel and the
separated proteins were transferred onto a nitrocellulose
membrane, subsequent to which specific proteins were
identified. For each analysis, 3μg of anticartilage oligomeric
matrix protein/thrombospondin-5 (COMP/TSP5) (Thermo
Fisher Scientific, Rockford, Illinois, USA) was used to
detect the target protein. Antigen detection was performed
using secondary horseradish peroxidase-conjugated anti-
body (Cell Signaling Technology, Danvers, Massachusetts,
USA) followed by exposure to ECL-2 reagent (Pierce,
Thermo Scientific, Rockford, Illinois, USA). The intensity
of the signal obtained for each protein was normalized to that
of β-tubulin (Santa Cruz Inc., Dallas, Texas, USA) and was
quantified by densitometry using ImageJ software (version
1.48, imagej.nih.gov).

2.2. MSC and Scaffold Constructs. Cryopreserved passage 3
cells were thawed quickly in a 37°C water bath and washed
withHBSS.MSCs were labeled for cell tracking by the fluores-
cent lipophilic tracer 1,1′-dioctadecyl-3,3,3′,3′-tetramethy-
lindocarbocyanine perchlorate (DiI; Molecular Probes). For
labeling, 1× 106 cells/mL were incubated with 50μg/mL
CM-DiI for 15min at 37°C. Excess label was removed by
washing with HBSS. Labeled cells were then mixed with
an equal volume of sterile neutral 2% (w/v) low-melting
point agarose (Affymetrix Inc.) solution. On gelling, aga-
rose and MSC scaffolds were formed which could be used
for implantation.

Cellular proliferation and viability of cultured MSCs
within the agarose scaffold were evaluated prior to in vivo
implantation. The proliferation rate of expanded MSCs
was evaluated at 3 and 14 days after seeding, using the
CellTiter 96 Aqueous Non-Radioactive (MTS) assay (Pro-
mega, Madison, Wisconsin, USA), and data was obtained
as described earlier [16, 21].

Cell adhesion and viability were also evaluated micro-
scopically after 3 and 14 days by means of calcein-AM (Invi-
trogen, Eugene, OR, USA) and propidium iodide (Invitrogen,
Carlsbad, CA, USA) staining. MSCs were seeded at a density
of 2.0× 104 cells per well per agarose plug in a 24-well plate.
Cells were stained as per the manufacturer’s protocols and
consequently visualized using a Zeiss Axiovert 40 C micro-
scope (Carl Zeiss MicroImaging Inc., Thornwood, New York,
USA) equipped with a Nikon Digital Sight DS-Qi1Mc cam-
era (Nikon Instruments Inc., Melville, New York).

2.3. Animals. All experiments were conducted in accor-
dance with the institutional approved protocol. Twelve-
week-old adult Sprague-Dawley rats (0.22–0.25 kg) were
used in all experiments. Rats were acclimated in wire cages
in hygienic ventilated animal rooms with controlled tem-
perature, humidity, and 12-hour light/dark cycles for one
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week before use. Rodent chow and water were provided
ad libitum.

2.4. Surgery. Anesthesia was induced by inhalation of a
2% isoflurane/oxygen gas mixture. Before surgery, each
animal received a subcutaneous injection of buprenor-
phine (0.05mg/kg) and eye lubricant. Enrofloxacin was
provided in drinking water for each animal for at least
3 days postoperatively.

For surgery, after the sterile preparations of the surgical
site, both knee joints of each rat were opened through an
anteromedial approach. The patellae and tendon were later-
ally displaced, and 2mm diameter full-thickness articular
cartilage defects were created in the trochlear grooves of the
distal femur using a power drill. The defect was roughly
3mm deep through the subchondral bone (Figure 1). After
removing the cartilage and bone debris, the defects were
irrigated with sterile saline, and the BMMSCs or SFMSCs
and agarose constructs containing 3× 106 cells each were
implanted. The left knee was used as the treatment knee,
and agarose alone was placed into the right knee, which
served as the control. Rats were sacrificed at a one-week time
point to track the labeled cells, and harvested samples at 12
weeks were used to evaluate cartilage healing.

2.5. Macroscopic and Histological Evaluations. Rats were
sacrificed at 1 and 12 weeks postsurgery, and the joints
were harvested, fixed in 10% formaldehyde, decalcified in
10% nitric acid for two days, dehydrated in graded ethanol,
and finally embedded in paraffin wax. Paraffin-embedded
samples were then cut into 5μm sections for evaluation.

The 1-week samples were visualized to track the
DiI-labeled MSCs and were stained with the histological
stain hematoxylin and eosin (H&E). DiI fluorescence was

visualized under UV, and images were captured using NIS-
Elements 3.10 (Nikon).

The 12-week samples were analyzed using H&E and
Masson’s trichrome stains (Sigma, St. Louis, MO, USA) and
by immunofluorescence to evaluate the expression of colla-
gen type II (Abcam, USA). H&E staining was carried out as
previously described [22]. For Masson’s trichrome staining,
tissue sections were stained in Masson’s composition solu-
tion for five minutes and differentiated in 5% phosphotung-
stic acid for ten minutes. Tissue sections were then stained
in aniline blue solution for 5min, and extra stain was
removed by rinsing with 0.2% acetic acid. The specimens
were graded semiquantitatively by a trained pathologist,
who was blinded to the identity of each sample. The scoring
scale was based on the filling of the defect, cell morphology,
and inflammatory response, as described [23].

Type II collagen was detected by immunofluorescence.
Sections were deparaffinized, washed with HBSS, perme-
abilized with 0.1% Triton X-100 (Sigma) for 10min, and
blocked with 1% Power Block (BioGenex) for 30min at room
temperature. Sections were incubated with anti-type II
collagen monoclonal antibody (1 : 200; Abcam, USA) at 4°C
overnight. After washing with HBSS, the sections were incu-
bated for 30min with Alexa Fluor 488 anti-rabbit secondary
antibody. Samples were mounted in ProLong Gold antifade
reagent with DAPI (Life Technologies), and images were
obtained with a laser scanning spectral confocal microscope
(Leica TCS SP8; Leica Microsystems©, Wetzlar, Germany).
Mean intensity fluorescence was measured using the Leica
TCS SP2 software by selecting at least four representative
fields of identical settings.

2.6. Statistical Analysis. All quantitative group data are
shown as the mean ± standard deviation (SD). Immunoblot

(a) (b) (c)

(d) (e) (f)

Figure 1: Surgical procedure showing the creation of the osteochondral defect. (a) Both knee joints were opened using an anteromedial
approach. (b), (c) The patellae and tendon were laterally dislocated to expose the articular cartilage. (d) 2mm diameter full-thickness
articular cartilage defects were created in trochlear grooves of the distal femur by carefully drilling in a vertical direction using a power
microdrill. (e) The BMMSCs or SFMSCs (3.0× 106 cells) and agarose scaffolds were implanted into the defects in the experimental (left,
treated) knee. The scaffold only (agarose) was implanted in the control right knee. (f) The arthrotomy was closed with interrupted 4–0
nylon sutures, and the skin was closed with continuous 4–0 nylon sutures.
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and immunofluorescence data were analyzed by repeated
measures one-way analysis of variance (ANOVA). SAS
9.4 (SAS Inc., NC, USA) statistical software package
was used. Differences of P < 0 05 were considered to be
statistically significant.

3. Results

We have previously reported a donor-matched comparison
of bone marrow and synovial fluid-derived MSCs from 5
healthy mixed breed horses (age 8–13 years) with respect
to their in vitro properties of proliferation, their expression
of protein markers, and finally their chondrogenic poten-
tial. Using these assays, we identified a donor, whose
SFMSCs were similar to the BMMSCs in their proliferation
and expression of CD29, CD44, and CD90 but exhibited a
significantly higher chondrogenic potential based on the
increased expression of aggrecan and type II collagen pro-
teins [16]. The next step is to evaluate the chondrogenic
potential of the SFMSCs and BMMSCs in an in vivo model,
prior to their application in equine clinical cases of articular
cartilage injuries.

In the current study, we report the in vivo evaluation of
the SFMSCs and BMMSCs from a single donor described
above for their potential to regenerate articular cartilage in
an osteochondral defect in a rat model. In this study, the
rat model serves as an animal model to evaluate the in vivo
chondrogenic potential of MSCs from two tissue sources.
This project was initiated with a hypothesis that the SFMSCs
which have a higher chondrogenic potential in vitro will
exhibit a higher potential to heal damaged articular cartilage
in vivo. Primary cultures of BMMSCs and SFMSCs generated
from a specific donor described earlier [16] were used.

3.1. In Vitro Chondrogenesis. Previously isolated, character-
ized, and cryobanked passage 3 SFMSCs and BMMSCs were
first evaluated by in vitro chondrogenic differentiation. The
expression of cartilage oligomeric matrix protein (COMP)
was used as an indicator of the chondrogenic differentiation
process. MSCs from both cell sources displayed efficient
chondrogenesis in a period of 14 days as per the conditions
reported earlier [16]. Qualitative and quantitative immuno-
blot analyses showed that COMP expression increased with

increase in cell differentiation from both sources. As expected
from the previously published report, SFMSCs exhibited
a significant increase compared to BMMSCs at day 14
when the chondrogenic differentiation was complete. Results
indicate and confirm that there was a significant increase in
the proteoglycan deposition when SFMSCs differentiated
in vitro as compared to BMMSCs obtained from the same
donor (Figure 2).

3.2. Agarose Scaffold Conserves Proliferation and Viability of
MSCs. Once we confirmed the chondrogenic potentials of
MSCs, an agarose scaffold was designed to serve as a vehicle
to deliver MSCs in vivo. Prior to in vivo implantation, prolif-
eration and viability of MSCs within the agarose construct
were assessed through 14 days using live-dead staining and
MTS assay (Figure 3). Cell viability was verified in the
agarose construct using calcein AM and propidium iodide
fluorescent (live-dead) staining (Figure 3(a)). Additionally,
the MSCs exhibited a linear increase in proliferation between
days 3 and 14, indicating a linear increase in cell number with
time (Figure 3(b)). Data showed that MSCs seeded on
agarose construct were metabolically active and viable in
the presence of agarose, thus confirming the biocompatibility
of the agarose scaffold.

3.3. Implanted MSCs “Home” to the Defect Site In Vivo. To
demonstrate the presence and assess the time that the MSCs
remain at the site of the defect, CM-DiI labeled cells were
tracked in vivo. Fluorescence imaging showed the presence
of CM-DiI-labeled cells within the defects of both the
SFMSC- and BMMSC-treated rats. Cells were visualized
at one week following implantation (Figure 4). None of
the CM-DiI-labeled cells were detected in the harvested
samples at 12 weeks. In contrast, control specimens did
not show any CM-DiI fluorescence, thus confirming the
presence and “homing” of MSCs at the defect site for at
least 1 week postimplantation.

3.4. Macroscopic and Histomorphometric Analyses. Inflam-
mation, rejection, and existence of any depression or bulging
of repaired tissues in the defect area or any other abnormality
were grossly evaluated. Gross observations did not show any
inflammation or fibrosis, indicating lack of any infection due
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Figure 2: Immunoblot analyses of COMP proteins. (a) Western blot analysis showed expression of COMP in in vitro differentiated BMMSCs
and SFMSCs. (b) COMP expression was significantly higher in differentiated SFMSCs suggesting a relatively higher chondrogenic potential.
The asterisk indicates (P < 0 05). β-Tubulin was used as a control, and the expression of β-tubulin was used to normalize the expression of
COMP in each sample. Each experiment was carried out with two independent protein samples, each sample analyzed in duplicate.
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to MSCs or agarose or both throughout the study period,
further confirming the biocompatibility of the scaffold. At
12 weeks after treatment, the defect surfaces were still
depressed in treated knees but were filled compared to the
control. Interestingly, agarose remnants were still visible in
the defect even after 12 weeks, which helped identify the
defects stained with H&E and Masson trichrome (Figure 5).

Using H&E-stained specimens, we confirmed that there
was no inflammatory reaction in the treated knees either at
1 week or at 12 weeks. Only three rats showed mild inflam-
mation at 12 weeks, and they were removed from further
analyses. Masson trichrome-stained specimens in the control

knees did not demonstrate any signs of newly formed
collagen in the defect, suggesting lack of cartilage repair
compared to treated knees (Figure 5).

In vivo immunofluorescence staining for Col II in
BMMSC- and SFMSC-treated samples showed strong stain-
ing distributed in the defect area compared to control knees.
The MSC-treated knees in each group showed significantly
higher expression of type II collagen than the corre-
sponding controls, with the SFMSCs showing significantly
higher intensity, indicating a significant increase in the
production of hyaline cartilage compared to BMMSC-
treated joints (Figure 6).
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Figure 3: Proliferation and viability of MSCs. (a) Representative fluorescence microscope images of MSCs cultured for 3 and 14 days on
agarose with live (green)/dead (red) stain. (b) Proliferation rate of MSCs cultured for 3 and 14 days on agarose. Absorbance, that is,
optical density at 490 nm, is linearly related to the cell numbers, and hence, the value represents cell numbers at a given time point, and
comparison of these values at two different time points is used as an indicator of proliferation. Data is presented as means ± SD. Error
bars represent the SD.
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Figure 4: Fluorescent imaging of MSCs. Representative images to show (a) DiI-positive MSCs before implantation. (b) Absence of
DiI-positive MSCs in the control group, and (c) DiI-positive MSCs in the treated groups. Arrows indicate the persistence of DiI-labeled
MSCs at least 1 week postimplantation, suggesting the localization of cells at the injury site.
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4. Discussion

In the current study, we aimed to evaluate and compare
SFMSCs as a new cell source, in relationship to BMMSCs,
which is considered a standard cell source for articular carti-
lage regeneration. While carrying out these comparisons, we
wanted to confirm that the in vitro properties of MSCs are

dependent on the donor and are indeed translated into an
in vivo setting and that the in vitro properties can provide a
very reliable indication of their in vivo action.

Articular cartilage is a highly differentiated, avascular
tissue with very little self-regeneration capacity. Autologous
chondrocyte implantation used to increase the repair
potential of damaged cartilage showed a significantly better
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Figure 5: Histological and gross analyses. Gross appearance of the osteochondral defect twelve weeks after treatment with BMMSCs or
SFMSCs, the arrowheads point to the edges of the defect (top panel). Representative histological results using light microscopy twelve
weeks posttherapy. H&E staining (middle panel) and Masson trichrome staining (bottom panel) illustrate lack of “abnormal” cells and
collagen growth in the defect.
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Figure 6: Representative images and quantitation to assess collagen II posttherapy. Immunofluorescence staining of type II collagen (Col II)
at the articular cartilage defect in the rat femoral trochlear groove at 12 weeks after implantation of BMMSCs and SFMSCs (left panel).
Relative expression of Col II in treated knees (right panel) suggests a statistically higher level of expression in the healed defect. Asterisk
represents statistically significant increase in Col II (P < 0 05). A = agarose; Col II = collagen type II.
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histological score compared to microfracture or osteo-
chondral autologous graft [24–26]. Complications accom-
panying with cell expansion, graft collapse, and tissue
hypertrophy still pose challenges [27]. Adult MSCs are an
attractive cell source for cell-based strategies in regenerative
medicine. MSCs, specifically those derived from the syno-
vial tissues, have been demonstrated to enhance the quality
and quantity of the repaired tissue in full-thickness articular
cartilage defects [28, 29]. Published reports including one
from our laboratory showed that SFMSCs are proliferative
and possess chondrogenic potential, and hence, enough cell
numbers can be obtained to treat an articular cartilage
injury [16, 30, 31]. It is reported that SFMSCs increase in
the knee with degenerated cartilage in OA patients [32],
suggesting a physiological role of synovial MSCs during
cartilage recovery.

Although both bone marrow and synovial fluid represent
an attractive tissue source for MSCs and have the potential to
treat cases with articular cartilage injuries, results from our
laboratory have shown that the properties of MSCs are
donor-dependent, which could potentially affect their clinical
efficacy (Carter et al. 2013). In this study, we confirmed that
as observed earlier, there was a significant increase in COMP
expression of SFMSCs than BMMSCs, indicating more
matrix formation and hence a higher chondrogenic potential
[9, 33]. We were able to demonstrate increased chondrogen-
esis of SFMSCs by evaluating the expression patterns of two
chondrocyte marker proteins, COMP and Col II. COMP is
an abundant cartilage extracellular matrix protein that inter-
acts with major cartilage components including aggrecan and
collagens. The COMP expression increases during chondro-
genic differentiation and is a good indicator of cells undergo-
ing chondrogenesis [34]. Type II collagen or Col II is the
principal component of the extracellular matrix of adult
articular cartilage and hence is a good marker to evaluate
articular cartilage repair. Most importantly, the presence
of Col II in regenerated cartilage indicates the presence
of hyaline cartilage, thus suggesting healthy tissue.

Biomaterials play an important role as a delivery vehicle
in cell transplantation as well as in providing an initial
three-dimensional structure for complex tissues with
essential geometry. A biomaterial which is biocompatible,
exhibits deposition of extracellular matrix and which pro-
motes chondrogenic protein expression, is a good candi-
date for engineering cartilaginouse tissues. Agarose is a
saccharide polymer isolated from sea algae, which is grad-
ually desorbed mostly by macrophage phagocytosis and
enzymatic damage [35]. Agarose is one of these biomate-
rials that have been suggested to serve as a cell carrier of
MSCs for cell transplantation and has been shown to sus-
tain and support chondrocyte viability and phenotype
in vitro and in vivo and is also inert, and hence, will not be
bioactive [36–39].

In our study, MSCs could maintain good proliferation
and viability in the presence of 2% neutral agarose. These
data were in agreement with the reports presented by others
and our laboratory [22, 36].

The xenogenic rat model for this study has been
described previously [40]. As expected, even though we used

xenogeneic MSCs in this model, we did not observe any
immune response to the equine cells in the treated knees.
In fact, we detected hyaline-like cartilage formation in these
samples, demonstrating that the implanted cells were favor-
able and had the potential for tissue repair. Our results are
supported by other published studies, which have reported
comparable success with xenogeneic MSCs in tissue defects
without eliciting any immune response [41–43].

In this study, we quantified the cartilage regeneration
based on the filling of the defect area, matrix, and hyaline car-
tilage formation. As hypothesized, SFMSCs led to enhanced
cartilage repair in vivo, and the regenerated area in the
MSC-treated knees was significantly higher than that in the
control knees after 12 weeks. Most importantly, there was a
significant increase in Col II expression in SFMSCs com-
pared to BMMSCs at 12 weeks. In summary, these results
demonstrated that implantation of synovial MSCs promoted
cartilage regeneration [31, 44].

Cell adhesion to the extracellular matrix is an essential
activity in tissue organization. One week after MSC implan-
tation, cartilage defects were already supplied with MSCs,
whereas the DiI-positive area was detected histologically. In
the radial histological section, DiI-labeled cells were located
mostly in the center of the defect. We examined the location
of DiI-labeled cells at 12 weeks, and thereafter, we could not
find any. These findings indicate that implanted MSCs
adhered around the defect of cartilage at the first stage; after
that, the newly formed chondrocytes differentiated into
cartilage tissue [45]. It is still unknown whether the MSCs
trigger the healing by their paracrine effect on the progenitor
cells of the injured area or they themselves undergo differen-
tiation. Using this model and the system described in our
study, we can now investigate these mechanisms.

5. Conclusion

In this study, we demonstrate that implantation of SFMSCs
was successful in terms of in vivo evaluation and Col II
expression. The use of SFMSCs is advantageous where the
cells can be ready at passage 0 in the first two weeks posthar-
vest and hence can be applied in an autologous or allogeneic
manner within a short time period. Implantation of SFMSCs
can be less aggressive compared to the other techniques. In
this study, we used xenogeneic cells; hence, future experi-
ments involving the implantation of equine MSCs into an
articular cartilage defect in a horse model should be carried
out to confirm the results and thus investigate the effective-
ness of this treatment.
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Glucocorticoid-induced osteonecrosis of the femoral head (ONFH) is a hip disorder, and it threatens patients who require
megadose of steroid therapies. Nowadays, no valid therapies can reverse the development of GC-induced ONFH once it occurs.
Stem cell therapy to GC-induced ONFH would be a promising choice. Although the pathogenesis of GC-induced ONFH is not
yet fully clear, Dickkopf-1 (Dkk-1) upregulated by excessive GC use, which hinders the canonical Wnt pathway, could be an
explanation. Thus, the aim of the present work lies in investigating the efficiency of the allograft bone marrow stem cells
(BMSCs) with Dkk-1 interference in preventing the progression of the GC-induced ONFH. Lentivirus-meditated Dkk-1 RNAi
was introduced into BMSCs which was exposed to dexamethasone (10−6mol/L) in vitro. This interference blocked Dkk-1
overexpression by GC and afterwards prompted the transduction of Wnt/β-catenin in which the Runx2 and PPARγ were
upregulated and downregulated, respectively. Thus, the osteogenesis was promoted while adipogenesis was inhibited. In vivo,
GC-induced ONFH rats were treated by allotransplantation of BMSCs with Dkk-1 interference, and the progression of the
disease was prevented. However, the effects were not significantly superior to treatment with nongenetically modified or
normal BMSCs.

1. Introduction

Excessive glucocorticoid (GC) use is one of the etiologies of
osteonecrosis of the femoral head (ONFH). Although the
pathophysiological mechanism of GC-induced ONFH
remains unclear, reduced osteogenesis due to an aberrant
decrease in the bone marrow mesenchymal stem cell (BMSC)
pool may play a role [1, 2]. Thus, in addition to traditional
procedures (e.g., core decompression, osteotomies, and bone
grafting), BMSC implantation has been proposed as a poten-
tial therapy for GC-induced ONFH, especially in the early
stages, with the aim of delaying or even obviating total hip
arthroplasty (THA) [3–7].

BMSC implantation is often combined with core decom-
pression. BMSC implantation involves the following steps
[8, 9]: (1) harvesting of autologous or allogeneic BMSCs;
(2) canonical core decompression; and (3) implantation of
BMSCs in necrotic areas through the decompression tun-
nel. Although improved outcomes have been observed for

BMSC treatment compared with canonical core decom-
pression, concerns about the remaining osteogenic capac-
ity or proliferation of BMSCs in the repair of GC-induced
ONFH [10–12] have limited the widespread use of this
treatment.

We and others [13–16] have shown that Dickkopf-1
(Dkk-1), which is upregulated by GC use, suppresses the
transduction of the Wnt/β-catenin cascade in BMSCs
and promotes their differentiation into adipocytes, imply-
ing a potential role of Dkk-1 in the pathogenesis of GC-
induced ONFH. Wang and colleagues [17] demonstrated
that Dkk-1 knockdown by an antisense oligonucleotide
enhances the osteogenesis and proliferation of osteoblasts
and attenuates adipocytic differentiation. Additionally, Tang
et al. [18] and Hang et al. [19] enhanced the recovery of
BMSCs in ONFH by introducing an exogenous BMP-2 or
VEGF gene. These genes are responsible for osteoblastic
lineage differentiation or angiogenesis, respectively. Based
on these previous findings, we hypothesized that interference
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with the expression of Dkk-1 in BMSCs would arrest the
progression of GC-induced ONFH by simultaneously sup-
pressing the adipogenesis and enhancing the osteogenesis
of BMSCs.

2. Methods

2.1. Isolation, Culture, and Identification of Primary BMSCs.
One-week-old Sprague-Dawley rat pups were sacrificed ster-
ilely, and both bilateral femurs and tibias were isolated
cleanly. The isolated tissues were rinsed with sterile low-
glucose Dulbecco’s Modified Eagle Medium (DMEM), and
the epiphyses and growth plates of the femurs and tibias were
dissected on sterile dishes. The marrow cavities were flushed
3-4 times by inserting a needle attached to a 2ml syringe con-
taining low-glucose complete medium (low-glucose DMEM
with 10% fetal bovine serum), and the resultant bone marrow
suspensions were harvested into 15ml tubes. After centrifu-
gation at 1300 rpm for 5minutes, the supernatants were
removed, and the cells were suspended in complete medium
(low glucose) in culture flasks and incubated in a humidified
chamber at 37°C with 5% CO2. After 48 h of primary culture,
nonadherent cells were removed by replacing the medium
with fresh medium. The medium was replaced every 2 days
thereafter. To verify the BMSCs, 3rd-generation cells were
subjected to morphological observations, osteogenic and
adipogenic induction, and phenotypic analyses.

2.2. Lentivirus-Meditated Dkk-1 RNAi Vector Construction
and Analysis of Transfection Efficiency. The lentiviral vectors
for Dkk-1 RNAi (sequence: GTACAAATCTGCCTGGCTT)
and its negative control counterpart (sequence: TTCTCC
GAACGTGTCACGT) were designed and constructed by
GeneChem Inc. (see the flowchart in Figure 2 of the
supplementary data). The transfection efficiency was optimal
when viral dosage (defined by multiplicity of infection, MOI)
reached to 25. (MOI=25) (Figure 3, supplementary data).

2.3. In Vitro Lentivirus-Meditated Dkk-1 RNA Interference
and Glucocorticoid Treatments. When their primary progen-
itors were passaged to the 3rd generation, the subcultured
BMSCs were divided into 4 groups and seeded onto separate
6-well plates: the (1) transfection group (TG); (2) GC group
(GG); (3) negative group (NG); and (4) blank group (BG).
When the cells in eachwell of the 4 plates reached 30% conflu-
ence, TG and NG were transfected with the Dkk-1 RNAi vec-
tor or negative control vector, respectively.After 12 h and48 h,
themedium in each plate was renewedwith low-glucose com-
plete medium. At 96h after transfection, the medium in TG,
GG, and NG was replaced with fresh medium containing
10μM dexamethasone (Dex), whereas in BG, the medium
was renewed as before. All groups were consecutively cultured
for 14 days before subsequent analysis.

2.4. Real-Time qPCR Analysis. A two-step PCR method was
applied. Briefly, total RNA was isolated from the BMSCs
using a Bioteke kit (Bioteke Corporation), followed by cDNA
synthesis using an iScript™ cDNA synthesis kit (Bio-Rad).
The primers for Ctnnb1, Runx2, Dkk-1, Gsk3b, Pparg, and
Gapdh (primer sequences are listed in Table 1 of the

supplementary data) were synthesized by Beijing Tsingke
Biological Technology. The qPCR followed the protocol for
the SsoFast EvaGreen supermix kit (Bio-Rad) with the
following cycling parameters in the LightCycler® 96 System:
predenaturation at 95°C for 30 s; 40 cycles of denaturation
at 95°C for 5 s and annealing/extension at 50–58°C for 10 s
(40 cycles); and melting curve analysis at 65–95°C, 10 sec/
step. The fold change in relative mRNA expression was
calculated by the 2−ΔΔCt method.

2.5. Western Blotting Analysis. Cells were lysed in RIPA
buffer with protease inhibitor cocktail on ice for 30min,
followed by centrifugation at 4°C and 1200 rpm for 30min.
The supernatant was stored at −80°C. The protein concentra-
tion was determined by the BCAmethod, and equal amounts
of protein were separated by SDS-PAGE. For Western blot-
ting, the samples on the gel were transferred to PVDF mem-
branes, and the membranes were washed with TBST for
5min, followed by blocking in 5% BSA in TBST for 1 h and
washing three times with TBST for 5min each. The mem-
branes were then incubated with primary antibodies (Runx2,
PPARγ-2, GSK-3β, β-catenin, Dkk-1, and GAPDH, all
1 : 1000 dilution) overnight at 4°C and washed 3 times with
TBST for 5min each before incubation with the secondary
antibody at room temperature for 1 h. After washing the
membranes with TBST three times for 5min each, the sam-
ples on the membranes were visualized by ECL and scanned
by Quantity One software (Bio-Rad).

2.6. Establishment of the GC-Induced ONFH Rat Model. A
total of 85 adult SPF Sprague-Dawley rats (purchased from
Chengdu Dossy Biological Technology Co. Ltd, weighting
between 250 to 350 g) were intramuscularly (i.m.) injected
with lipopolysaccharide (LPS) once at a dose of 10μg/kg.
Methylprednisolone (MPS) was then i.m. injected at a dose
of 20mg/kg once daily for the next three days. To ensure sur-
vival, all rats received gentamicin solution (8× 103U/d) by
gavage for the next seven days, combined with i.m. injection
of lansoprazole (1mg/d). Thereafter, all rats were carefully
housed and maintained for the next 6 weeks (protocol and
results in Figures 4 and 5, supplementary data).

2.7. Cell Implantation into Femoral Heads. After 6 weeks, the
remaining 80 rats (4 rats died during the period of establishing
GC-induced ONFH model, and one was excluded to ensure
equal group sizes) were randomly allocated to 4 groups: the
control group, whichwas treatedwith normal saline (control);
the therapeutic group, which was treated with Dkk-1 RNAi-
modified BMSCs (LV-Dkk-1-RNAi-BMSCs, LDRM); the
negative control group, which was treated with empty
sequence-modified BMSCs (LV-ES-BMSCs, LEM); and the
normal therapeutic group, which was treated with normal,
unmodified BMSCs. Due to the small size of the rat femoral
head, intrabone marrow injection was employed [20]. To
perform the procedure, the animal was anesthetized using
chloral hydrate, and the lower limb was disinfected. An inci-
sion was made in the center of the knee, and the skin was dis-
sected bluntly layer-by-layer to open the knee cavity. A 2ml
needle was inserted into the intercondylar, penetrating the
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marrow cavity of the femur and approaching beneath the
trochanter major. Then, 0.1ml of BMSCs (107 cells/ml) or
normal saline mixed with heparin was injected; the marrow
cavity was sealed with sterilized bone wax, and the skin was
sutured. Gentamycin was administered in-feed for the next
week to prevent further infection, and the rats were observed
for another 7weeks. After sacrifice, the bilateral femoral heads
of all rats (except those used for frozen sections) were
dissected, fixed in 4% paraformaldehyde, decalcified in EDTA
solution for 3 weeks, washed with deionized water for 10min,
dehydrated in a gradient of ethyl alcohol, waxed, embedded,
and sliced into 3μm thick sections. The protocol is illustrated
in brief in Figure 4 in the supplementary data.

2.8. In Vitro and In Vivo Histological Analyses. Cell samples
were stained with Oil Red O or alizarin red in vitro. The cul-
ture medium was aspirated completely from BMSCs incu-
bated in 6-well plates, and the cells were rinsed 3 times
with PBS and fixed in 4% paraformaldehyde for 10min. After
rinsing 3 times with PBS, the cells were incubated with Oil
Red O solution (Sigma, USA) or alizarin red (Sigma, USA)
at 37°C for 20min. Excess solution was then removed by rins-
ing with distilled water, followed by staining with hematoxy-
lin for 2min. After rinsing again with distilled water, the cells
were mounted in aqueous mounting medium and observed
by phase contrast microscopy.

Frozen sections of the femoral heads of rats were also
subjected to Oil Red O staining. The frozen slices were pre-
pared and placed in absolute propylene glycol for 5min.
The slices were then stained with Oil Red O solution (Sigma,
USA) for 20min, followed by differentiation in 85% propyl-
ene glycol for 2min. After rinsing 3 times with distilled water,
the slices were stained with hematoxylin for 1min, rinsed
with distilled water, and mounted on a coverslip in aqueous
mounting medium. All slices were observed by microscopy.

Hematoxylin and eosin (H&E) staining was performed
on paraffin slices of the femoral heads of rats as follows: the
slices were dewaxed in xylene, dehydrated in a gradient of
ethyl alcohol, rinsed 3 times with distilled water, stained with
hematoxylin, differentiated in 1% HCl ethanol for 30 s,
washed with running tap water for 15min, stained with
eosin, washed with running tap water for 3min, dehydrated
again in a gradient of ethyl alcohol, vitrified in xylene, and
finally mounted in resinene.

2.9. Immunohistochemical Analysis. Femoral head slices were
dewaxed and hydrated, followed by antigen retrieval in
sodium citrate (pH6.0) at 95°C for 40min. After cooling to
room temperature, peroxidases were inactivated by incubat-
ing the slices in 3% H2O2 for 15min. The slices were incu-
bated in a humid atmosphere with diluted primary
antibodies (Dkk-1, GSK-3β, β-catenin, PPARγ2, and Runx2)
at 37°C for 45min, washed 3 times with PBS, and then incu-
bated with biotin-conjugated secondary antibody at 37°C for
45min. HRP and 100μl of DAB was then added. Staining
was monitored under a microscope, and the reactions were
terminated by the addition of distilled water. The slices were
then stained with hematoxylin, dehydrated in a gradient of
ethyl alcohol, vitrified in xylene, mounted in neutral resin,

and evaluated by light microscopy in a 400-fold magnified
field. Five fields were randomly selected and captured by
Image-Pro Plus 6.0 to calculate the percentage of areas of
positive expression.

2.10. Statistical Analyses. All statistical analyses were
performed using SPSS 17.0 software, and differences were
considered significant at P < 0 05. ANOVA with multiple
comparisons was used to analyze all parametric data. The
incidence of GC-induced ONFH in rats was assessed by χ2

tests with multiple comparisons. All bar plots were prepared
in ggplot2 (version 2.21).

3. Results

3.1. The Effects of GC Treatment and Lentivirus-Meditated
Dkk-1 RNAi on the Osteogenesis and Adipogenesis of BMSCs
In Vitro. After consecutive 14-day cultivation of all BMSC
groups, in vitro adipogenesis or osteogenesis was visualized
by Oil Red O or alizarin red S staining, respectively. As
shown in Figures 1(a)–1(d), larger areas of red staining indi-
cated greater lipid accumulation and adipogenesis. Adipo-
genic differentiation was much lower in BG and TG than in
GG and NG. Consistent with these results, more calcium for-
mation was observed in BG and TG than in GG and NG, as
demonstrated by the area of red staining (Figures 1(e)–
1(h)), indicating greater osteogenesis in both BG and TG
than in GG and NG.

3.2. In Vitro RT-PCR andWestern Blotting Analyses of Dkk-1,
GSK-3β, β-Catenin, Runx2, and PPARγ. The RNA and pro-
tein expression of GSK-3β and β-catenin, members of the
canonical Wnt pathway, and Dkk-1, the extracellular antag-
onist of this cascade, were assessed by RT-PCR and Western
blot, respectively. The expression of GSK-3β and β-catenin
was significantly lower and higher, respectively, in BG and
TG than in the other two groups (Figures 2(B) and 2(G);
Figures 2(C) and Figure 2(H); P < 0 05). The expression of
Dkk-1 (Figures 2(A) and 2(F)) was also significantly lower
in BG and TG (P < 0 05) than in the other two groups. By
contrast, Runx2 and PPARγ (Figures 2(D) and 2(I);
Figures 2(E) and 2(J)), globally accepted markers of osteo-
genesis or adipogenesis, respectively, exhibited opposing pat-
terns of expression. Runx2 expression was significantly
higher in BG and TG than in GG and NG (P < 0 05), whereas
PPARγ expression was significantly lower in BG and TG
than in GG and NG (P < 0 05) (Figure 2).

3.3. In Vivo H&E Staining of the Femoral Heads of Rats. Eight
weeks after the operation, all 80 rats were sacrificed, and H&E
staining was performed. The diagnostic criterion of ONFH
was empty lacunae. Briefly, ten fields (20x) from an H&E
staining section of one rat were randomly selected to count
empty lacunae. If empty lacunae were found in over 5 fields
(empty lacunae percentage>50%), ONFH was diagnosed in
a rat. In the control group, most of the trabeculae were
cracked, discontinuous, and reduced, and the mean percent-
age of empty lacunae was 67.7%±13.8%, confirming the pres-
ence of ONFH. These histological phenomena were observed
in 18 of 20 rats, corresponding to an incidence of ONFH of
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90% in control group. In the LDRM group, normal, continu-
ous trabeculae were observed in 13 rats, with an empty lacunae
percentage far below 50%; ONFHwas identified in only 7 rats,
corresponding to an overall incidence of 35%. The mean per-
centage of empty lacunae in all 20 rats was 31.8%±19.0%. By
comparison, 55% (11/20) of the rats in the LEM group devel-
oped ONFH, with a mean empty lacuna percentage of
48.7%±14.6%; in the BMSC group, the incidence of ONFH
was 50% (10/20), and the mean percentage of empty lacunae
was 50.4%±18.1%. The differences in ONFH incidence and
the mean percentage of empty lacunae between the control
group and the other groups were statistically significant
(P < 0 05). However, the differences among the other three
groups were not significant (P > 0 05) (Figure 3 and Table 1).

3.4. In Vivo Oil Red O Staining of the Femoral Head. Eight
weeks after the operation, Oil Red O staining was performed
to visualize adipocytes in femoral head samples from the 4
groups. Red-stained cells in each rat specimen were counted
under three different 40x fields. The number of red-stained
cells was highest in the control group, with a mean of 17.05
± 7.03, followed by 6.21± 3.06, 10.32± 4.12, and 9.97± 4.35
in the LDRM, LEM, and BMSC groups, respectively. Only
the differences between the control group and the other three
groups were significant (P < 0 05) (Figure 4).

3.5. In Vivo Immunohistochemical Analyses of the Expression
of Dkk-1, PPARγ, GSK-3β, Runx2, and β-Catenin in the
Femoral Head. The expression of five proteins, Dkk-1,
PPARγ, GSK-3β, Runx2, and β-catenin, in the rat femoral
head, was immunohistochemically analyzed, and the number
of positive cells was quantified by Image-Pro Plus (ver. 6.0).
The percentage of Dkk-1-positive cells was significantly
(P < 0 05) higher in the control group (mean positive rate
of 65.41%± 14.07%) than in the other groups (LDRM,
20.35%± 8.80%; LEM, 38.98%± 11.69%; BMSC, 44.66%±
7.83%). In addition, the Dkk-1-positive staining intensity

was significantly lower in LDRM than in either LDRM
or BMSC (P < 0 05). Similarly, the percentage of PPARγ-
or GSK-3β-positive cells was significantly (P < 0 05) higher
in the control group (43.14%± 10.85% and 34.54%± 7.77%,
resp.) than in the other three groups (LDRM, 16.77%±
6.93% and 10.08%± 8.14%; LEM, 27.08%± 9.43% and
17.70%± 9.66%; BMSC, 26.45%± 7.22% and 16.68%±
5.45%). By contrast, the percentages of positive staining
for Runx2 and β-catenin were significantly (P < 0 05) lower
in the control group (8.78%± 4.30% and 4.21%± 1.45%,
resp.) than in the other three groups. Positive staining for
Runx2 and β-catenin was highest in LDRM (32.50%±7.12%
and 13.13%± 2.77%), but these values did not differ signifi-
cantly (P > 0 05) from those in LEM (23.74%± 8.45% and
9.05%± 2.64%) or BMSC (25.01%± 6.67% and 10.51%±
1.70%) (Figure 5).

4. Discussion

Although clinical success in BMSC implantation has been
reported, the treated ONFH cases were heterogeneous in eti-
ology [3, 6, 21]: trauma, glucocorticoid use, alcohol abuse,
and idiopathic. This etiological heterogeneity may reduce
the validity of these results due to low osteogenesis or prolif-
eration of autologous BMSCs in patients with GC-induced
ONFH [10–12]. Hence, we hypothesized that implanting
BMSCs from healthy individuals in those with GC-induced
ONFH might produce superior outcomes compared to
implantation of autologous cells.

Moreover, there are new therapeutic strategies for ONFH
involving modifications of genes encoding stem cell-
generating growth factors, such as bone morphogenetic
protein-2 (BMP-2) and vascular endothelial growth factor
(VEGF) [22–24]. Tang and colleagues [18] repaired surgi-
cally induced ONFH in goats by introducing exogenous
BMP-2 in BMSCs. In another study, Hang [19] and col-
leagues successfully induced bone regeneration in ONFH

Figure 1: Oil Red O staining indicating the adipogenesis (red droplets for lipid, (a–d)) and alizarin red staining indicating osteogenesis
(red nodules for mineralized calcium, (e–h)). No sign of red droplets in the blank group (BG, (a)) or the transfection group (TG, (d))
meant no lipid formation in the two groups. While in GC group (GG, (b)) and negative group (NG, (c)), significant red droplets suggested
more lipid formation. On the other hand, BG and TG formed significantly more mineralized calcium than the GC and NG.
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animals by implanting BMSCs transfected with VEGF. Our
previous studies [13–16] suggested that GC-induced extra-
cellular Dkk-1 upregulation and the resultant interruption

of intracellular Wnt/β-catenin transduction not only reduce
the differentiation and lifespan of osteoblasts or osteocytes
but also alter the osteogenesis of BMSCs toward
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Figure 2: RT-PCR analyses (a) for mRNA levels of Dkk-1, GSK3β, β-catenin, Runx2, and PPARγ. Dkk-1, the antagnosist of Wnt/β-catenin
pathway, its mRNA level in TG were significantly lower than BG, GG or NG (P < 0 05) but not between GG and NG (P > 0 05). GSK3β
mRNA in BG or TG was significantly lower (P < 0 05) than that of GG or NG, and mRNA of β-catenin in TG or BG was higher (P < 0 05)
than that in GG or NG. Runx2 was higher (P < 0 05) in BG or TG than that in GG or NG while PPARγ was lower (P < 0 05) in BG or
TG than that in GG or NG. The mRNA level of GSK3β, β-catenin, Runx2, or PPARγ was not significantly different between BG and TG
(P > 0 05) or between GG and NG (P > 0 05). Western blotting analyses (b and c) of the expressions of Dkk-1, GSK3, β-catenin, Runx2,
and PPARγ. The amount of Dkk-1 or GSK3β within TG and BG had no difference (P > 0 05), as well as within GG and NG (P > 0 05).
But in TG or BG, these amounts were lower than those in GG or NG (P < 0 05). So, β-catenin, as the intracellular signal transducer of
Wnt/β-catenin pathway, its expression were significantly higher in BG or TG (no difference between these two groups, P > 0 05) than
those in GG or NG (no difference between these two groups, P > 0 05). The expression of osteogenesis marker, Runx2, was also more
upregulated (P < 0 05) in BG or TG than that in GG or NG. On the contrary, the adipogenesis marker, PPARγ, had the opposite
expression: lower in BG or TG and higher in GG or NG. Also, the expressions of Dkk-1, GSK3β, β-catenin, Runx2, and PPARγ had no
statistical significances (P > 0 05) between BG and TG or between GG and NG (NS, P > 0 05; ∗P < 0 05).

5Stem Cells International



adipogenesis. Our findings and those of others [17, 25, 26]
rationally support a potential role of these abnormalities in
the pathogenesis of GC-induced ONFH. Consistent with this
role, inhibition of Dkk-1 shifts adipogenesis [14] toward
osteogenesis and promotes bone formation [27]. Thus, it is
reasonable to propose the implantation of Dkk-1 RNAi-
modified BMSCs to simultaneously prevent the onset of
GC-induced ONFH and reverse its progress.

In vitro, glucocorticoid (GC) treatment induced the
upregulation of Dkk-1 at both the mRNA and protein levels.
This increase in Dkk-1 expression resulted in activation of
GSK-3β, a downstream inhibitory factor for β-catenin, and
in turn, downregulation of β-catenin. GSK-3β and β-catenin
are members of the canonical Wnt signaling pathway, consis-
tent with previous suggestions of suppression of this pathway
via enhancement of Dkk-1 by GC treatment as a possible
mechanism of onset of GC-induced ONFH. Reduction of
Dkk-1 expression by RNAi blocked its subsequent anti-
Wnt/β-catenin effects induced by GC and shifted the differ-
entiation of BMSCs from adipocytes toward osteoblasts.

In vivo, H&E, Oil Red O, and immunohistochemical
staining revealed less GC-induced ONFH development in
the treated groups (LDRM, LEM, and BMSC), as evidenced
by fewer empty lacunae, a lower percentage of bone necro-
sis, and less adipogenesis compared with the untreated
group (control). However, the differences between the three
treated groups, LDRM and LEM, were not statistically

significant, in contrast to the significant differences in
mRNA and protein expression and Oil Red O staining
between TG and NG in vitro. Also, the in vivo results
revealed that LDRM group was not significantly improved,
compared with the BMSC group whose GC-induced rats
treated with normal and unmodified BMSCs. Thus,
although BMSCs modified by lentivirus-meditated Dkk-1
RNAi were able to activate the Wnt/β-catenin pathway,
inhibit continuous GC-induced adipogenesis, and maintain
osteogenesis in vitro, their ability to arrest the progress of
GC-induced ONFH in vivo was not significantly superior
to that of negative control-transfected or even unmodified
BMSCs (BMSC group).

The discrepancies in the results of the in vitro and in vivo
studies may be attributed to differences in protocol. In vitro,
we first reduced Dkk-1 expression in BMSCs by introducing
lentivirus-meditated RNAi and then subsequently exposed
the cells to GC to assess the protective effects of this modifi-
cation. Performing transfection prior to GC exposure is a
common sequence in studies of the effects of gene modifica-
tions in the pathogenesis of GC-induced ONFH [28]. For
example, Yun and coworkers [29] firstly silence the expres-
sion of GSK-3β in osteoblasts by siRNA transfection, and
then the cells were treated with Dex to assess that whether
osteoblasts with GSK-3β silence could resist to the Dex-
induced apoptosis. Likewise, Butler et al. [30] also knocked
down the expression of Dkk-1 in osteoblasts in the first place
and then exposed the cells to Dex.

However, the protocols of studies of stem cell therapies
for GC-induced ONFH differ from those of pathogenesis
research. In general, GC-induced ONFH animal models
are established [31, 32] or patients are recruited, both prior
to the stem cell treatments, with no subsequent GC expo-
sure in the remainder of the study. Wen and workmates
[32] established the GC-induced ONFH rabbits with a
combination of LPS (10μg/kg body weight, one injection)
and MPS (20mg/kg body weight, three times injection)
injection in the first place and then transplanted BMSCs
which were hepatocyte growth factor (HGF)-overexpressed

Control

BMSCLEM

LDRM

(a) (b)

Figure 3: H&E staining of femoral head specimens from 4 groups of rats (a) and the statistical data for the empty lacuna rate (b). Thinner
trabecula and higher mean empty lacuna (black triangle) percentage in the control group (67.7%± 13.8%, P < 0 05) than that in others.
Normal trabecula, more living osteocytes (black arrow), and lower empty lacuna percentage (31.8%± 19.0% in LDRM, 48.7%± 14.6% in
LEM, and 50.4%± 18.1% in BMSC; P > 0 05) in the rest of the three groups (scale bar = 50 μm. NS, P > 0 05; ∗P < 0 05).

Table 1: Incidence of GC-induced ONFH in each group.

Group
GC-induced ONFH

Yes No Total

Control∗∗ 18 2 20

LDRM∗ 7 13 20

LEM∗ 11 9 20

BMSC∗ 10 10 20
∗P > 0 05 for comparisons among LDRM, LEM, and BMSC. ∗∗P < 0 05
compared to the other three groups.
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Figure 4: In vivo Oil Red O staining of femoral heads from rats (a) and the measured data (b). The control group contained significantly more
adipocytes (black triangle) per high magnified filed (17.05± 7.03, P < 0 05) than the other groups (6.21± 3.06, 10.32± 4.12, and 9.97± 4.35
in LDRM, LEM, and BMSC, resp., P > 0 05), and the cell size was also larger in the control group than that in others (scale bar = 50μm.
NS, P > 0 05; ∗P < 0 05).
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Figure 5: Immunohistochemical analyses for expression of Dkk-1(a), GSK3β (b), β-catenin (c), Runx2 (d), or PPARγ (e) in femoral head
specimens from 4 group rats. Dkk-1 positive percentage in the control group was stronger than the rest, while the positive rate in LDRM
was significantly weaker than LEM or BMSC. GSK-3β positive. Similarly, GSK3β positive rate in the control group was significantly
stronger than others (P < 0 05). Positive rate of β-catenin or Runx2 was significantly higher in LDRM, LEM, or BMSC (but P > 0 05
within these three) than the control group (P < 0 05). PPARγ, with its strongest positive rate in the control group, was significantly higher
than the LDRM, LEM, or BMSC (P > 0 05 within these three as well) (scale bar = 50 μm. NS, P > 0 05; ∗P < 0 05).
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to treat this disease. Ding et al. [33] also used the similar
treated process: inducing ONFH animal model firstly and
then the Hif-1α transgenic BMSCs were transplanted to
the necrotic site.

In vitro, GC-induced Dkk-1 activation clearly impaired
theWnt/β-catenin pathway, with an increase in adipogenesis
and decrease in osteogenesis; only the group in which Dkk-1
was downregulated, BMSC, escaped this fate. However,
although studies have demonstrated that deletion of Dkk-1
significantly increases Wnt/β-catenin expression and bone
formation in vivo [27], a corresponding increase in Wnt/β-
catenin expression was not observed in the group treated
with BMSCs in which Dkk-1 was downregulated (LDRM)
compared with the groups that received BMSCs without
genetic modification (LEM and BMSC). This discrepancy
with the previous report [27] indicates further study. A gene
therapy pattern reported by Zhang et al. [31] could be help-
ful. After establishing GC-induced ONFH rabbit model,
Zhang and colleagues directly injected adeno-associated
virus vector which carried both VEGF and BMP genes into
the femoral head via core decompression tunnel.

The present study is subject to limitations that may
reduce the validity of our conclusions. First, the bone mass
of the femoral head, an indicator of new bone formation,
was not quantified in each treated group. Second, the
implanted cells were allogeneic BMSCs. Although transplan-
tation of allogeneic BMSCs has been used previously to treat
patients with ONFH [34] or other joint diseases [35–37], the
immunological safety of these allogeneic BMSCs remains
unclear [38–40]. Further studies are necessary.

5. Conclusion

BMSCs with lentivirus-meditated Dkk-1 RNAi not only pre-
vented the GC-induced decrease in the Wnt/β-catenin cas-
cade, normalized the expression of the osteogenic marker
Runx2, and attenuated the adipogenic marker PPARγ but
also maintained osteogenesis rather than adipogenesis under
GC exposure. Moreover, the implantation of these Dkk-1-
downregulated BMSCs into the necrotic femoral head in rats
with GC-induced ONFH prevented progression of the dis-
ease, although the effects were not significantly superior to
treatment with nongenetically modified BMSCs.
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Cutaneous wound repair is a highly coordinated cascade of cellular responses to injury which restores the epidermal integrity and
its barrier functions. Even under optimal healing conditions, normal wound repair of adult human skin is imperfect and delayed
healing and scarring are frequent occurrences. Dysregulated wound healing is a major concern for global healthcare, and, given
the rise in diabetic and aging populations, this medicoeconomic disease burden will continue to rise. Therapies to reliably
improve nonhealing wounds and reduce scarring are currently unavailable. Mesenchymal stromal cells (MSCs) have emerged as
a powerful technique to improve skin wound healing. Their differentiation potential, ease of harvest, low immunogenicity, and
integral role in native wound healing physiology make MSCs an attractive therapeutic remedy. MSCs promote cell migration,
angiogenesis, epithelialization, and granulation tissue formation, which result in accelerated wound closure. MSCs encourage a
regenerative, rather than fibrotic, wound healing microenvironment. Recent translational research efforts using modern
bioengineering approaches have made progress in creating novel techniques for stromal cell delivery into healing wounds. This
paper discusses experimental applications of various stromal cells to promote wound healing and discusses the novel methods
used to increase MSC delivery and efficacy.

1. Introduction

An open wound is a loss of continuity of the epidermis,
caused by mechanical, chemical, biological, or thermal inju-
ries. Open wounds can be superficial involving the epidermis
and varying degrees of dermis, or full thickness extending to
the subcutaneous layer. Cutaneous wound healing is a highly
organized physiological process that restores the integrity of
the skin following injury. It involves the interplay between
various populations of cells and is typically categorized into
three overlapping phases: inflammation, proliferation, and
maturation [1–3].

The highly coordinated wound repair process is suscepti-
ble to interruption or failure by multiple factors which can
result in nonhealing wounds. Chronic wounds are defined
as those which persist for at least three months and are gen-
erally classified as vascular, diabetic, or pressure ulcers. They

usually occur due to characteristics of the wound or patient
physiology or as a complication of a disease process, all of
which prolong or exacerbate the inflammatory process and
prevent dermal or epidermal cells responding to regenerative
stimuli [4]. Cutaneous injury that penetrates beyond the
epidermis in adult human skin is repaired by a highly evolved
fibroproliferative response that quickly restores the skin
barrier but results in the formation of a scar. Scarred skin
lacks dermal appendages, such as sebaceous glands, hair
follicles, and sensory nerve receptors [1], and has a reduced
tensile strength [5], which alter its visual appearance and
impact its normal functions.

Wound healing represents a significant challenge in
plastic surgery. Chronic wounds cause substantial patient
morbidity, with detrimental effects on patient quality of life,
increasing pain, stress, depression, and social isolation [6].
More than six million people suffer with chronic skin
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wounds every year in the United States alone [7], and with
the aging population and increased incidence of diabetes
and obesity, this disease burden is increasing [8]. Current
standards of wound care focus on identifying and removing
precipitating or aggravating factors with the hope of reducing
inflammation and allowing the healing cascade to proceed
[1, 9]. These treatments are often expensive, time-consum-
ing, and inefficient, and more than 50% of chronic wounds
are refractory to conventional treatments [10]. Despite the
deleterious consequences of fibrosis and scar tissue forma-
tion, there are no effective treatments for scarring [10]. The
annual worldwide market for advanced wound care products
to reduce scarring and promote healing of long-term wounds
is in excess of $20 billion [8].

Given the significant medical and economic burdens,
there is a paramount need to develop therapies to overcome
the current barriers in wound care. A new therapy for wound
healing and regeneration gaining momentum in the past few
years is the use of mesenchymal stromal cells (MSCs). MSCs
exist in normal skin and play a critical role in wound healing;
therefore, application of exogenous MSCs was proposed to
promote regenerative healing of wounded skin [11]. This
chapter addresses the definition of MSCs, their role in endog-
enous wound healing, the therapeutic use of MSCs, and the
mechanisms by which MSC-based therapies may impact skin
healing outcomes.

2. Mesenchymal Stromal Cells (MSCs)

MSCs are progenitor cells of mesodermal origin. MSCs were
first isolated from bone marrow in the 1970s [12] by their
inherent ability to adhere to tissue culture surfaces like
plastic. The cells were notable for their spindle-like shape,
the capacity to derive colonies from single cells (“colony
forming units-fibroblastic,” CFUs-F), as well as their ability
to differentiate into adipocytes, chondrocytes, osteocytes,
and fibrous tissue, in vitro and in vivo. Supporting experi-
mental evidence for these nonhematopoietic multipotent
stromal cells was widely reproduced in bone marrow [13],
and subsequently, similar cells were described in a range of
adult tissues, including adipose tissue [14, 15] and dermal
skin tissue [16], as well as from embryonic and fetal sources,
such as the amniotic membrane [17], umbilical cord [18–22],
and umbilical cord blood/Wharton’s jelly [23, 24] (Figure 1).

MSCs have been challenging to precisely define, as the
field is complicated by inconsistencies with MSC nomencla-
ture and agreed identifying criteria. MSCs were first termed
“osteogenic stem cells” or “bone marrow stromal stem cells”
and later labeled “mesenchymal stem cells” [25] and “stromal
progenitor cells” [26]. Concerns in the scientific community
that these cells are not truly stem cells, given the lack of
evidence demonstrating self-renewing capacity in vivo
[26–28], the International Society for Cellular Therapy
(ISCT) in 2005 [27] stated “that fibroblast-like plastic-
adherent cells, regardless of the tissue from which they are
isolated, be termed multipotent mesenchymal stromal cells,
while the term mesenchymal stem cell is only used for cells
that meet specified stem cell criteria. The widely recognized
acronym, MSC, may be used for both cell populations as is

the current practice.” Despite this statement, the term “mes-
enchymal stem cell” remains widely used and a systematic
analysis of bone marrow-derived MSCs (BMSCs) by the
European consortium Genostem reported that MSCs are
capable of self-renewal, providing evidence that they are stem
cells [29]. The stem cell behavior of MSCs remains debated.

The single most characteristic feature of MSCs is their
capacity to develop into adipocytes, chondroblasts, and oste-
oblasts in vitro. Demonstrating this trilineage differentiation
potential in vitro is often performed to confirmMSC identity
[30]. However, some reports indicate that MSCs are able to
develop into nonmesenchymal lineages, like epidermal and
neuronal cells [31–34]. This postulated transgermal potential
remains highly controversial; it may be exceedingly rare
in vivo [35, 36], and cell fusion may account for observed
plasticity [37].

There is no specific cell surface marker unique to MSCs,
and MSCs are often isolated by “adherence selection.” There
is considerable heterogeneity in the expression of cell surface
markers between MSC populations, and surfaceome is influ-
enced by rodent strain, MSC isolation and expansion
methods [38], and culture conditions [39]. The ISCT
attempted to resolve challenges in confirming MSC identity
by proposing three minimal criteria for defining human
MSCs: (1) the cells must be plastic-adherent when main-
tained in standard culture conditions using tissue culture
flasks; (2) ≥95% of the population must express CD105,
CD73, and CD90 and ≤2% must not express CD45, CD34,
CD14, CD11b, CD79α, or CD19, and HLA class II surface
molecules; and (3) the cells must be able to differentiate into
osteoblasts, adipocytes, and chondroblasts under standard
in vitro differentiating conditions [40].

There is a growing body of evidence to suggest that many
of the cells exhibiting in vitro characteristics of MSCs are
identical to or derived from pericytes in vivo [41–44]. Peri-
cytes are cells located within the vascular basement mem-
brane of microvessels and capillaries throughout the body,
which may indicate there is a common precursor cell type
in a wide variety of tissues.

3. Endogenous MSCs in Wound Healing

Endogenous cutaneous MSCs include dermal papilla cells
(DPC), at the base of the hair follicle, and the dermal sheath
cells (DSC), which surround hair follicle units. DPCs are pri-
marily involved in modulating hair follicle cycling [45, 46],
while the DSCs are thought to play a critical role in replacing
the dermis in response to injury by differentiating into
wound healing fibroblasts [47] (Figure 2). Additional dermal
MSCs may be located in the interfollicular dermis [48, 49],
and the perivascular pericytes may act as MSCs in vivo
[50, 51]. Additionally, cutaneous wounding may activate
MSCs residing in the adipose tissue. Mature and precursor
adipocytes populate the wounded area during the prolifer-
ative phase of wound healing, in parallel with fibroblasts.
The impaired wound healing of lipoatrophic mice suggests
that adipose tissue MSCs have a role in the recruitment of
fibroblast and dermal reconstruction. [52] Finally, the
BMSCs are also thought to contribute to cutaneous wound
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healing and are reported to be recruited to wounded tissue
in early inflammation and maintained in the reconstructed
dermal tissue [53–56].

4. Therapeutic Use of MSCs in Wound Healing

MSCs have been exogenously applied to wounds to exploit
their physiological therapeutic actions in normal wound heal-
ing, and regardless of the caveats in their identity or source,
MSCs have been reported to have positive effects on both
wound healing and scarring. MSCs have a wide differentia-
tion potential, making them attractive treatment options in
regenerative medicine and, over the past decade, have rapidly
emerged as treatment of acute and chronic wounds.

Most of the evidence of MSCs in wound healing comes
fromBMSCsused in animalmodels, with only a small number
of published clinical studies. In an initial case series (n = 3),
bone marrow aspirate and, in three additional treatments,
cultured BMSCs were applied to chronic wounds and were
able to decrease wound size and increase dermal vascularity
and thickness in histology [57]. In a second case series, autol-
ogous BMSCs topically applied to acute surgical wounds and
chronic lower-extremity wounds using fibrin spray acceler-
ated healing of acute surgical wounds (n = 5) and significantly
decreased wound size of chronic venous and diabetic ulcer
wounds (n = 6) at 20 weeks. Histologically, the MSCs had
migrated into the upper layers of the wound bed and differen-
tiated into cells with a fibroblast phenotype. The surface
density of MSCs correlated with the reduction in ulcer size
[58]. In one of the largest case series, 20 chronic, nonhealing
wounds (n = 13) were treated with autologous BMSCs
impregnated onto a collagen sponge, and ninety percent of
the wounds healed completely [59].

Dermal tissue

Isolation of cells

Isolation of MSCs by plastic by plastic adherence/
surface markers

Adipose tissue
Embryonic

& fetal sourcesBone marrow

Figure 1: Mesenchymal stromal cells have been isolated from adult tissue including adipose tissue, dermal tissue, and bone marrow, as well as
from embryonic and fetal sources. MSCs have been isolated from tissue by their ability to adhere to plastic or by their surface antigen
expression (e.g., CD105+, CD73+, and CD90+).

BMSC
DSC

DPC

ASC

IF MSC

Pericyte

Figure 2: The MSCs involved in normal wound healing.
ASC= adipose-derived MSC; BMSC= bone marrow-derived MSC;
DPC=dermal papilla cell; DSC= dermal sheath cell; IF
MSC= interfollicular MSC.
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A randomized study in 2009 found that cultured autolo-
gous BMSCs simultaneously administered topically onto 24
chronic, nonhealing ulcers of the lower extremities and via
intramuscular injection into the affected limb significantly
decreased wound size (72% versus 25%) and decreased
ulcer-associated wound pain at 12 weeks, compared to stan-
dard wound care [60]. A second randomized study injected
autologous BMSCs intramuscularly into the affected limb
and reported improved pain-free walking at 24 weeks and
significantly increased ulcer healing rate compared to control
treatment [61].

BMSCs are obtained from bone marrow aspiration,
which is a safe but painful and invasive procedure, associated
with complications such as infection and hemorrhage [18].
Additionally, bone marrow is a limited resource; there is an
age-dependent reduction in cell number [62]. The long-
term growth and differentiation potential of BMSCs in vitro
may be limited [63]. Therefore, identification and character-
ization of alternative sources of human MSCs for wound
healing is important. Several different MSCs have been
applied to wounds in preclinical investigations of wound
healing, including adipose-derived stromal cells (ASCs),
dermal MSCs [64], and MSCs from amniotic fluid and
umbilical cord. ASCs and dermal MSCs are abundantly avail-
able in fat and skin and can be harvested with minimally
invasive procedures, and their use lacks ethical controversies
making them good alternatives to BMSCs. ASCs and dermal
MSCs have similar biological characteristics, immunogenic-
ity, and differentiation potential to BMSCs [15, 16, 65–68],
although the clonogenicity and proliferation capacity in
long-term cultures of dermal sheath MSCs may exceed that
of BMSCs [67]. Additionally, the paracrine expression pro-
files of all threeMSC types vary slightly, and this can differen-
tially affect wound healing. ASCs, for example, may be the
preferred MSC population for augmenting angiogenesis [69].

ASCs show promising outcomes in wound healing stud-
ies in vitro [70, 71] and in vivo in animal models [72–76]
and are currently being evaluated in clinical trials for their
potential to treat burn wounds and ulcers. An initial study
has shown that human ASCs, obtained from the debridement
of burned artificial dermis, were associated with a high degree
of success in healing the wounds of patients who suffered
chronic radiation injuries [77]. Likewise, dermal MSCs show
beneficial effects on wound healing, both in culture and in
animal models [67, 78]. In clinical trials, autologous scalp-
end terminal hair follicles grafted into nonhealing leg
wounds (n = 10) reduced wound size at 18 weeks, with histo-
logical evidence of re-epithelialization and vascularization
[79]. A randomized controlled trial (RCT) reported that skin
grafts containing follicles significantly reduced wound size
compared to skin grafts without hair follicles in chronic leg
ulcers (n = 19) [80].

These promising clinical studies indicate that MSC-based
therapies are safe and potentially efficacious, with no indica-
tion that any particular MSC tissue origin has an advantage
for wound healing over any other [81]. Currently, the clinical
trials are few in number and limited by sample size and long-
term follow-up. MSCs are thought to exert their therapeutic
effects through a multitude of actions, on various cell types,

and at all of the phases of the wound healing cascade
[81–83]. Current understanding of the mechanisms of
MSCs on wound healing and scar minimizing are addressed
in the following section.

4.1. MSCs in Wound Healing: Inflammation. The first phase
of wound healing is the inflammatory phase, which begins
at the time of wounding. Activation of the coagulation cas-
cade initiates the release of cytokines and chemokines which
stimulate the chemotaxis of neutrophils, followed by macro-
phages and later lymphocytes, into the wound for debride-
ment. These inflammatory cells, in turn, secrete growth
factors and provisional matrix proteins which promote the
recruitment of neighboring epidermal and dermal cells to
the wound bed [84]. Inflammation controls microbial inva-
sion and clears the wound site of cellular debris; however,
prolonged inflammation can result in the formation of scar
tissue [85–87]. On the other hand, an absent or inadequate
inflammatory response can give rise to chronic, nonhealing
wounds [88, 89].

Exogenous BMSCs home to areas of tissue injury. In vivo
tracing of the fluorescently labeled BMSCs injected into
lethally irradiated mice indicates that BMSCs migrate prefer-
entially to areas of cutaneous injury [90]. In vitro, human
BMSCs show chemotaxis towards inflammatory wound heal-
ing cytokines and growth factors, including platelet-derived
growth factor (PDGF), insulin-like growth factor-1 (IGF-1),
interleukin 1β (IL-1β), IL-8, interferon-γ (IFN-γ), stromal
cell-derived factor-1 (SDF-1), and tumor necrosis factor α
(TNFα) [91–93]. These migrating BMSCs upregulate chemo-
kine receptors, such as macrophage-derived chemokine
(MDC) receptors CCR2, CCR3, and CCR4; tyrosine kinase
receptors PDGF receptor and IGF-R; and RANTES (chemo-
kine ligand 5 (CCL5)), which likely coordinate MSC migra-
tory activity [93–95].

Once present at sites of injury, MSCs exert immunosup-
pressive effects. Wounds treated with MSCs have lower num-
bers of inflammatory cells and proinflammatory cytokines,
such as IL-1 and TNFα [96]. Upon exposure to proinflamma-
tory cytokines, including IFN-γ, TNFα, IL-1α, and IL-1β, the
immunosuppressive phenotype of MSCs becomes activated,
and they begin to express chemokines and inducible nitric
oxide synthase (iNOS), which suppress T cell responsiveness
to inflammation. In response to MSC activity, T cells
secrete less IFN-γ and more IL-4, and the number of reg-
ulatory T cells increases [97–99]. MSCs also regulate the
proliferation, differentiation, and function of B cells [100]
and natural killer cells [101], causing natural killer cells
to secrete less IFN-γ [102, 103].

MSCs also suppress the proinflammatory activity of
myeloid cells including monocytes [104, 105], macrophages
[106–110], and granulocytes [111]. Dendritic cells are
modified to secrete less TNFα and more IL-10, and their
migration, maturation, and antigen presentation activity is
lessened [102, 103]. The MSC-conditioned medium is a che-
moattractant for macrophages, through the production of
macrophage inflammatory protein-1alpha and beta [112],
and MSCs skew the phenotype of macrophages toward
an anti-inflammatory phenotype M2, characterized by
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increased phagocytic ability and the upregulation of anti-
inflammatory cytokines such as IL-12 and TNFα [109,
113, 114]. This macrophage reprogramming is thought to
occur through the release of prostaglandin E2 that acts
on the macrophages through the prostaglandin EP2 and
EP4 receptors [106–108]. M2 macrophages promote wound
healing by augmentation of fibroblast proliferation and sup-
press inflammation by inhibiting T cell proliferation [107].
BMSCs and the conditioned medium of BMSCs have also
been found to inhibit bacterial growth, in part by secretion
of the antimicrobial human cathelicidin hCAP-18/LL-37
protein [115].

4.2. MSCs in Wound Healing: Proliferation. The proliferative
phase predominates wound healing after two to three days,
characterized by the formation of granulation tissue, com-
posed of proliferating keratinocytes and fibroblasts, migrat-
ing epidermal cells, and newly synthesized extracellular
matrix (ECM), resulting in re-epithelialization and angiogen-
esis [84, 116–118]. Wounds treated with BMSC and ASC
have accelerated re-epithelialization, angiogenesis, and gran-
ulation tissue formation [94, 119–125]. Differentiation and
paracrine signaling have both been implicated as mecha-
nisms by which BMSCs exert their beneficial effects in the
proliferation phase.

Some studies suggest MSCs may differentiate into a vari-
ety of skin cells in the healing wounds following transplanta-
tion. In vivo studies tracing fluorescently labeled BMSCs
injected intravenously or topically applied to the wounded
skin of mice report the presence of fluorescent cells upon
healing that are positive for markers of dermal fibroblasts,
endothelial cells, pericytes [126], and epidermal keratino-
cytes [94, 121, 127]. BrdU-labeled adult MSCs cocultured
with heat-shocked sebaceous gland cells, differentiated into
sebaceous glands in skin adjacent to the wound [123]. The
percentage of BMSC engraftment in the wound, however, is
low and decreases with time. Additionally, most studies have
concluded evidence of MSC differentiation based on coloca-
lization of green fluorescent protein (GFP) with specific cell
phenotype markers; however, colocalization could also occur
by MSC fusion to local wound resident cells [128]. Other
authors have reported that there is no evidence that MSCs
differentiate into phenotypes typical of resident cutaneous
cells in the healing skin wound [120].

There is growing evidence that paracrine signaling is the
predominant mechanism by which MSCs enhance wound
repair. Acellular conditioned medium from BMSCs and
ASCs applied to cutaneous wounds of mice accelerated
re-epithelialization and wound repair [73, 125, 129]. Prote-
omic analyses reveal that BMSCs, ASCs, DPCs, DSCs, and
umbilical MSCs secrete many known mediators of tissue
repair, including growth factors, cytokines, and chemo-
kines [69, 129, 130]. Secreted proangiogenic factors are
likely to increase the density of microvessels and cutaneous
wound microcirculation and include vascular endothelial
growth factor (VEGF), angiopoietin-1, angiogenin, and lep-
tin [71, 76, 96, 125, 131]. Levels of angiogenin and VEGF
levels are comparable between MSC populations, but DPCs
and DSCs release higher amounts of leptin [69]. The growth

factors released include IGF-1, PDGF, epidermal growth
factor (EGF), keratinocyte growth factor, basic fibroblast
growth factor (bFGF), SDF-1, erythropoietin, transforming
growth factor-β (TGF-β), and hepatocyte growth factor
(HGF) [69, 71, 121, 129, 130]. These growth factors promote
migration and proliferation of endothelial cells, epidermal
keratinocytes, and dermal fibroblasts in vitro and signifi-
cantly influence wound re-epithelialization in vivo [71, 73,
125, 129, 132, 133]. ASCs and amniotic fluid-conditioned
media facilitate the production of ECM components such
as collagen I by dermal fibroblasts, and this is thought to be
mediated via the TGF-β/SMAD2 pathway [71, 125, 130,
134–136]. MSCs thus have a potent secretome capable of
influencing the activation, migration, and proliferation of
different cells involved in the wound healing process to pro-
mote angiogenesis, epithelialization, and fibroproliferation.

4.3. MSCs in Wound Healing: Remodeling and Maturation.
Upon wound closure, the injured site undergoes remodeling
and maturation phases. This final phase of wound healing
can last up to two years depending on wound severity.
The ECM synthesized during the proliferative phase is laid
down in a disorganized manner. During remodeling, ECM
molecules are realigned and cross-linked by fibroblasts.
Fibroblasts also replace collagen III with collagen I. The
wounds gradually contract as fibroblasts, stimulated by
TGF-β1 or β2 and PDGF, assume a contractile myofibro-
blast phenotype and deposit smooth muscle actin [137, 138].
Cells and blood vessels that are no longer required are
removed via matrix metalloproteinase- (MMP-) mediated
remodeling. Eventually, remodeling leads to the formation
of an acellular scar [2, 139].

MSC treatment increases wound tensile strength [119],
reduces scarring [140], reduces wound contraction [124],
and increases collagen expression [141]. Prolonged inflam-
mation can induce fibrosis, and the anti-inflammatory action
of MSCs may be responsible for their antifibrotic effects. The
relative increase in the ratio of anti-inflammatory M2 to pro-
inflammatory M1 macrophages may help to reduce scarring,
as increased M1 macrophage is thought to be a major regula-
tor of impaired wound healing and tissue fibrosis [142].
Reduced scarring may also be a result of accelerated
wound closure, improved angiogenesis, and modified col-
lagen deposition. The paracrine signaling of MSCs may
also promote an antiscarring environment. MSCs secrete
high levels of VEGF and HGF and maintain a higher ratio
of TGF-β3 to TGF-β1. bFGF and HGF enhance the regen-
eration of dermis in acute incisional wounds [143].
Increased VEGF is associated with scarless repair [144],
as is neutralization of TGF-β1 and TGF-β2 or addition
of TGF-β3 [145]. Hypoxic conditioned medium of placenta-
derived MSC protects against scar formation through
increased production of IL-10 and through the inhibition of
the proliferation andmigration of fibroblasts [146]. Addition-
ally, BMSCs appear to be responsible for the secretion of
collagen type III [56], and a higher collagen type III : type I
ratio is associated with the scarless wounds characteristic of
healing in fetal tissue [147].
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5. Optimizing MSC Treatment

Optimizing MSC engraftment in the cutaneous wounds is
critical to achieving maximal clinical benefit. There is consid-
erable heterogeneity in the delivery protocols, wound
models, and MSC populations between published studies
making it difficult to determine the impact of timing of deliv-
ery, number of cells delivered, and site of delivery on MSC
engraftment. MSCs are effective in clinical and preclinical
studies when applied immediately after cutaneous wounding
[94, 120–123], within 24 hours of injury [119], and when
applied to chronic wounds [58, 60, 77, 79, 148]. MSCs have
been successfully administered systemically via intravenous
injection [94, 119] and locally via direct intradermal injection
[121], or through the use of phosphate-buffered saline (PBS)
[120], matrigel [121], fibrin polymer [58], or hydrogel
seeding [126]. Additionally, MSC-conditioned medium is
effective alone [73, 125, 129] and has the advantage of cir-
cumventing challenges with MSC engraftment.

Direct injection or topical administration of MSCs
through gel matrices can be detrimental for cell survival.
Impregnating scaffolding materials with MSCs may provide
a microenvironment more suitable for cell adhesion, prolifer-
ation, and differentiation [149]. Scaffolds can be made of
natural biomaterials, like collagen and hyaluronic acid, the
major constituents of the ECM, as well as fibrin, a protein
essential for coagulation. These biomaterial scaffolds have
high biocompatibility [3] and, in preclinical studies, enhance
wound epithelialization and granulation and downregulate
inflammation [150, 151]. MSCs used in combination with
collagen-based dermal substitutes promote the migration of
cells to wounded skin and vascularization of the scaffold
in vivo in mice [152]. BMSCs and umbilical cord MSCs
cocultured with HaCT, a keratinocyte cell line, distributed
on collagen scaffolds, distributed more homogenously within
the wound, and expressed higher numbers of ECM proteins
and growth factors compared to MSCs applied on scaffolds
without collagen, indicating that collagen-based scaffolds
may direct cell proliferation and ECM remodeling [153].
MSCs delivered in collagen- and fibrin-based biomedical
devices show promise in nonhealing and chronic wounds in
clinical studies [154]. Collagen sponges impregnated with
BMSCs (n = 20 patients) completely healed chronic burns,
lower-extremity ulcers, and decubitus ulcers [59]. BMSC
delivered on a fibrin glue and collagen matrix also completely
or significantly closed diabetic ulcers [155]. Scaffolds can also
be made of polysaccharides like chitosan, which have antimi-
crobial and homeostatic activity, and are able to stimulate the
proliferation of fibroblasts, tissue granulation, re-epitheliali-
zation, and collagen deposition [3]. Synthetic polymers, such
as those made of polyethylene glycol, are also biocompatible
and biodegradable, and their properties, such as strength and
degradation rate, can easily be manipulated [156]. Growth
factors and therapeutic agents can be used with the scaffolds.
MSCs in porcine skin substitute decreased wound size, and
FGF could be delivered to further accelerate wound healing
[157]. Porous collagen scaffolds loaded with the chemotactic
cue stromal cell-derived factor-1α in vivo promoted the
recruitment of MSCs to the injured area [158]. Additionally,

applying MSCs with other skin cells may reflect the multicel-
lular composition of skin and promote an environment more
conducive to healing. Coculturing human epidermal skin
cells and DPCs on a porcine acellular matrix produced a
more structured multilayered stratified epidermis when com-
pared with the culture of either of these cells or dermal fibro-
blasts alone [159].

Recent technological advancements have led to the crea-
tion of micro- or nanostructured scaffolds by mechanisms
such as electrospinning and freeze drying. These scaffolds
can provide mechanical support and protection to the
injured areas, with physical characteristics, such as size, net-
work organization, and mechanical properties, that precisely
mimic native skin. Electrospun nanofibers of collagen and
poly(lactic-co-glycolic acid) (PLGA) seeded with BMSCs
promoted collagen synthesis and re-epithelialization in
full-thickness skin wounds in a rat model [160]. Bilayer
nanofibrous polymer fibers of poly(ε-caprolactone-co-lac-
tide)/poloxamer (PLCL/poloxamer) combined with dextran
and gelatin substrates were found to more accurately
mimic the multilayer structure of the skin [161]. Nanofi-
bers of polyvinyl alcohol (PVA), gelatin, and azide were
able to promote the differentiation of ASCs to keratino-
cytes [162]. BMSCs cultured on electrospun nanofibers of
collagen and poly(l-lactic acid-co-e-caprolactone) (PLLCL)
had an increased proliferation rate, and their fibroblastic
morphology gradually progressed toward that one of
epidermal cells [163]. Chitosan-electrospun mats with
cellulose or chitin nanocrystals are biocompatible and non-
cytotoxic scaffolds and may promote ASC proliferation
[164, 165]. Polymer structures made of poly(3-hydroxybuty-
rate-co-hydroxyvalerate) (PHBV) and seeded with ASCs
have been shown to withstand forces of contraction in vivo
and enhance the granulation, re-epithelialization, and
vascularization of wounded skin, resulting in skin with a
well-organized dermal matrix with sebaceous glands and hair
follicles and less scarring after 28 days [166].

Computational modeling of cell behavior and the bio-
physical processes within the healing tissue can inform the
design of efficient scaffolds sensitive to these complex pro-
cesses, to promote a regenerative wound healing environ-
ment. Processes such as the changes in fluid composition,
mechanical stress, cell density, and nutrient levels, for exam-
ple, can be modeled, to create scaffolds timely release of mol-
ecules, efficient cell spreading, transport and consumption of
nutrients, and controlled scaffold degradation [149]. Despite
advances in the development of biomedical dressings and
current insights into skin healing, more comprehensive
models specifically conceived for skin regeneration are yet
to be devised [149].

Additionally, MSCs can be differentiated or precondi-
tioned for therapeutic potential. The differentiation of MSCs
towards specific cell fates can be enhanced through the intro-
duction of transcription factors. MSCs have successfully been
differentiated into neural, pancreatic, and endothelial cells
[167]. A wound environment more permissive for differenti-
ation can also be created to maximize the performance of
stem cell-based approaches. Wounded tissue is hypoxic due
to the disruption of the blood vessels and increased oxygen
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consumption by the local cells [168]. Chronic wounds may
be especially subject to metabolic perturbations including
ischemia or hyperglycemia, which may influence MSC
behavior. Hypoxic preconditioning of cultured MSCs has
been found to beneficially influence MSC activity, with no
effect on MSC viability [169], except if prolonged [170].
The conditioned media from ASCs cultured under hypoxic
conditions, maintained in normoxic environment, increases
MSC migration through matrigel [171] and on tissue culture
plastic [172] by upregulating MMPs. Hypoxic culturing
improves MSC proliferation, clonogenicity, survival, and
engraftment [95] and accelerates wound closure [73]. Condi-
tioned media from ASCs harvested under hypoxia promotes
collagen synthesis compared with that harvested under
normoxia [73]. Low oxygen-level conditions increase
hypoxia-inducible factor- (HIF-) 1a synthesis, which acti-
vates a number of genes involved in angiogenesis and wound
healing, including PDGF, TGF-β1 and TGF-β3, and SDF-1
[173–177]. The growth factors VEGF and bFGF may be
potential mediators of this increased efficacy of hypoxic con-
ditioned media of BMSCs, ASCs, and amniotic fluid-derived
MSCs [73, 178, 179]. VEGF and bFGF are proangiogenic and
induce proliferation and migration of keratinocytes, human
dermal fibroblasts, endothelial cells, and monocytes. Hypoxic
culture results in strong secretion of immunomodulatory
molecules such as programmed death ligand-1 and indolea-
mine 2,3-dioxygenase and modulates inflammatory cell
recruitment, which positively impacts the inflammatory
phase of wound healing, favoring reduced inflammation
and regenerative wound healing [180].

6. Current Limitations and Future Directions

Despite advancements in MSC-based therapy, there are a
number of challenges to overcome before MSCs can be used
for effective wound healing. The heterogeneity in MSC
surface receptor expression and MSC behavior within and
between studies emphasizes the importance of consistent
criteria to define MSCs, standardized protocols for isolation
and expansion, and standard in vivo assays to demonstrate
their identity prior to therapeutic administration. Most of
the mechanisms discussed have been studied in rodents,
but animal physiology cannot always be extrapolated to
humans. The therapeutic potential of MSCs in human
wounds is currently only supported by a small number of
clinical studies, and, while results are promising, they are
limited by small sample sizes, short follow-up periods, and
lack of randomized controlled trials. There are several trials
currently recruiting patients to examine the longer-term
outcomes of BMSC therapy on diabetic and venous ulcers.
Current understanding of MSC mechanisms is still unfold-
ing, and further investigation into how MSC-derived
signals target cells and cellular responses spatiotemporally
in vivo is needed.

7. Conclusion

MSC-based therapy is emerging as a promising technique
able to promote wound healing and minimize scarring. Their

easy and convenient isolation, extensive proliferation poten-
tial and differentiation capacity, and lack of significant
immunogenicity and ethical controversy make MSCs attrac-
tive therapeutic agents. MSCs promote healing in all phases
of wound repair. They migrate to sites of cutaneous injury
and, primarily through paracrine signaling, suppress inflam-
mation and stimulate the proliferation and differentiation of
resident progenitor cells including fibroblasts, endothelial
cells, and epidermal cells. MSCs modify their activities and
functions depending on the biomolecular context and
exposure to biochemical factors characteristic of an injury
environment such as hypoxia. Current challenges with the
use of MSCs concern the lack of universally accepted
criteria for defining the MSC phenotype or their func-
tional properties, and further clinical trials are needed to
demonstrate the therapeutic potential of MSCs in a larger
number of patients.
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Objective. The aim of this study was to assess the efficacy of canine umbilical cord mesenchymal stem cells (UC-MSCs) on the
treatment of knee osteoarthritis in dogs. Methods. Eight dogs were evenly assigned to two groups. The canine model of knee
osteoarthritis was established by surgical manipulation of knee articular cartilage on these eight dogs. UC-MSCs were isolated
from umbilical cord Wharton’s jelly by 0.1% type collagenase I and identified by immunofluorescence staining and adipogenic
and osteogenic differentiation in vitro. A suspension of allogeneic UC-MSCs (1× 106) and an equal amount of physiological
saline was injected into the cavitas articularis in the treated and untreated control groups, respectively, on days 1 and 3
posttreatment. The structure of the canine knee joint was observed by magnetic resonance imaging (MRI), B-mode
ultrasonography, and X-ray imaging at the 3rd, 7th, 14th, and 28th days after treatment. Concurrently, the levels of IL-6, IL-7,
and TNF-α in the blood of the examined dogs were measured. Moreover, the recovery of cartilage and patella surface in the
treated group and untreated group was compared using a scanning electron microscope (SEM) after a 35-day treatment. Results.
Results revealed that the isolated cells were UC-MSCs, because they were positive for CD44 and negative for CD34 surface
markers, and the cells were differentiated into adipocytes and osteoblasts. Imaging technology showed that as treatment time
increased, the high signal in the MRI T2-weighted images decreased, the echo-free space in B ultrasonography images
disappeared basically, and the continuous linear hypoechoic region at the trochlear sulcus thickened. On X-ray images, the
serrate defect at the ventral cortex of the patella improved, and the low-density gap of the ventral patella and trochlear crest
gradually increased in the treated group. On the contrary, the high signal in the MRI T2-weighted images and the echo-free
space in B ultrasonography images still increased after a 14-day treatment in the untreated control group, and the linear
hypoechoic region was discontinuous. On the X-ray images, there was no improvement in the serrate defect of the ventral
cortex of the patella. Results for inflammatory factors showed that the blood levels of IL-6, IL-7, and TNF-α of the untreated
control group were significantly higher than those of the treated group (P < 0 05) 7–14 days posttreatment. The result of SEM
showed that the cartilage neogenesis in the treated group had visible neonatal tissue and more irregular arrangement of new
tissue fibers than that of the untreated control group. Furthermore, more vacuoles but without collagen fibers were observed in
the cartilage of the untreated control group, and the thickness of the neogenetic cartilage in the treated group (65.13± 5.29,
65.30± 5.83) and the untreated control group (34.27± 5.42) showed a significant difference (P < 0 01). Conclusion. Significantly
higher improvement in cartilage neogenesis and recovery was observed in the treated group compared to the untreated control
group. The joint fluid and the inflammatory response in the treated group decreased. Moreover, improved recovery in the
neogenetic cartilage, damaged skin fascia, and muscle tissue around the joints was more significant in the treated group than in
the untreated control group. In conclusion, canine UC-MSCs promote the repair of cartilage and patella injury in osteoarthritis,
improve the healing of the surrounding tissues, and reduce the inflammatory response.
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1. Introduction

Osteoarthritis (OA) is a common clinical disease in dogs
affecting several tissues, including joint cartilage, subchon-
dral bone, synovial membrane, and tendons [1]. OA is
usually caused by injury, old age, and hereditary factors.
Radiographic hallmarks of cartilage pathology include
mainly joint space narrowing, subchondral sclerosis, sub-
chondral cysts, osteophyte formation, and chronic inflamma-
tion of ligaments [2–5]. With the increasing occurrence of
OA in dogs, research on canine OA has been increased in
the past decade [6–12].

Among dogs over one year old, almost one out of every
five has some degree of OA. Additionally, the morbidity in
OA increases with age, and about 95% of OA cases occur
in dogs over five years with dogs older than 10 years
accounting for 50% of canine OA cases [13]. OA induces
joint swelling, pain, deformation, and effusions, causing
motor function obstacles and damage to health and welfare
of the pet dogs [14].

Currently, the exact causes of OA and effective treat-
ment remain elusive. Common treatments of OA have
mainly focused on relieving pain and restoring joint function
[15–18]. At present, many studies have shown that mesen-
chymal stem cells (MSCs) from different sources have signif-
icant effects on the regeneration and maintenance of
cartilage in OA. Intra-articular injection of MSCs for carti-
lage restoration may become a new cell therapy for OA
[19–21]. But the efficacy and mechanism of MSCs in the
treatment of canine OA remain unclear [3]. Umbilical cord
mesenchymal stem cells (UC-MSCs), which are isolated
from the abandoned umbilical cord tissue of the neonate,
have a strong ability to self-renew and the potential to
differentiate into adipocytes, bone cells, nerve cells,
hepatocytes, and myocytes [22, 23]. Moreover, UC-MSCs
have many advantages, such as abundant resource, easy
and noninvasive acquisition, low immunogenicity, strong
proliferation ability, and no ethical controversy. Accord-
ingly, UC-MSCs have become ideal seed cells for tissue
restoration and organ reconstruction and are widely used
in regenerative medicine [24–30].

Since OA is a ubiquitous problem, veterinarians need
an accurate method to diagnose the disease precisely as
early as possible. Imaging technologies, including X-ray,
MRI, arthroscopy, and ultrasonography are widely used
to check the joint lesions. X-ray is a routine examination
of joint lesions which can assess the osteogenesis and the
joint interspace; MRI offers a clear display of articular soft
tissue lesions, with improved imaging quality.

Higher-quality images of the intra-articular synovial
fluid, articular cartilage, and soft tissue around the joints
are also observed on MRI/X-ray, while ultrasound has
the advantage of displaying different degrees of the syno-
vium thickening. In recent years, the application of high-
frequency ultrasonography as a supplement to X-ray when
evaluating complex joints (such as the knee) in joint
disease has been gradually emphasized [13, 31, 32].

This study established a canine model of knee osteoar-
thritis by surgical manipulation and observed the effect of

UC-MSC treatment on OA by X-ray, MRI, B-ultrasonogra-
phy, and SEM, which could provide experimental evidence
for the clinical treatment and imaging diagnosis of UC-
MSCs in canine OA.

2. Materials and Methods

2.1. Animals. Eight healthy Chinese garden dogs, ranging
from 5 to 6 months old and weighing from 7 to 8 kg, were
obtained from Guangdong Medical Laboratory Animal Cen-
ter. Animals were randomly divided into 2 groups: untreated
control and treated groups (each group has 4 dogs, half of
themmales and half females). They were housed in individual
cages and fed a standard diet with free access to drinking
water. This study was approved by the Foshan University
Veterinary Science Laboratory Animal Ethical Committee.

2.2. Preparation of Canine UC-MSCs. Umbilical cord Whar-
ton’s jelly fragments were digested by 0.1% I type collagenase
(Sigma, USA) [23, 33]. After filtration and centrifugation,
canine UC-MSCs were cultured in OriCell mesenchymal
stem cell growth medium (Cyagen Biosciences) supple-
mented with 10% fetal bovine serum, 1% penicillin/strepto-
mycin, and 1% L-glutamine in a 5% CO2 incubator at 37

°C.
Adherent UC-MSCs were subsequently passaged, and the
medium was aspirated to remove nonadherent cells.

2.3. Identification of Canine UC-MSCs

2.3.1. Immunofluorescence. Cells were fixed in 4% parafor-
maldehyde in PBS at RT for 30min and rinsed with wash
buffer (PBS). Cells were then permeabilized with 0.1% Tri-
ton X-100 in PBS at RT for 30min and rinsed with wash
buffer (PBS). Blocking of nonspecific antibody interaction
was carried out using a 10% fetal bovine serum solution.
Blocking was carried out for 30min. Primary antibodies
of rabbit anti-CD34 antibody and mouse anti-CD44 anti-
body (Abcam) were added separately overnight at 4°C in
the dark. After washing, cells were incubated for 30min at
RT with FITC-labeled secondary antibodies (FITC-labeled
goat anti-rabbit IgG or FITC-labeled goat anti-mouse IgG).
Cells were washed and counterstained with 1μg/mL DAPI
prior to imaging.

2.3.2. In Vitro Adipogenic and Osteogenic Differentiation. The
third generation cells were seeded into the 24-well plates at a
density of 104 cells/mL and incubated in normal growth
medium. When the cells reached 70% confluence, the growth
medium was replaced with the DMEM adipogenic medium
containing 10% fetal bovine serum, 1μmol/L dexametha-
sone, 10μg/mL insulin, and 200μmol/mL indomethacin.
The induction medium was changed every 3 days in the
induction group; meanwhile, the cells in the control group
were continually fed with fresh growth medium. Cells were
stained with Oil Red O for 30min after the cells were induced
for 3 weeks.

The third generation cells were seeded into the 24-well
plates at a density of 104 cells/mL and incubated for 24 h in
normal growth medium. Then, the growth medium was
replaced with DMEM osteogenic medium containing 10%
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fetal bovine serum, 0.1μmol/L dexamethasone, 10mmol/L
sodium glycerophosphate, and 50μmol/L ascorbic acid in
the induction group, and cells in the control group were
continually fed with the growth medium. Cells were identi-
fied by alizarin red staining two weeks after induction.

2.4. Surgical Procedures of the OA Model. After induction
with intravenous propofol (4mg/kg), 8 dogs were anesthe-
tized with 3% isoflurane in a mixture of oxygen and nitrous
oxide delivered endotracheally. Surgery was carried out
through a 2 to 3 cm medial incision close to the ligamentum
patellae in the left knee. Special care was taken to prevent
bleeding and soft tissue damage as much as possible. Before
the surgery, the surgeon wore surgical sterile supplies; the
surgical area was shaved, sterilized, laid with the sterile towel,
and covered with a labeled surgical incision protective film.

In 8 dogs, the patella and cartilage of the left hind limb
were damaged with a surgical drill after exposing the trochlea
of the articular surface. Three transversal grooves were per-
formed on the patella surface in contact with the weight-
bearing parts of the femoral condyles. The cartilage on the
weight-bearing parts of the femoral condyle wound was
polished until the removal of crest and the sulcus of the
trochlea [5, 34–36]. After surgery, synovium, fasciae, and
skin were sutured by 2-0 PGS. The contralateral unoperated
knee served as a control.

2.5. Postsurgical Treatment. The operated leg was not immo-
bilized, and dogs were allowed to move freely in their cages.
The injection schedule is illustrated in Table 1. The left hind
limb was shaved prior to the surgical preparation of the
skin. The syringe containing 1× 106 UC-MSCs/mL of nor-
mal saline was prepared sterilely and shaken gently prior
to the injection [37, 38]. The syringe needle was pierced
through the skin along the inferior patella until it reached
the hypoechoic zone (the cavitas articularis containing joint
fluid) of the left limb using B ultrasonography observation,
then 1mL of UC-MSC suspension was injected into the
cavitas articularis of the treated group and 1mL normal
saline was injected into the cavitas articularis of the
untreated control group.

The experimental animals received antibiotics (ampicil-
lin 20mg/kg during the first 4 days after surgery, cephalo-
sporin 0.1mL/kg during the 5th–7th days after surgery)
for 7 days.

2.6. Observation of the Left Hind Limb by Imaging
Technology. On days 3, 7, 14, and 28 posttreatment, dogs

were anesthetized for MRI, B ultrasonography, and X-ray
evaluation with routine anesthetic protocols.

The MRI examinations were performed using a VET
0.3 T MRI unit (Ningbo Xingaoyi Magnetism Co. Ltd.) with
small animal joint scanning sequence and knee coil. The
situation of the joint effusion, inflammation, neonatal patella
ventral, and cartilage pulley ridge and the peripheral struc-
ture of the knee was observed. MRI transverse relaxation
(T2) of the articular cartilage reflects the water content, colla-
gen content, and collagen fiber orientation in the ECM, with
longer T2 values thought to represent cartilage degeneration
[39–45]. The white area on theMRI T2-weighted images rep-
resented a high signal indicating an inflammatory response.

The B ultrasonography examinations were performed
using a MyLab-20 unit (Baisheng, Italy). The dogs were laid
in a supine position, and their left knees were scanned with
135-degree B ultrasonography to observe the situation of
the joint effusion and the continuity of the articular cartilage.
On B ultrasonography images, echo-free space represented
an effusion and the continuous linear hypoechoic region at
the trochlear sulcus represented a cartilage [46].

The X-ray examinations were performed using a 20 kW
high-frequency X-ray machine (Shanxi Vanke) and a digital
radiography (DR) system (Kangzhong, Hangzhou). The dogs
were placed in a right lateral position, then their left hind
limbs were focused and scanned by X-ray to observe the
defects of the patella ventral and cartilage and the situation
around the joints.

2.7. Inflammatory Factor Measurements. On days 3, 7, 14,
and 28 posttreatment, 5mL blood of the examined dog
was collected from the lateral saphenous vein of the hind
limb or the medial cephalic vein of the forelimb to the antico-
agulant tube and subsequently centrifuged at 2500 rpm/min
for 10min for plasma separation. Finally, the ELISA kits
(Nanjing Jiancheng Bioengineering Research Institute) were
used to detect IL-6, IL-7, and TNF-α in dogs.

2.8. Observation of the Growth Status of the Patella and
Cartilage by Scanning Electron Microscopy. On day 35 post-
treatment, two dogs of the treated group and a dog of the
untreated control group were sacrificed. Their excised patella
cartilage was quickly immersed in an appropriate container
filled with a primary fixative (2.5% glutaraldehyde (GA) in
0.1M PBS buffer, pH 7.4) for a minimum of 1 h at room tem-
perature. The specimens were fixed at 4°C for over 3 h, then
dried, coated, and mounted for SEM analysis.

Table 1: Injection schedules.

Group Injections
Injection day (days after the surgical)

1 2 3 4 5 6 7

Untreated control group
Normal saline 1mL — Normal saline 1mL — — — —

Antibiotics Ampicillin 20mg/kg Cephalosporin 0.1mL/kg

Treated group
Cells

UC-MSC suspension
1mL (1× 106cells/mL)

—
UC-MSC suspension
1mL (1× 106cells/mL)

— — — —

Antibiotics Ampicillin 20mg/kg Cephalosporin 0.1mL/kg
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2.9. Statistical Analysis. SPSS17.0 software was used for sta-
tistical analysis. The data were expressed as mean± standard
deviation (M± SD). Comparison between groups was ana-
lyzed by ANOVA. A P value of less than 0.05 was considered
statistically significant.

3. Results

3.1. Immunofluorescence Assay. Cells incubated with anti-
CD44 antibody and FITC-labeled goat anti-mouse IgG
showed a green fluorescence in the membrane (Figure 1(a)),
and the nucleus was stained blue by DAPI (Figure 1(b))
indicating that the isolated cells were CD44 positive
(Figure 1(c)). Similarly, the cells incubated with anti-CD34
antibody and FITC-labeled goat anti-rabbit IgG displayed
no fluorescence in the cell membrane (Figure 1(d)); only
the nucleus was stained blue by DAPI (Figure 1(e)), which
showed that the expression of CD34 was negative in these
cells (Figure 1(f)).

3.2. Adipogenic and Osteogenic Differentiation. Induction
results showed that cells in both control groups grew in a
long spindle shape and the confluent cells had obvious direc-
tionality in a swirly or reticular growth that could not be
stained by Oil Red O and alizarin red (Figures 2(a) and
2(c)). In the induction groups, lipid droplets were observed
in the cytoplasm and stained red by Oil Red O staining after
adipogenic differentiation (Figure 2(b)). Calcium nodules
were observed and stained red by alizarin red in the induc-
tion groups after osteogenic differentiation (Figure 2(d)).

3.3. MRI Assessment. MRI T2-weighted images showed that
the tissues around the canine joints were disorganized, and
there was a high-signal area between the distal femur and
subcutaneous area in both treated and untreated control
groups at 3 days posttreatment (Figures 3(a) and 3(e)).
The high-signal areas of the distal femoral and subcutane-
ous peripheral joint in the treated group were gradually
weakened and the signal of joint fluid and cartilage between
the patella and trochlear crest appeared at 7–14 days post-
treatment (Figures 3(b) and 3(c)). Moreover, the high-
signal areas of the distal femoral and subcutaneous periph-
eral joint disappeared in the treated group at 28 days post-
treatment. The patella ventral became smooth and there
was a signal between the patella and the trochlear crest
(Figure 3(d)). But in the untreated control group, the
high-signal areas between the distal femoral and subcutane-
ous peripheral joint did not weaken at 28 days posttreat-
ment (Figures 3(f)–3(h)). Meanwhile, the signal of the
patella ventral remained disorganized at 7–14 days post-
treatment (Figures 3(f) and 3(g)) and there was no marked
improvement in the patella ventral and the cartilage troch-
lear crest (Figure 3(h)).

3.4. B Ultrasonography Assessment. B ultrasonography
images showed that there was an echo-free space in the
cavitas articularis and a discontinuous linear hypoechoic
region at the trochlear sulcus at 3 days posttreatment.
Additionally, the joint tissues had the existence of medium-
and low-clutter echoes, and the echo levels of the skin fas-
cia and muscle tissue were not clear in the two groups

CD44

CD34

DAPI MergeFITC

(a) (b) (c)

(d) (e) (f)

Figure 1: Immunofluorescence assay of UC-MSCs (scale bars = 100 μm): (a) cells incubated with anti-CD44 antibody and FITC-labeled goat
anti-mouse IgG; (b, e) counterstained by DAPI; (c) the merge image of (a) and (d), cells incubated with anti-CD34 antibody and FITC-labeled
goat anti-rabbit IgG; (b, f) the merge image of (d) and (e).
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(a) (b)

(c) (d)

Figure 2: Adipogenic and osteogenic differentiation of UC-MSCs (scale bars = 100 μm): (a) Oil Red O staining of UC-MSCs in the control
group, (b) Oil Red O staining of UC-MSCs grown in adipogenic medium, (c) alizarin red staining of UC-MSCs in the control group, and
(d) alizarin red staining of UC-MSCs grown in osteogenic medium.

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 3: Magnetic resonance imaging of canine arthritis after the treatment: (a) 3 days after cell therapy, (b) 7 days after cell therapy,
(c) 14 days after cell therapy, (d) 28 days after cell therapy, (e) 3 days after treatment in the untreated control group, (f) 7 days after
treatment in the untreated control group, (g) 14 days after treatment in the untreated control group, and (h) 28 days after treatment in
the untreated control group.
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(Figures 4(a) and 4(e)). In the treated group, the intra-
articular echo-free space was reduced, and the linear
hypoechoic region of the trochlea was visible and continu-
ous at 7 days posttreatment (Figure 4(b)). The echo-free
space in the cavitas articularis disappeared, and the linear
hypoechoic area was continuous and thickened at 14 days
posttreatment (Figure 4(c)). The hypoechoic region of the
trochlea was visible, and the linear hypoechoic area was
continuous, with increased thickness. The medium- and
low-clutter echoes around the joint disappeared, and the
skin fascia and muscle tissue echo layer were clearer at 28
days posttreatment (Figure 4(d)). Meanwhile, the intra-
articular echo-free space of the untreated control group
still existed, and there was no linear hypoechoic region
at the trochlea sulcus at 7, 14, and 28 days posttreatment
(Figures 4(f)–4(h)).

3.5. X-Ray Assessment. X-ray images showed that there were
three grooves on the patella ventral of the left knee, and the
low-density gap between the patella ventral and pulley ridge
was not found in both the treated (Figures 5(a) and 5(b))
and untreated control groups (Figures 5(e) and 5(f)) at 3
and 7 days posttreatment. After 14 days posttreatment, the
grooves of the patella ventral of the left hind limb were
improved in the treated group, and the low-density gap
between the patella ventral and pulley ridge was enlarged
(Figure 5(c)). The cortical bone defects of the patella ventral
on the left knee were continually improved, and the trochlea
was smoother in the treated group at 28 days posttreatment.
In comparison between the two groups, the low-density gap
between the patella ventral and trochlea was increased at 14
days posttreatment (Figure 5(d)).

In the untreated control group, extreme defects of the
patella ventral were noticed at 14 days posttreatment
(Figure 5(g)). After 28 days of treatment, the grooves in the
untreated control group remained observed. Moreover, there
was no improvement in the low-density gap between the
patella ventral and trochlea (Figure 5(h)).

3.6. Inflammatory Factors. The ELASE results showed that
there was no significant difference in the levels of IL-6,
IL-7, and TNF-α between the untreated control group and
the treated group on the 3rd and 28th days after the treat-
ment. However, the levels of IL-6 and TNF-α in the untreated
control group were significantly higher than those in the
treated group after 7 days posttreatment (P < 0 05). Specifi-
cally, 14 days posttreatment, the levels of IL-6 had a very sig-
nificant difference in the two groups (P < 0 01), and levels of
IL-7 and TNF-α both had a significant difference between the
untreated control group and the treated group (P < 0 05)
(Figures 6(a)–6(c)).

3.7. SEM Assessment. SEM images showed that the surface of
the cartilage in the normal control group was smooth
(Figure 7(b)). The cartilage was composed of many collagen
fiber bundles with a dense vertical arrangement of different
thicknesses (Figure 7(f)) and the visible single or group
cartilage lacuna (Figure 7(j)). In the untreated control group,
the cartilage surface showed a vacuole-shaped damage
(Figures 7(a) and 7(i)) and had no visible collagen fibers
(Figure 7(e)). In the treated group, there were some
small protuberances on the central surface of the
cartilage (Figure 7(c)). The neonatal cartilage, which was
composed of many collagen fiber bundles in an irregular
arrangement (Figures 7(g)–7(h)), grew from the
surroundings to the central surface (Figure 7(d)). The
neonatal tissue was disorganized (Figure 7(k)) and had
the form of small protuberances (Figure 7(l)).

The thickness of the new cartilage tissue was measured by
SEM (Figures 7(m)–7(p)). The data from Table 2 showed
that the thickness of the new cartilage in the treated group
was significantly higher than that in the untreated control
group (P < 0 01).

SEM images showed that the patella surface of the nor-
mal control group was flat, with no cracks (Figure 8(b)).
There were neogenetic tissues at the defective patella in the
untreated control and treated groups, but the defect of the

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 4: B ultrasonography assessment of canine arthritis after the treatment: (a) 3 days after cell therapy, (b) 7 days after cell therapy,
(c) 14 days after cell therapy, (d) 28 days after cell therapy, (e) 3 days after treatment in the untreated control group, (f) 7 days after
treatment in the untreated control group, (g) 14 days after treatment in the untreated control group, and (h) 28 days after treatment in
the untreated control group.
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untreated control group was more severe than that of the
treated one (Figure 8(a)), while the healing parts in the
treated group were smoother than those in the untreated
control group (Figure 8(c)).

4. Discussion

MSC was first discovered from the bone marrow stroma by
Pacini and Petrini. The proliferative adherent fibroblast colo-
nies, which could differentiate into fibroblasts, chondrocytes,
and osteoblasts in vitro and in vivo, were isolated from the
cell suspensions of cultured human bone marrow (hBM)
[47]. Recent studies have found that MSCs isolated and
obtained from bone marrow, umbilical cord blood, fat, pla-
centa, and umbilical cord were a colony of multiple endoge-
nous progenitor cells from the mesoderm with the ability of
self-renewal and multipotential differentiation into bone,
fat, cartilage, and the musculoskeletal system and have a
homing ability of migration to injured locations of the body
[48, 49]. According to previous studies, MSCs express surface
markers, such as CD13, CD44, CD73, CD90, CD105, and
CD29, but they do not express the surface markers of other
hematopoietic cell lines, for example, CD45, CD14, and
CD34 [50–52]. Therefore, CD34 and CD44 were selected to
identify the isolated cells by immunofluorescence staining.

MSCs play a role in immune regulation mainly by its
paracrine actions in inflammatory response [17]. At pres-
ent, many studies on MSC therapy have been carried out
to treat osteoarthritis tendon and spinal cord injury, kidney
and liver disease, and many other diseases in pets [53]. MSCs
have been found to be the best regenerative cell therapy for
degenerative musculoskeletal disorders such as OA [54].
In this study, the isolated cells from the umbilical cord
Wharton’s jelly were identified by immunofluorescence
staining and adipogenic and osteogenic differentiation. The

immunofluorescence result showed that the cells were posi-
tive for CD44 expression and negative for CD34 expression.
Besides, these cells were successfully differentiated into adi-
pocytes and osteoblasts. Results showed that the isolated cells
typically had MSC characteristics.

Many studies have used MSCs to treat spontaneous
OA models and artificially induced OA models (in small
animals, including mice, rats, rabbits, and guinea pigs,
and in large animals, e.g., dogs, goats, sheep, pigs, and
horses). Results from these studies have shown that MSCs
from bone marrow, fat, and cord blood can be effectively
used to treat OA [31]. Lavigne et al. [55] have previously
demonstrated the regenerative effect of BM-MSCs. Their
results showed that the medial meniscus regeneration in
the treated group was more significant compared to the
untreated control group which had been injected with
HA only. When BM-MSCs were used to treat a patient
with meniscus and cartilage damage 24 weeks after the
treatment, MRI observation showed that there was a sig-
nificant increase in the volume of cartilage and meniscus,
the range of motion increased, and the pain score decreased
(Sampson et al. [54]).

Vilar et al. showed AD-MSC treatments (from fat)
through intra-articular injection to treat 8 dogs with severe
OA [56]. To study the efficacy of AD-MSCs, a force platform
was used to measure the limb function. The results showed
that the PVF and VI of the treated dogs significantly
increased. Thus, AD-MSC treatment could reduce the clau-
dication induced by OA. Furthermore, it was shown that
the use of adjuvants, such as PRGF-Endoret could prolong
the therapeutic effect of MSCs [56]. Although MSC treat-
ment of animals with OA has a certain effect, there are still
many unanswered questions concerning the effect and mech-
anism of MSC therapy in dogs with OA due to the limitations
of the means and methods to detect the curative effect.

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 5: X-ray scan images of canine arthritis after treatment: (a) 3 days after cell therapy, (b) 7 days after cell therapy, (c) 14 days after cell
therapy, (d) 28 days after cell therapy, (e) 3 days after treatment in the untreated control group, (f) 7 days after treatment in the untreated
control group, (g) 14 days after treatment in the untreated control group, and (h) 28 days after treatment in the untreated control group.
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In this study, UC-MSCs were injected into the articular
cavity using a canine OA model to treat canine OA, and the
therapeutic effect and mechanism of MSCs were observed
by MRI, B ultrasonography, X-ray, and electron microscopy.
The results showed that joint effusion and the inflammatory
reaction decreased 1 week after MSC therapy. Application of
MSC therapy promoted the repair of cartilage and patella in
OA-affected dogs and improved the healing of the surround-
ing tissue, and the effect of the MSCs was shown to last for 1
month. Lamo-Espinosa et al. [57] randomly divided 30
patients into a control group which was treated with HA
alone, a low-dose group which received a combination of
HA with 10× 106 autologous BM-MSCs, and a high-dose
group to which both HA and a suspension of 100× 106 autol-
ogous BM-MSCs were administered. VAS and WOMAC
were used to assess pain and function. The range of knee
movement was measured in 12 months, and X-ray and
MRI were used to observe joint damage. The results showed

that VAS and WOMAC of the BM-MSC-injected groups
were superior to the untreated control group, and there was
a significant difference between the high-dose group and
the untreated control group in 12 months (P < 0 01). X-ray
examination showed that the width of the knee joint
decreased compared to the high-dose group. MRI (WORMS)
results showed that a slight reduction in joint damage was
only found in the BM-MSC high-dose group, indicating that
BM-MSCs could contribute to the improvement of OA
clinically and functionally [57].

In this study, the experimental dogs were put to death to
observe the cartilage improvement after 35 days of treatment.
The growth of cartilage from the surroundings to the center
was observed in both groups of the canine OA model, but
the recovery rate of the treated group was substantially signif-
icant in comparison with the untreated control one. The
neonatal part around the cartilage in the untreated control
group was relatively thin—the bone beneath could still be
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Figure 6: The blood levels of IL-6, IL-7, and TNF-α in dogs (mean± SD, n = 4): (a) the blood level of IL-6 in dogs on days 3, 7, 14, and
28 posttreatment; (b) the blood level of IL-7 in dogs on days 3, 7, 14, and 28 posttreatment; and (c) the blood level of TNF-α in dogs on days 3,
7, 14, and 28 posttreatment. ∗P < 0 05 and ∗∗P < 0 01.
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seen—and the central formation of new tissue had small
protrusions. While the neonatal cartilage layer was thicker
in the treatment group, there was a very significant difference
between the treatment group and the model group in the
thickness of neonatal cartilage (P < 0 01).

OA may lead to progressive cartilage degeneration,
which is characterized by softening, fibrillation, and erosion
of the articular surface [3, 58, 59]. Scanning electron micros-
copy showed that the surface of the neonatal cartilage tissue
was synaptic collagen fibers, which was different from the
cartilage in the normal group. Vacuoles could be seen in
the untreated control group with no collagen fibers, but

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

(m) (n) (o) (p)

Figure 7: The canine knee cartilage images by SEM: (a) cross section of the untreated control group (×100 SE), (b) cross section of the normal
control group (×100 SE), (c) cross section of the central neogenetic cartilage in the treated group (×100 SE), (d) cross section of the
surrounding neogenetic cartilage in the treated group (×100 SE), (e) cross section of the untreated control group (×500 SE), (f) cross
section of the normal control group (×500 SE), (g) cross section of the central neogenetic cartilage in the treated group (×500 SE), (h)
cross section of the surrounding neogenetic cartilage in the treated group (×500 SE), (i) cross section of the untreated control group
(×1000 SE), (j) cross section of the normal control group (×500 SE), (k) cross section of the central neogenetic cartilage in the treated
group (×2000 SE), (l) cross section of the surrounding neogenetic cartilage in the treated group (×2000 SE), (m) vertical section of the
untreated control group (×100 SE), (n) vertical section of the normal control group (×100 SE), (o) vertical section of the treated group a
(×100 SE), and (p) vertical section of the treated group b (×100 SE).

Table 2: The thickness of newborn cartilage in the OA model
(mean± SD, n = 3).

Group
Newborn cartilage
thickness (μm)

P values

Untreated control group 34.27± 5.42
Treated group a 65.13± 5.29∗∗ P < 0 01
Treated group b 65.30± 5.83∗∗ P < 0 01
∗∗There is a very significant difference between two groups.
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irregular arrangement of new tissue fibers could be seen in
the treated group.

The results indicated that UC-MSCs could promote the
growth of chondrocytes effectively and relieve the OA-
induced progressive cartilage degeneration. Furthermore,
UC-MSCs could reduce the incidence of joint effusion and
inflammation, increase the regeneration of cartilage tissue,
and promote the recovery of the patella defects.

The metabolic activity of chondrocytes can be affected by
many factors, the most important of which is proinflamma-
tory cytokines and growth factors. It is known that inflam-
matory cytokines such as IL-1α, TNF-α, and IL-6 are
upregulated during OA progression [3, 19, 60]. In this study,
the results showed that inflammatory cytokines, such as
TNF-α, IL-6, and IL-7 in the untreated control group were
significantly higher compared to the treated group (P < 0 05).

These results showed that UC-MSCs could reduce the
inflammatory response in OA by reducing the secretion of
inflammatory factors and influence the proliferation and
metabolic activity of chondrocytes. Recent studies have
shown that there is a MSC niche in cartilage, indicating that
AC chondrocytes can be derived from MSCs [3]. Previous
studies have found that OA tissues in fibrous and nonfibrous
regions exhibit cell aggregation effects, cell proliferation,
and the aggregation in injured areas [61, 62]. Several stud-
ies have shown that the main benefit of MSCs is due to its
paracrine activity [63]. The main function of chondrocytes
in the superficial and central regions is to synthesize the
extracellular matrices and proteoglycans consisting of
types II, IX, and XI collagens [3]. MSCs can alter the cell
signaling environment, increase the production of collagen
type II, promote the migration of chondrocytes to the
injured area, and repair the damage by synthesizing the lost
extracellular matrix [64, 65]. Thus, MSCs may treat OA by
adjusting the repair response of the joint rather than replac-
ing the damaged area directly.

Based on the present trial and the results of this study,
the possible mechanism of MSCs in the treatment of OA
is by inhibiting the inflammatory response, reducing synovial
fluid, and promoting the synthesis of extracellular matrix and
chondrocyte proliferation and migration. Further research
is needed to explore other mechanisms of the MSC therapy
in OA.

5. Conclusion

Canine UC-MSCs promote the repair of cartilage and patella
injury by osteoarthritis, improve the surrounding injury
tissue of the joints, and reduce the inflammation response.
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The liver has the potential to regenerate after injury. It is a challenge to improve liver regeneration (LR) after liver resection in
clinical practice. Bone morrow-derived mesenchymal stem cells (MSCs) have shown to have a role in various liver diseases. To
explore the effects of MSCs on LR, we established a model of 70% partial hepatectomy (PHx). Results revealed that infusion of
MSCs could improve LR through enhancing cell proliferation and cell growth during the first 2 days after PHx, and MSCs could
also restore liver synthesis function. Infusion of MSCs also improved liver lipid accumulation partly via mechanistic target of
rapamycin (mTOR) signaling and enhanced lipid β-oxidation support energy for LR. Rapamycin-induced inhibition of mTOR
decreased liver lipid accumulation at 24 h after PHx, leading to impaired LR. And after infusion of MSCs, a proinflammatory
environment formed in the liver, evidenced by increased expression of IL-6 and IL-1β, and thus the STAT3 and Hippo-YAP
pathways were activated to improve cell proliferation. Our results demonstrated the function of MSCs on LR after PHx and
provided new evidence for stem cell therapy of liver diseases.

1. Introduction

The liver is a central metabolic organ that is involved in syn-
thesis, storage, and metabolism. It has a remarkable capacity
to restore its loss of mass caused by injuries. Such regenera-
tive capacity provides a safeguard for patients with liver
diseases. Therefore, enhancing liver regeneration (LR) will
benefit patients after clinical treatment, such as partial hepa-
tectomy (PHx) [1]. Moreover, the 70% PHx model is the
most well-established model to study the ability of LR. In this
model, liver mass can be recovered in 7–10 days after PHx,
especially in the first 2 days post operation, which is sup-
ported by hepatocellular hypertrophy (cell growth) and
hyperplasia (cell proliferation) [2].

Multiple signaling pathways and mechanical events are
activated after PHx to ensure successful LR, such as IL-6-
STAT3, HGF/c-Met, and Wnt-β-catenin [3, 4]. Right after

PHx, interleukin 6 (IL-6), tumor necrosis factor (TNF), and
hepatocyte growth factor (HGF) are rapidly upregulated in
blood and remaining liver, causing a robust regenerative
response and triggering hepatocyte proliferation. IL-6 and
TNF are proinflammatory cytokines; in recent studies, it is
believed that there are links between inflammation and
regeneration of injured tissues, especially for intestine and
liver [5]. For instance, IL-6 activates yes-associated protein
(YAP) and Notch through gp130, but independently of
STAT3 in injured mucosal tissues, which induces epithelial
regeneration in the intestine [6]. Moreover, a number of
inflammatory signals (such as IL-6) play a major role in LR
[7] but its underlying mechanism is still unclear.

As LR progresses, hepatocytes enter into a cell cycle and
start mitosis in order to meet the hepatostat, a process which
needs energy and materials for DNA and protein synthesis.
Previous studies have confirmed that lipids, triglycerides
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(TG), fatty acids (FA), and cholesteryl esters can be accumu-
lated in hepatocytes at the peak of hepatocyte proliferation for
2–3 days, which is called transient regeneration-associated
steatosis (TRAS) [8]. Disruption of hepatic adipogenesis is
associated with impaired LR [9, 10], which can provide energy
through β-oxidation and is the material source of new cell
membrane formation.

Although the liver has a strong regenerative ability, it is
still a challenge for patients recovering after surgery. Recently,
stem cell-based therapy has been approved as an alternative
choice for various liver diseases, such as acute liver injury
and liver fibrosis [11, 12]. Mesenchymal stem cells (MSCs)
are multipotent stromal cells existing in many tissues [13].
Experiments have confirmed the therapeutic ability of MSCs
for acute and chronic liver diseases based on self-renewing
and differentiating ability and immunomodulatory charac-
teristics [14]. Clinical trials have confirmed the curative effect
of MSCs on liver diseases [15, 16]. Previous studies proved
that, in the models of PHx, infusion of MSCs increased the
expressions of HGF, IL-6, and IL-10 and activated the IL-6-
STAT3 pathway, thus improving the ability of LR [17–19].
However, the mechanisms of MSCs in improving LR after
PHx remain unclear.

In the present study, we aimed to explore the mechanism
of MSCs for improving LR after PHx. We focused on the
ability of MSCs to modulate lipid accumulation and
inflammation-related regeneration in liver.

2. Materials and Methods

2.1. Isolation of MSCs. Bone marrow-derived MSCs were
isolated from 4- to 6-week-old male Sprague-Dawley (SD)
rats. Briefly, femurs and tibias were sterilely dissected from
rats, and soft tissues were carefully removed. After washing
with PBS, bone marrow cells were flushed by low-glucose
Dulbecco’s modified Eagle’s medium (DMEM, Gibco,
USA), then centrifuged at 1200 rpm for 5min, and resus-
pended in DMEM supplemented with 10% fetal bovine
serum, penicillin (100U/mL), and streptomycin (100mg/
mL). Subsequently, isolated cells were cultured at 37°C in a
humidified atmosphere containing 5% CO2. Nonadherent
cells were removed after 24 h, and culture medium was
refreshed every 3 days. MSCs used for experiments were in
passages 3–6.

2.2. Experimental Design of Rat PHx. Male SD rats aged 6–8
weeks were purchased from the Laboratory Animal Center of
the Affiliated Drum Tower Hospital of Nanjing University
Medical School, China. All rats were housed with 12 h light/
12 h dark cycles and fed with normal diet and water. More-
over, a 70% PHx model was established under anesthesia
using isoflurane as previously reported [20]. Rats were ran-
domly divided into three groups (n = 6 at each time point).
The rats in the sham control group only underwent laparot-
omy, while the model of 70% PHx was established in the
other two groups, in which the left and middle lobes of the
liver were removed. One 70% PHx group was injected with
1mL PBS via the tail vein, namely the PHx+PBS group,
while another 70% PHx group was administered with 1mL

MSC suspension (1× 106) in PBS via the tail vein, namely
the PHx+MSC group. Then, rats were sacrificed at 1, 2,
and 7 days after PHx. The remaining liver was weighed after
sacrificing, then tissues were snap frozen in liquid nitrogen
and stored at −80°C for further analysis. For histological
analysis, tissues were fixed in 10% formaldehyde and embed-
ded in paraffin. In order to inhibit mechanistic target of rapa-
mycin (mTOR) signaling, an mTOR inhibitor, rapamycin
(Rap, Selleck, USA), was given at a dose of 1mg/kg i.p. 12 h
post-PHx and every 24 h thereafter.

2.3. Western Blotting.Whole liver protein was extracted from
rat liver using lysis buffer (KeyGen Biotech, Nanjing, China)
containing protease and phosphatase inhibitors. Protein con-
centration was determined by a BCA protein quantitation
assay (KeyGen Biotech, Nanjing, China). Briefly, 20μg of
proteins were subjected to 8%–12% SDS-PAGE and then
transferred onto PVDF membranes. Blots were blocked with
blocking buffer for 2 h and then incubated with appropriate
primary antibodies at 4°C overnight. Antibodies against
GAPDH, PCNA, AKT, p-AKT, Bcl2, Bcl-xl, STAT3, p-
STAT3, FASN, and Cyclin D1 were purchased from Abcam.
Antibodies against mTOR, p-mTOR, 4EBP1, p-4EBP1,
GSK3β, p-GSK3β, FOXO1, YAP, p70 S6K, p-p70 S6K, and
SOCS3 were purchased from Cell Signaling Technology.
Antibodies against β-catenin and SREBP1c were purchased
from Santa Cruz Biotechnologies. After washing 3 times with
Tris-buffered saline containing 1% Tween 20 (TBST), the
membranes were incubated with the secondary antibody goat
anti-rabbit IgG and goat anti-mouse IgG (Abcam, UK) at
room temperature for 2 hours. After washing 3 times with
TBST, signals of the target protein were developed using the
enhanced chemiluminescence substrates (ECL, Thermo
Fisher Scientific).

2.4. Histological and Immunohistochemical Analyses. Liver
tissues were fixed in 4% paraformaldehyde and embedded
in paraffin. Briefly, 5μm of paraffin-embedded liver sections
were stained with hematoxylin and eosin (H&E) for morpho-
logical examination or stained with ki-67 (Abcam, UK) and
β-catenin for routine immunofluorescence staining. The
number of ki-67-positive cells was counted by Image-Pro
Plus software in four randomly selected samples. For the
visualization of hepatic lipid content, 8μm frozen sections
were rehydrated and deposition of lipid droplets was detected
by Oil Red O staining.

2.5. Measurement of Cell Size. Digital images of thin liver
sections were prepared from formalin-fixed and paraffin-
embedded samples stained by an immunohistochemical for
β-catenin (Santa Cruz Biotechnology) to stain the hepatocyte
membrane. Hepatocyte size was measured as area in pixels
using ImageJ software in 20 hepatocytes per rat by an
observer who was blinded to the treatment groups.

2.6. Real-Time Quantitative Polymerase Chain Reaction (RT-
qPCR). Total RNA was extracted from liver tissues using the
TRIzol reagent (Invitrogen) according to the manufacturer’s
instructions. Purified RNA was reversely transcribed into
cDNA using PrimeScript™ RT Master Mix (Takara, Japan)
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and then quantified by SYBR Premix Ex Taq (Takara,
Japan) on an Applied Biosystems 7500 Fast Real-Time
PCR System (Life Technologies). Data were analyzed using
the 2−ΔΔCT method. The primer sequences used were listed
in Table S1.

2.7. Enzyme Linked Immunosorbent Assay (ELISA). The
plasma from each group of rats was obtained at 24 and 48 h
after PHx, and the IL-6 concentration in plasma was
measured by ELISA kits (eBioscience, USA).

2.8. Assessment of Liver Function. The plasma from rats was
obtained at 1, 2, and 7 days after PHx, and levels of alanine
transaminase (ALT), aspartate transaminase (AST), albumin
(Alb), and TG were determined by an automated biochemi-
cal analyzer at the Affiliated Drum Tower Hospital of Nan-
jing University Medical School.

2.9. Liver TG. The TG level in liver tissues was measured
using a triglyceride assay kit (Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China) according to the manu-
facturer’s instructions.

2.10. Statistical Analysis. All data were analyzed with
GraphPad Prism 7.0 and presented as means± standard
deviation (SD). Statistical comparisons among groups were
conducted using an unpaired t-test. p < 0 05 was considered
as statistically significant.

3. Results

3.1. Infusion of MSCs Enhances LR after PHx in Rats. In the
model of 70% PHx, infusion of MSCs enhanced LR as the
ratio of liver weight to body weight (LW/BW) was signif-
icantly improved in the first 2 days (Figure 1(a)). How-
ever, such improvement was not detected at 7 days after
PHx. Moreover, on day 7, the LW/BW ratio of both
groups was almost restored to the same level as the nor-
mal group. And after 14 days, the LW/BW ratio was the
same as the normal group. The expression of PCNA con-
firmed enhanced LR after infusion of MSCs (Figure 1(b)).
The immunocytochemical staining of ki-67 showed that
the number of ki-67-positive hepatocytes was greatly
higher in the PHx+MSC group, especially at 48 h after
PHx (Figures 1(c) and 1(d)). The H&E staining demon-
strated that the number of mitotic hepatocytes was signif-
icantly increased in the PHx+MSC group at 24 h and 48 h
(Figures 1(e) and 1(f)). In addition, the expressions of
mitosis-related genes (CCNA, CCNB, CCND, and CCNE)
were also increased in the PHx+MSC group (Figure 1(g)).
These findings confirmed that infusion of MSCs could affect
LR via promoting hepatocellular hyperplasia (hepatocyte
proliferation). However, liver can also restore liver mass
through hepatocellular hypertrophy (cell growth) [2]. Next,
we investigated whether infusion of MSCs could improve
LR via enlarging the cell size of hepatocytes. We stained the
hepatocyte membrane using β-catenin antibodies and
counted the number of cells per surface as previously
described [21]. Figures 1(h) and 1(i) shows that the cell
density was lower in the PHx+MSC group, and Figure 1(j)

shows a larger cell size in the PHx+MSC group, which
indicated that MSCs can enlarge hepatocyte cell size to
restore liver mass after PHx. Taken together, infusion of
MSCs could improve LR via hepatocellular hypertrophy
and hyperplasia.

3.2. Infusion of MSCs Restores Liver Function after PHx. The
liver is an organ with multiple functions, such as metabolism
and synthesis. After LR, the levels of two serum biochemical
parameters (ALT and AST), known to reflect hepatocyte
damage, were increased after PHx, especially at 24 h
(Figures 2(a) and 2(b)). However, as in Figure 1(e), there
was no obvious liver damage like necrosis, suggesting that
the liver was mildly damaged. But, infusion of MSCs signifi-
cantly decreased the levels of ALT and AST (Figures 2(a) and
2(b)). Alb, associated with liver synthesis function, was also
broken after PHx, obviously at 48 h, and infusion of MSCs
could restore the Alb level (Figure 2(c)). Moreover, the level
of serum TG was also influenced by infusion of MSCs
(Figure 2(d)). At 1 week after PHx, levels of ALT and AST
were recovered. These findings suggested that infusion of
MSCs could partly decrease liver damage and recover liver
synthesis function.

3.3. Infusion of MSCs Improves Liver Lipid Accumulation via
mTOR Signaling. Figure 1(d) illustrates that the hepatocytes
displayed steatotic change. Previous studies have shown that
lipids play a great role in LR [8]. Therefore, we investigated
the effect of MSCs on lipid accumulation after PHx. Oil
Red O staining showed that lipid accumulation became more
obvious in the PHx+MSC group (Figure 3(a)), and the level
of TG in liver tissues was also higher in the PHx+MSC group
(Figure 3(b)). These findings confirmed that infusion of
MSCs could improve liver lipid accumulation. As in the
liver, lipids can be accumulated via hepatocyte synthesis
or uptake from blood. Next, we explored how MSCs
improved the lipid accumulation in the liver. The expres-
sion of genes related to FA/lipid uptake (apoB, ACSL1,
CD36, Fabp1, and Fatp2) and FA synthesis/lipogenesis
(ACC, DGAT1, SCD1, SREBP1c, PPARγ, CEBPα, and FASN)
showed that there was no significant difference between PHx
+PBS groups and PHx+MSC groups (Figure 3(c)). This
indicated that improved lipid accumulation after infusion
of MSCs might not depend on FA/lipid uptake and FA
synthesis/lipogenesis.

The mTOR is important for life, and it can regulate tissue
growth, proliferation, and lipid synthesis [22]. mTOR pro-
motes lipid synthesis through the sterol regulatory element-
binding proteins (SREBPs), transcription factors controlling
FA, and cholesterol biosynthesis [23], and the mRNA and
protein level of SREBP1c was higher in the PHx+MSC group
(Figures 3(c) and 3(d)). Thus we investigated the role of
mTOR signaling in PHx after infusion of MSCs. Figure 3(d)
reveals that the expressions of mTOR signaling substrates,
p-mTOR, p-S6K, p-AKT, and its target (Cyclin D1) were
increased in the PHx+MSC group. In addition, the expres-
sions of FA synthase (FASN), which is related to lipid homeo-
stasis [24], were extremely higher in the PHx+MSC group at
48 h (Figure 3(d)). Therefore, infusion of MSCs could
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Figure 1: Effects of MSCs on LR after PHx. (a) The ratio of the remaining liver weight to total body weight (LW/BW) at 24 h, 48 h, and 7 days
after PHx in rats (n = 6). (b) The expression of PCNA by Western blot in each group at 24 h, 48 h, and 7days after PHx. (c)
Immunohistochemical staining of ki-67 in the liver specimens of each group at 24 h, 48 h, and 7 days after PHx. (d) Percentage of ki-67-
positive cells in each group at 24 h, 48 h, and 7 days after PHx (n = 6). (e) RT-qPCR analysis showed the expression of genes related to
mitosis (CCNA, CCNB, CCND, and CCNE) (n = 3). (f) & (g) H&E staining of liver specimens of each group at 24 h, 48 h, and 7 days after
PHx and the number of mitotic hepatocytes on each group (n = 6). (h) Immunohistochemical staining of β-catenin in order to show the
hepatocyte membrane and count the number of cells (n = 6). Values represent mean± SD. ∗p < 0 05; ∗∗p < 0 01; ∗∗∗∗p < 0 0001.
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improve hepatic lipid accumulation via mTOR signaling after
PHx, and further infusion could enhance lipid synthesis
through FASN.

Lipids provide not only materials for cell membrane for-
mation and expansion, but also energies for ATP synthesis,
especially by β-oxidation in the liver [10]. Therefore, we
investigated whether infusion of MSCs could also trigger
lipid β-oxidation to provide energy for liver growth. The
expressions of genes related to β-oxidation (PPARα, CPT1,
ACOX1, LCAD, and SPT1) in the liver were also upregulated
in the PHx+MSC group at 48 h (Figure 3(c)), indicating that
infusion of MSCs could also trigger lipid β-oxidation. Previ-
ous studies have shown that β-catenin, a member of Wnt
signaling, is a key factor for tissue growth and repair [25].
Moreover, β-catenin is an important protein for lipid catab-
olism in the liver [26]. Infusion of MSCs increased the
expression of β-catenin (Figure 3(d)) after PHx at 24h, but
the expressions of β-catenin-related hepatic β-oxidation tar-
gets, acyl-COA dehydrogenases (Acadvl, Acadm, and Acads),
were not significantly affected by MSCs (Figure 3(e)). There-
fore, infusion of MSCs enhanced liver lipid accumulation via
mTOR signaling and then improved β-oxidation to provide

energy for LR. Moreover, infusion of MSCs only enhanced
the expression of β-catenin and had no effect on the func-
tions of β-catenin-related lipid catabolism.

3.4. Inhibiting mTOR by Rap Impairs LR after Infusion of
MSCs. To ensure the mTOR signaling in lipid accumula-
tion after infusion of MSCs, we pretreated rats with Rap,
an mTOR signaling inhibitor. After Rap administration,
the LW/BW was significantly lower in both PHx+PBS
and PHx+MSC groups, especially at 24 h after PHx
(Figure 4(a)). However, there was no difference at 48 h
between MSC groups and MSC+Rap groups, which indi-
cated that there might be other compensatory mechanisms
for LR. The ki-67 staining (Figures 4(c) and 4(d)) and
expression of PCNA (Figure 4(b)) confirmed the delayed
LR after Rap administration. The Oil Red O staining
showed that lipid accumulation was inhibited by Rap
administration at 24 h (Figure 4(f)), and the TG level in
liver was also decreased by Rap administration at 24h
(Figure 4(g)). However, the level of plasma TG was not
affected by Rap, except for the PHx+MSC group at 24 h
after PHx (Figure 4(e)). There were no significant
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Figure 2: Serum levels of ALT, AST, Alb, and TG on each group at 24 h, 48 h, and 7 days after PHx. n = 6. Values represent mean± SD.
∗p < 0 05; ∗∗p < 0 01; ∗∗∗p < 0 001; ∗∗∗∗p < 0 0001.
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differences in Oil Red O staining and TG level in the liver at
48 h after Rap administration, which might be attributed to
the expression of FASN (Figure 4(b)) and other lipid
metabolism-related signals that were independent of mTOR
signaling. Hepatocyte growth was inhibited by Rap in both
PHx+PBS and PHx+MSC groups at 24 h after PHx
(Figures 4(h)–4(j)), which might be attributed to the inhib-
ited expression of p-S6K (Figure 4(b)), since a previous study
has shown that S6K can improve cell growth [21]. Taken
together, infusion of MSCs improved lipid accumulation to
support LR via mTOR signaling at 24 h after PHx, while at
48 h, the improvement of LRmight be independent of mTOR
signaling after infusion of MSCs.

3.5. Infusion of MSCs Activates the IL-6-STAT3 and YAP
Pathways. We showed that infusion of MSCs could improve
hepatocyte proliferation. However, its underlying mecha-
nism remained largely unexplored. Previous studies have
shown that the expressions of many cytokines are increased
after LR, such as IL-6, HGF, and TNF, leading to improved
LR. Therefore, we explored whether infusion of MSCs could
affect these cytokines. Figure 5(a) shows that infusion of
MSCs could increase the mRNA levels of IL-6 and IL-1β in
the liver, while the mRNA levels of TNF-α remained stable.
ELISA showed that the level of serum IL-6 was also increased
in the PHx+MSC group, especially at 24 h (Figure 5(b)), and
the same expression pattern of IL-6 was observed in the liver.
Consistent with previous studies, we found that infusion of
MSCs activated STAT3 signaling, exhibiting increased
expression of p-STAT3 at 24h (Figure 5(c)). Moreover,
infusion of MSCs also exerted an antiapoptotic effect, show-
ing enhanced expressions of Bcl2 and Bcl-xl at 24 h
(Figure 5(c)). After LR, a proinflammatory environment
formed in the liver and infusion of MSCs could enhance this
environment, showing increased expressions of IL-6 and
IL-1β (Figure 5(a)). In addition, a recent study has shown
that IL-6 can improve the expression of YAP, a key transcrip-
tional coactivator of tissue growth, which links the inflamma-
tion to tissue regeneration [6]. Furthermore, YAP, the core of

the Hippo pathway, has been proved to play an important
role in regulating organ size, cell fate, and carcinogenesis in
the liver [27], and the expression of YAP-targeted CCNB
was increased in the PHx+MSC group (Figure 1(g)). There-
fore, we explored the function of YAP in LR. Western blot-
ting showed that YAP was upregulated after PHx, and
infusion of MSCs could enhance the expression of YAP,
especially at 24 h (Figure 5(c)). The expressions of YAP-
targeted genes, Areg, Birc5, Ctgf, and Foxm1, were increased
after PHx, and infusion of MSCs further significantly
increased the expressions of these genes, but there was no
effect on the expression of Cyr61 (Figure 5(d)). Taken
together, these findings confirmed that infusion of MSCs
could establish an inflammatory environment in the liver
after PHx, leading to improved cell proliferation via IL-6-
STAT3 and Hippo signaling. Meanwhile, infusion of MSCs
could also inhibit apoptosis.

4. Discussion

In this study, we showed that infusion of MSCs could pro-
mote LR after PHx in a rat model. We also investigated
the mechanism of MSCs on LR. The major findings of this
study were as follows: (a) infusion of MSCs could enhance
LR via hepatocellular hypertrophy and hyperplasia; (b)
infusion of MSCs recovered the impaired liver function
and attenuated hepatocyte apoptosis; (c) infusion of MSCs
could improve hepatocyte proliferation via the IL-6-
STAT3 pathway and the expression of YAP; and (d) infu-
sion of MSCs improved lipid accumulation and cell
growth via mTOR signaling, especially at 24 h, while it
inhibited mTOR which could impair LR.

Transient steatosis is necessary for LR, as lipids are the
resource for new cell membrane formation and biosynthesis
and energy source for proliferation, which are important
for the regeneration process [8]. Studies have shown that
reduced liver TG content, decreased lipid droplet accumula-
tion, and disrupted hepatic adipogenesis are associated with
impaired LR [9, 28]. We found that steatotic hepatocytes
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Figure 4: Effects of rapamycin on the infusion of MSCs in LR. (a) The ratio of the remaining liver weight to body weight (LW/BW) after Rap
administration on each group at 24 h and 48 h after PHx (n = 6). (b) Western blotting analysis of mTOR signaling after rapamycin
administration and the expression of the proliferation marker (PCNA). (c, d) ki-67 staining of liver specimens in each group and the
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represent mean± SD. ∗p < 0 05; ∗∗p < 0 01.
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Figure 5: Effects of MSCs on cytokines and the STAT3 and Hippo pathways after PHx. (a) RT-qPCR analysis for the mRNA levels of IL-6,
TNF-α, and IL-1β in the liver in each group at 24 h and 48 h after PHx (n = 3). (b) ELISA analysis for the serum levels of IL-6 in each group at
24 h and 48 h after PHx (n = 4). (c) Western blotting of the markers of STAT3 signaling (p-STAT3, STAT3, and SOCS3), antiapoptosis (Bcl2
and Bcl-xl), and YAP in the liver in each group at 24 h and 48 h after PHx. (d) RT-qPCR analysis for the mRNA levels of YAP targeted genes
(Areg, Birc5, Ctgf, Cyr61, and Foxm1) (n = 3). Values represent mean± SD. ∗p < 0 05; ∗∗p < 0 01.
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were more obvious, and the TG level was higher in the liver
in the PHx+MSC group. Infusion of MSCs could improve
lipid accumulation in the liver partly via mTOR signaling.
And inhibiting mTOR by rapamycin impaired LR on both
groups via inhibiting both hepatocyte proliferation and
growth, and lipid accumulation was less obvious on rapamy-
cin groups, especially at 24 h after PHx. Moreover, the genes
related to β-oxidation were increased after infusion of MSCs,
which support the energy for LR. But β-catenin-associated
lipid catabolism in liver was not influenced after infusion of
MSCs. β-Catenin might contribute to hepatocyte prolifera-
tion not through triggering lipid β-oxidation in this model.
Although lipid is important for LR, if liver has severe steatosis
before PHx, LR may be impaired because hepatocyte injury is
increased, Kupffer cell-mediated inflammatory responses are
aggravated, and lipid peroxidation is increased, leading to
elevated reactive oxygen species (ROS) and lipotoxic metab-
olites (ceramides and diacylglycerols), which can trigger
inflammation and hepatic apoptosis after PHx [29, 30].

MSCs not only have differentiation potential, but also
immunomodulatory ability. Most recent studies have focused
on the immunomodulatory ability of MSCs. Interestingly,
MSCs have been shown to inhibit inflammatory response.
A previous study has shown that adipose-derived stem cells
can reduce the serum levels of IL-6 and TNF-α [18]. How-
ever, we found that the IL-6 level was increased in both the
liver and serum after infusion of MSCs in our study, espe-
cially at 24 h after PHx, and the IL-1β expression was also
increased, while TNF-α remained unchanged. IL-6 has both
proinflammatory and anti-inflammatory effects [31]. The
anti-inflammatory effect is mediated by a membrane-bound
IL-6 receptor (mIL-6R), which is dependent on the STAT3
pathway to modulate hepatocyte proliferation [32]. More-
over, the elevated expressions of IL-6 and IL-1β after infusion
of MSCs formed an inflammatory microenvironment in the
liver, which could improve the recruitment of MSCs to the
liver. Recent insights have shed light on the relationship
between inflammation and tissue repair [5]. The cytokines,
such as TNF, IL-6, IL-22, and IL-17, can improve regenera-
tion through activating AP-1, NF-κB, STAT3, YAP, and
Notch [5]. YAP is the core of the Hippo pathway regulating
epithelial tissue growth. YAP primarily binds to the TEAD
family of transcription factors to regulate genes associated
with proliferation, antiapoptosis, stemness, epithelial-
mesenchymal transition, and so on [33]. We showed that
the expressions of YAP and YAP-regulated genes were
increased after infusion of MSCs. Some studies have shown
the relationship between the Hippo-YAP and mTOR path-
way [34, 35]. YAP can enhance the PI3K-mTOR via sup-
pressing the expression of PTEN to control cell growth and
cell proliferation [36]. In a future study, we should further
explore the effects of MSC infusion on these two pathways
as well as the bridge linking these two pathways.

MSCs could secrete plenty of growth factors and immu-
nosuppressive factors, such asHGF, TSG6 (TNF-α stimulated
gene/protein 6), prostaglandin E2, IL-10, and TGF-β (trans-
forming growth factor β), tomodulate themicroenvironment
and immune cells to keep homeostasis and facilitate the pro-
liferation ability, which is called cell “empowerment” [13]. In

this study, we only showed that infusion of MSCs could acti-
vate the IL-6-STAT3 and YAP pathways as well as mTOR sig-
naling to improve lipid accumulation, leading to improved
LR. However, it remains unclear howMSCs activate these sig-
naling pathways, which may be through factors or extracellu-
lar vesicles secreted by MSCs, such as microRNA [37].

5. Conclusions

In the present study, we showed the potential of MSCs to
improve LR through cell growth and cell proliferation. More-
over, infusion of MSCs could affect lipid accumulation in the
liver. These data indicated that MSC transplantation might
be an adjunctive method to recover liver function for patients
with liver resection.
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Stem cells are considered as promising tools to repair diverse tissue injuries. Among the different stem cell types, the “olfactory
ectomesenchymal stem cells” (OE-MSCs) located in the adult olfactory mucosa stand as one of the best candidates. Here, we
evaluated if OE-MSC grafts could decrease memory impairments due to ischemic injury. OE-MSCs were collected from
syngeneic F344 rats. After a two-step global cerebral ischemia, inducing hippocampal lesions, learning abilities were evaluated
using an olfactory associative discrimination task. Cells were grafted into the hippocampus 5 weeks after injury and animal’s
learning abilities reassessed. Rats were then sacrificed and the brains collected for immunohistochemical analyses. We observed
significant impairments in learning and memory abilities following ischemia. However, 4 weeks after OE-MSC grafts, animals
displayed learning and memory performances similar to those of controls, while sham rats did not improve them.
Immunohistochemical analyses revealed that grafts promoted neuroblast and glial cell proliferation, which could permit to
restore cognitive functions. These results demonstrated, for the first time, that syngeneic transplantations of OE-MSCs in rats
can restore cognitive abilities impaired after brain injuries and provide support for the development of clinical studies based on
grafts of OE-MSCs in amnesic patients following brain injuries.

1. Introduction

Regenerating the central nervous system stands as a scientific
challenge raising great hopes [1]. While some brain areas dis-
play lifelong neurogenesis [2], this process is unable to com-
pensate the deleterious consequences of degenerative diseases
or severe trauma. Therefore, the transplantation of exogenous
stem cells has been proposed as an attractive approach to
replace dead cells and/or to act as a neuroprotective agent
[3–5]. However, the ethical and technical issues associated
with embryonic, fetal, and neural stem cells limit the transfer
of promising experimental results to clinical applications
[6–8]. Accordingly, other stem cell types continue to be
evaluated in preclinical studies to bypass these constraints.

Among the potential candidates for regenerative ther-
apy, olfactory lamina propria stem cells are promising
ones [9, 10]. Located in the lamina propria of the olfactory
mucosa, they might partly support its permanently self-
renewing capacity, although their physiological role is still
not well established [11–13]. These cells, identified as a
member of the mesenchymal stem cell family, display a high
in vitro proliferation rate and were characterized as multi-
potent [9, 10, 14]. They also secrete neurotrophic and
immunomodulatory factors which could protect injured
brain areas [15, 16]. Due to their origin and characteristics,
they are named “olfactory ectomesenchymal stem cells”
(OE-MSCs) [9] and may provide a potential source of stem
cells to regenerate injured central nervous system [12].
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Interestingly, these cells can be easily collected in humans
[17]. Indeed, the olfactory lamina propria can be harvested in
every individual under local anesthesia, which could allow
autologous transplantation. Moreover, OE-MSCs have been
successfully evaluated in different rodent models, including
myocardial infarct [18], spinal cord trauma [19–21], cochlear
damage [22], Parkinson’s disease [23], and chemically
induced hippocampus injuries [24]. It should be noted that
most of these studies relied on the use of xenotransplantation
of human OE-MSCs in rodent models, limiting the evalua-
tion of the full therapeutic potential. Altogether, these singu-
lar properties could overcome all the concerns that are
usually encountered with most other stem cell types and
promote the usefulness of OE-MSC transplantation.

In the present study, we evaluated for the first time,
using a syngeneic approach, the therapeutic potential of
delayed OE-MSC grafts in a rat model of global cerebral
ischemia (GCI). This model mimics the effects of cardiac
arrest/asphyxia in human and particularly the neurologic
damage within the hippocampus [25–28]. Located in the
medial temporal lobe, the hippocampus is a vulnerable
structure which plays a central role in cognitive processes.
Thus, the loss of hippocampal neurons, consecutive to
trauma, age-related diseases, or cardiac arrests, induces
severe learning and memory deficits [29–31]. Here, we
show that delayed OE-MSC grafts after GCI-induced
hippocampal injury restored learning and memory abilities
and promote neurogenesis.

2. Material and Methods

2.1. Experimental Design. Ischemic episode is defined as
day 1. Hippocampal lesions were behaviorally controlled
using an olfactory associative discrimination task at week 4.
Syngeneic transplantations of OE-MSCs were performed at
week 5. Learning and memory abilities of sham and grafted
animals were then retested at week 9, before sacrificing the
animals for immunohistological analyses. Anesthesia and
surgical procedures were conducted in accordance with the
law of animal experimentation as outlined in the European
Community Council Directive (2010/63/UE); the protocols
were approved by the Animal Care Committee of Aix-
Marseille University. All efforts were made to minimize
animal suffering and to reduce the number of animals used
while complying with statistical constraints.

2.2. Animals. The study was performed with syngeneic male
individuals (Fischer 344, Charles River Laboratories, France,
n = 30). Rats were housed in individual cages and supplied
with food and water ad libitum, except when tested using
an olfactory associative discrimination task. The housing
temperature was constant (22°C) under a 12 h/12 h light-
dark cycle (lights on at 6:30 am).

2.3. Collection and Expansion of Rat OE-MSCs. Nasal
olfactory mucosae were obtained from six 3-week-old rats
using the procedures previously described [17, 32]. Rats were
deeply anesthetized with an overdose of sodium pentobarbi-
tal (Nembutal, Centravet, France, 120mg/kg, ip) and

decapitated. After isolation of the head, skin, facial muscles,
and bone covering, the nasal cavity was removed. The olfac-
tory mucosa was then collected from both sides using a sterile
needle, and fragments were pooled into a sterile 2mL tube
filled with 37°C DMEM/Ham’s F12 culture medium supple-
mented with 10% fetal bovine serum, 200 units/mL of
penicillin, 200μg/mL of streptomycin (all products from Life
Technologies, France), 1.25μg/mL amphotericin B (Fungi-
zone, Sigma-Aldrich, France), and 12.5μg/mL of Plasmocin
treatment (InvivoGen, France). After the biopsy, pieces of
olfactory mucosa were washed twice in the same medium,
dissected into small parts (~2mm2), and plated on poly-L-
lysine-coated plastic dishes (5μg/cm2, Sigma-Aldrich) in
250μL of the same medium. Two weeks later, concentrations
of antibiotics were reduced (100 units/mL of penicillin and
100μg/mL of streptomycin), amphotericin B was removed,
and Plasmocin treatment was replaced by 1.25μg/mL
Plasmocin prophylactic (InvivoGen). This medium is
referred to as growth medium throughout the manuscript
and was gently renewed every 2 to 3 days. When confluency
was reached, the cells were detached using a trypsin-EDTA
solution (0.05%, Life Technologies), pooled and centrifuged
at 300×g, for 5min and replated without exceeding a 1 : 3 cell
split ratio.

2.4. Flow Cytometry Analysis. Flow cytometry analysis was
carried out as previously described [32]. Cells were washed
twice with phosphate-buffered saline (PBS) and then har-
vested using TrypLE™ Select Enzyme (Life Technologies).
The cells were centrifuged (300×g, 5min), resuspended in
cold blocking solution (10% fetal bovine serum in PBS),
and centrifuged again. Cells were paraformaldehyde-fixed
for 15min RT (4%, Antigenfix, Microm Microtech, France),
washed twice in blocking solution, and permeabilized in cold
methanol (90%, −20°C) for 30min at 4°C, before being
washed twice again. After this, cells were incubated 20min
RT with primary antibodies against CD34, CD44, or CD73
(Table 1) diluted in blocking solution or incubated, as a neg-
ative control, with the corresponding isotype control (rabbit
IgG, Abcam, France) at the same concentration. Cells were
then washed three times by centrifugation (600×g, 5min)
and incubated with the corresponding secondary antibody
(Jackson ImmunoResearch, United Kingdom, 1 : 500, see
Table 1) diluted in blocking solution for 20min RT in the
absence of light. After three washes, cells were immediately
processed for flow cytometric analysis. Acquisitions were
performed on flow cytometer (a FACSCanto II, BD Biosci-
ences, France) using BD FACSDiva software. At least
10,000 events were recorded for each analysis, and measures
were performed in duplicate. Percentages are presented after
the subtraction of isotype background and refer to the total
living population analyzed.

2.5. Immunocytochemistry. OE-MSCs were plated on glass
coverslips at a density of 15,000 cells per cm2 in growth
medium for 48h. Cells were then paraformaldehyde-fixed
for 15min and incubated for 1 hour at RT with blocking
buffer (3% bovine serum albumin, 5% goat serum, and
0.1% Triton X-100, all from Sigma-Aldrich) in PBS. Glass
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coverslips were then incubated for 90min at RT with the
appropriate primary antibody diluted in blocking solution
(Table 1). After 3 washes, cells were incubated for 60min
with the appropriate secondary antibody (see Table 1) and
washed 3 times. Cells were finally counterstained with
0.5μg/mL Hoechst blue (33258, Sigma-Aldrich) for 10min
and coverslips mounted with antifading medium (ProLong
Diamond, Life Technologies). Control conditions were
carried out by omitting the primary antibody.

2.6. Generation of OE-MSCs Expressing GFP. To generate
cells stably expressing the green fluorescent protein (GFP),
40 million cells were electroporated (Neon® Transfection
System, Life Technologies) with HSC1-GiP EiP-GFP plasmid
[33], which allows expression of GFP along with a puromycin
resistance gene, under the control of EF1α promoter. Opti-
mization protocol 2 was used (1400 volts, 20ms, 1 pulse),
and then cells were seeded in a 25 cm2

flask in growth
medium without any antibiotics for 24 h. On the next day,
antibiotics were added to the medium, and 48h after electro-
poration, cells were harvested and reseeded in the same flask
in growth medium with 4μg/mL puromycin for two days and
at 2μg/mL until all non-GFP cells were dead.

2.7. Ischemic Model. Transient global cerebral ischemia was
induced in 10-week-old male F344 rats (n = 16) weighing
250 grams, using the four-vessel occlusion method (4VO)
described by Pulsinelli and Brierley [25, 34]. This model
was adapted for a two-step process to better control variabil-
ity of ischemia, and detailed methods were already reported
[28]. Due to vulnerability of the Fischer 344 strain, a 7-day
interval was managed between both steps [35, 36]; both ver-
tebral arteries were thermos-cauterized, and 1 week later, an
ischemic episode was induced by clamping carotid arteries
on experimental day 1.

2.8. Behavioral Procedure. Three weeks after cerebral ische-
mia and four weeks after OE-MSC transplantation, the
rats’ learning and memory abilities were assessed using
the olfactory associative task [37, 38]. Rats underwent pro-
gressive water restriction one week before the test. They

were then trained to make two scent-reward associations
in a rectangular box. One session consisted of 40 trials
using a successive Go/No-Go paradigm. Individual trials
were run in a quasi-random fashion (no more than 3 con-
secutive trials with the same valence). When the positive
scent (S+) was delivered into the cage, responding rats
were rewarded with 0.1mL of water by going to the water
port. If the rats repeated this behavior in response to the
delivery of the negative scent (S−), they did not receive
water but an unpleasant bright light in the corner of the cage.
A mean of 80± 5% correct responses was required to ensure
that all animals had learned both associations. Whether or
not the animals responded to the scent presentation (a trial),
a fixed intertrial interval (ITI) of 15 seconds with clean air
was initiated. If a response was given during the last second
of the ITI, the next trial was delayed by 10 seconds and so
on. The mean ITI was the number of seconds added to the
fixed 15 s, divided by the number of ITIs, which in this exper-
iment amounted to 39.

2.9. Transplantation Surgery. Four weeks after ischemia, rats
with severe learning and memory deficits were randomly
assigned to 2 groups. In the transplanted group (grafted,
n = 6), rats received bilateral grafts of olfactory stem cells
(1,000,000 cells in total), while in the nontransplanted group
(sham, n = 6), animals received an equal amount of culture
medium without cells. Anesthetized rats were inserted in a
stereotaxic frame, the skull surface was exposed, and holes
were drilled at the appropriate site. Cell suspensions or vehi-
cle was injected with a 1μL Hamilton syringe connected to a
stereotactic syringe pump (KDS 310, KD scientific, USA) into
both hippocampi. Anteroposterior (AP), lateral (L), and
vertical (V) coordinates formicroinjectionwere taken relative
to the bregma: (injection 1: AP—3.1; L± 3; V—2.8), (injection
2: AP—3; L± 2.4; V—3), and (injection 3: AP—3.8; L± 2.6;
V—3). The infused volume was 1μL per injection site, and
the rate of infusion was 0.5μL/min. Rats were then allowed
to recover 4 weeks until behavioral analysis.

2.10. Immunostaining. Immunohistochemistry was carried
out to identify the presence of injected cells after

Table 1: Antibodies used for immunochemistry and flow cytometry.

Target Host Supplier Dilution Secondary antibody

GFP Rabbit polyclonal Millipore 1 : 250 488 anti-rabbit

NeuN Mouse monoclonal Millipore 1 : 250 594 anti-mouse

GFAP Rabbit polyclonal Dako 1 : 500 594 anti-rabbit

Iba1 Rabbit polyclonal Wako 1 : 500 594 anti-rabbit

DcX Rabbit polyclonal Abcam 1 : 300 594 anti-rabbit

β3-Tubulin Mouse monoclonal Sigma 1 : 250 594 anti-mouse

MAP2 Chicken monoclonal Abcam 1 : 250 594 anti-chicken

CD34 Rabbit polyclonal Abcam 1 : 50 488 anti-rabbit

CD44 Rabbit polyclonal Abcam 1 : 50 488 anti-rabbit

CD73 Rabbit polyclonal Abcam 1 : 110 488 anti-rabbit

GFP: green fluorescent protein; NeuN: neuronal nuclei; GFAP: glial fibrillary acidic protein; Iba1: ionized calcium-binding adaptor molecule 1; DcX:
doublecortin; MAP2: microtubule-associated protein 2.
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transplantation and to follow their differentiation. After the
last behavioral session, rats were deeply anesthetized with
an injection of sodium pentobarbital (120mg/kg, ip) and
intracardially perfused with PBS, followed by 4% paraformal-
dehyde. The brains were then frozen, and coronal sections
(40μm thick) were acquired. Three sections of each brain
(forward, over, and backward of the injection site) were used
for each antibody (Table 1). The rest of the procedure was the
same as for immunocytochemistry described above.

2.11. Quantification. An inverted microscope (Axio Imager,
Carl Zeiss microscopy, Germany) was used to acquire 10x
magnification pictures that were then treated with ImageJ.
Pictures were first converted into binary images; appropri-
ate thresholds were determined for each antibody, and
percentages of reactive pixels were quantified within selected
hippocampal area. Thus, six values were acquired per rat for
each antibody, as suggested by previous studies [39, 40].

2.12. Data Analysis and Statistics. All data are presented as
means± SEM. Statistical analyses were performed with
SPSS/PC+ statistics 11.0 software (SPSS Inc., USA). Behav-
ioral responses were analyzed using a repeated measures
MANOVA. Then, subsequent ANOVAs for each session
were computed. The comparison between grafted and sham
groups according to histological parameters was carried out
using Student’s t-test orWilcoxon two-sample test depending
on normality and variances (homogeneity of variances was
verified using Fisher’s test).

3. Results

3.1. Characterization of Rat OE-MSCs. The entire population
of our cells expressed the nestin (Figure 1(a)) and S100A4
(Figure 1(b)) proteins. Using flow cytometry, we analyzed
expression of 3 surface markers. CD34 expression was
extremely low (4.1%) while CD44 was highly and homoge-
neously expressed (98.5%), and CD73 expression was moder-
ate (62.6%) (Figure 1(c)). All OE-MSCs stably expressed GFP
just before graft, and electroporation technique did not modify
expression of nestin and S100A4 proteins (data not shown).

3.2. Behavioral Studies

3.2.1. Preengraftment. Prior to engraftment, behavioral
performance was evaluated between control (n = 8) and ische-
mic (n = 12) rats. Analyses of the percentage of correct
responses (Figure 2(a)) showed that only control rats improved
their performance across the six sessions [F(5,90)=24.76;
p < 0 001] with a substantial difference between the two
groups in session 6 [F(1,18)=19.09; p < 0 001].

The intertrial interval (Figure 2(b)) decreased across ses-
sions in the control group, but not for the ischemia group,
which performed at a constant level throughout all sessions.
Consequently, a significant difference was observed across
the six sessions [F(5,90) = 9.25; p < 0 001], with a significant
group difference at session 6 [F(1,18) = 10.26; p < 0 05].

Performance analyzed in terms of S+ and S− laten-
cies (Figures 2(c) and 2(d)) showed a significant impair-
ment in the ischemia group. In the control group,

correct discriminative associations were observed in the sixth
session [F(1,18) = 27.12; p < 0 001]. The ischemia group
showed a gradual decrease in latencies across the six sessions,
but for both stimuli. Consequently, a significant difference
between groups was observed on S− across the six sessions
[F(5,90) = 13.67; p < 0 001], but not on S+ stimuli.

3.2.2. Postengraftment. The ischemia group was randomly
divided between grafted and sham groups. Performances
obtained by control rats in session 6 served as the reference
for the effectiveness of the memorization process.

The performance of grafted rats improved across ses-
sions, reaching a correct response score of 80± 5% in session
3 (Figure 2(e)). Analyses indicated differences across sessions
[F(5,50) = 7.12; p < 0 001], and grafted rats displayed better
performance than sham rats since session 3 [F(1,10)≥ 11.1;
p ≤ 0 01]. Performances of grafted rats differed from that of
the controls (assessed in the previous session 6) only during
the first session [F(1,12) = 16.92; p < 0 001], while this differ-
ence was consistently observed for the sham rats, including
the last session [F(1,12)≥ 7.38; p ≤ 0 05].

The intertrial interval decreased for the grafted rats when
compared to the first session (Figure 2(f)). The sham group
still displayed higher intertrial interval times, and significant
differences were present between the grafted and sham
groups during sessions 1, 3, and 4 [F(1,10)≥ 7.08; p ≤ 0 05].

Training performance analyzed by S+ and S− latencies for
the two groups is presented in Figures 2(g) and 2(h). Sham
rats responded to S+ or S− trials without significant discrim-
ination, except on sessions 2 and 6 (p < 0 05) (Figure 2(g)).
While, correct associations of S+ and S− stimuli started to
be significant from the second session for the grafted group
[F(1,10)≥ 20.01; p ≤ 0 001] (Figure 2(h)). A difference
between the two groups in response to S− was observed over
the sessions [F(5,50) = 4.91; p < 0 001], but such difference
was not seen for the S+ stimuli.

3.3. Rat Syngeneic OE-MSCs Promote Neuroblast
Proliferation in Hippocampi. Five weeks after graft, only few
GFP cells were observed and they displayed an apoptotic
morphology. However, there was a significant increase of
cells expressing doublecortin (DcX), a protein expressed
by neuronal precursor cells and immature neurons, in hip-
pocampi of the grafted group when compared to the sham
group (p < 0 01) (Figures 3(a), 3(b), and 3(j)). Interest-
ingly, the same difference was observed for the β3-tubulin
marker (p < 0 01) (Figures 3(c), 3(d), and 3(j)), a protein
involved in neural development and expressed by maturing
neurons. There was no significant difference regarding the
MAP2 marker, a protein involved in microtubule assembly,
but a tendency was observed (p = 0 06) (Figures 3(e), 3(f),
and 3(j)). No colocalization was observed between GFP cells
and neuronal markers (Figures 3(g)–3(i)).

3.4. Syngeneic Transplantation of Rat OE-MSCs Stimulates
Glial Reaction in Hippocampus of Ischemic Rats. Five weeks
after the injection of OE-MSCs, we observed an accumula-
tion of glial cells in the hippocampus of grafted animals.
Astrocytes were spread in all parts of the hippocampus
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(Figure 4(a)). Conversely, the accumulation of microglia was
restricted to the neuronal layers of CA1 and CA2
(Figure 4(c)). This increase of glial cells was not observed in
sham animals (Figures 4(b) and 4(d)), and quantification
revealed a significantly higher amount of GFAP (p < 0 05)
and Iba1 (p < 0 01) reactive cells (Figure 4(e)) in grafted rats.

4. Discussion

The present study demonstrates that engraftment of syn-
geneic OE-MSCs following GCI restored impaired learning
and memory abilities. The results also showed a significant
increase of newborn neurons in the hippocampus of
grafted animals, like demonstrated by other studies leading
stem cell grafts after stroke [41, 42]. As not that much
newborn neurons were observed in sham animals, we
can assume that this neurogenesis is related to the trans-
plantations of OE-MSCs. Unfortunately, our data does
not allow us to definitively determine whether these new-
born neurons originate from the differentiation of injected
OE-MSCs or from endogenous neurogenesis.

This neurogenic effect was associated with a remarkable
recovery of cognitive function. Global cerebral ischemia leads
to specific neuron losses in the hippocampus and induces
learning and memory deficits, especially in this olfactory
associative discrimination task [28]. Ischemic animals

reached only 60% of correct answers, against 80% for control,
and were unable to make the cue-reward association. Impres-
sively, 4 weeks after the transplantation, these same rats but
grafted with OE-MSC were able to learn these associations,
demonstrating latencies and percentages of correct answers
similar to those obtained by naive control animals. Mean-
while, the performance of sham animals did not improve
over time, and their results on the first and second set of ses-
sions were nearly identical. This suggests that the restoration
of learning and memory abilities was mainly related to
OE-MSC transplantation.

Though we did not assess the functionality of newborn
neurons, the recovery of learning abilities could be linked to
the number of immature DcX-positive neurons in the hippo-
campus. Previous studies reported that immature neurons
could achieve a more robust long-term potentiation than
mature dentate granule cells [43, 44], which is crucial for
memorizing information and learning [45–47]. In our study,
we observed a twelvefold increase in DcX-positive cells,
mainly around the CA1 area of the hippocampi, which may
have contributed to restore plasticity and related learning
and memory processes.

Surprisingly, we observed a long-lasting glial reaction, five
weeks after the transplantation of OE-MSCs. While mesen-
chymal stem cells display hypoimmunogenicity and immuno-
suppressive activities [15, 48, 49], it is indisputable that the
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Figure 1: Characterization of rat OE-MSCs in vitro. Prior to engraftment, immunochemistry revealed that 100% of cells expressed the nestin
(a, green) and S100A4 (b, red) proteins. OE-MSCs were immunostained with 3 surface markers, quantified using a flow cytometer and
expression level compared to isotype (c). Nuclei were counterstained with Hoechst. Scale bar: 200μm (a–c).
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Figure 2: Assessment of hippocampus-dependent learning and memory abilities after 15 minutes of global cerebral ischemia and after OE-
MSC transplantation. Cognitive abilities of rats were assessed in the olfactory associative task 4 weeks after surgery. (a) Mean percentage of
correct responses, (b) intertrial interval, and (c and d) latencies were obtained during 6 training sessions of 40 trials per day. Ischemic
rats (n = 12) exhibited significant impairment in an associative memory task when compared with control rats (n = 8). The ischemia group
was randomly divided between grafted (n = 6) and sham (n = 6) groups, and learning and memory abilities of rats were assessed 5 weeks after
transplantation of OE-MSCs or culture medium. Performances obtained by control rats (n = 8) in session 6 served as the reference for the
effectiveness of the memorization process. (e) Contrary to sham, grafted rats reached a percentage of correct answers comparable to
control rats from day 2 and kept their high score until the end of the training sessions. The same improvement was observed for the
intertrial interval (f) and latencies (g and h) only in grafted rats. ∗p < 0 05; ∗∗p < 0 01; ∗∗∗p < 0 001. S−: negative scent; S+: positive scent.
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syngeneic OE-MSC engraftment led to microglial recruit-
ment. It could be of interest to evaluate if the same pattern
would be observed in case of autologous grafts. However,
recent findings have also demonstrated that microglia may
have a positive effect on neurogenesis and neuroprotection
[39, 40, 50, 51]. In addition, preliminary results also show

nestin-positive cells displaying glialmorphology. This protein
is expressed by radial glia [52], which are implicated in neuro-
genesis andmigration [53].Moreover, characterizationof cells
revealed that expressions of surfacemarkersCD34,CD44, and
CD73, and proteins nestin and S100A4 were similar to data
previously obtained in OE-MSCs from humans, rats, and
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Figure 3: Assessment of hippocampal neurogenesis after OE-MSC transplantation in ischemic rats. Immunohistological analyses revealed an
increase of neurons in the hippocampus of grafted animals. (a) Newborn neurons expressing DcX (red) were mostly observed in the CA1 and
CA2 areas of grafted animals, but none was observed in sham animals (b). Mature neurons expressing (red) β3-tubulin (c and d) or MAP2
(e and f) were also present in the hippocampi of animals from both groups. Higher magnification images revealed that no cells express
both GFP (green) and tested neural markers (red) (g–i). The number of DcX and β3-tubulin-positive cells was significantly higher in the
grafted group when compared to sham, and a tendency is observed for the MAP2 marker (p = 0 69) (j). Each image is representative of
different animals from both groups. Scale bar: 1mm (a–f), 100 μm (g–i). ∗∗p < 0 01. DcX: doublecortin; B3Tub: β3-tubulin; MAP2:
microtubule-associated protein 2. Dashed line: selected area for antibody quantification.
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other mammalian genera [9, 32]. Other studies using central
nervous system injury models also suggest that paracrine
signaling may have mediated the therapeutic effect after
human OE-MSC transplantation [19–22, 24]. Thus, we could
hypothesize that OE-MSCs may have stimulated endogenous
neurogenesis by secreting various trophic factors [49, 54], but
also by interacting with microglia and induce them in a neu-
roprotective phenotype, like already proposed as features of
MSCs [55].

5. Conclusion

This study demonstrated, for the first time, that OE-MSC
grafts in syngeneic rats allowed learning and memory recov-
eries after GCI. These cells avoid the main technical and eth-
ical issues associated with other stem cell types. They can be
easily collected, including in human, and displayed a high
proliferation rate, allowing them to be transplanted quickly
following injury. Together, these results pave the way for the
development of clinical studies based on autologous grafts of
OE-MSCs in patients with posttraumatic memory loss.
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Figure 4: Assessment of glial reaction in the hippocampus after OE-MSC transplantation in ischemic rats. Immunohistological analyses
revealed an increase of glial cells in the hippocampus of grafted animals. We found a higher number of GFAP (a and b) and Iba1 (c and d)
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Adipose tissue-derived stem cells (ASCs) are a promising tool for the treatment of bone diseases or skeletal lesions, thanks to their
ability to potentially repair damaged tissue. One of the major limitations of ASCs is represented by the necessity to be isolated and
expanded through in vitro culture; thus, a strong interest was generated by the adipose stromal vascular fraction (SVF), the
noncultured fraction of ASCs. SVF is a heterogeneous cell population, directly obtained after collagenase treatment of adipose
tissue. In order to investigate and compare the bone-regenerative potential of SVF and ASCs, they were plated on SmartBone®,
a xenohybrid bone scaffold, already used in clinical practice with successful results. We showed that SVF plated on SmartBone,
in the presence of osteogenic factors, had better osteoinductive capabilities than ASCs, in terms of differentiation into bone cells,
mineralization, and secretion of soluble factors stimulating osteoblasts. Indeed, we observed an increasing area of new tissue
over time, with and without OM. These data strongly support an innovative idea for the use of adipose SVF and bone scaffolds
to promote tissue regeneration and repair, also thanks to an easier cell management preparation that allows a potentially larger
use in clinical applications.

1. Introduction

Regenerative medicine based on stem cell ability to poten-
tially repair injured tissues is a promising treatment for many
orthopaedic problems [1, 2]. Indeed, the availability of adult
stem cells, such as mesenchymal stem cells (MSCs), which
can be easily retrieved by adipose tissue, has dramatically
enlarged their potential field of application [3–7]. One of
the major limitations of MSCs is represented by the necessity
to expand them through in vitro culturing, transforming
them into a pharmaceutical product with its restrictive

regulatory clearance and connected difficulties for clinical
routinary use. Thus, a strong interest was generated by the
stromal vascular fraction (SVF), the noncultured fraction of
MSCs, directly obtained after collagenase treatment of
adipose tissue [2]. SVF contains MSCs called adipose
tissue-derived stem cells (ASCs), which are able to differenti-
ate in bone, cartilage, and adipose tissue [7, 8] and have been
successfully used in human patients without the need of a
surgical procedure [9]. In the last decade, many clinical trials
tested infusion of ASCs or SVF alone or in combination
with platelet-rich plasma (PRP): they not only showed
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encouraging results in regenerating cartilage in patients
with large cartilage lesions or with osteoarthritis (OA)
but also report improvement in orthopaedic scores for
pain, function, range of motion, and MRI evidence of
cartilage regeneration [9–11]. Often in OA, there is a con-
comitant subchondral bone damage; thus, a role of SVF in
regeneration of bone is envisioned. Moreover, other path-
ological conditions (e.g., osteonecrosis of femoral head,
bone fracture, and nonunion fractures) could benefit from
the SVF ability to regenerate bone.

In order to improve bone regeneration, different scaffolds
have been generated, using different biomaterials, and recent
trends point towards a composite approach for best mimick-
ing the human bone structure [12]. In this framework,
SmartBone (SB), a xenohybrid bone graft [13], resulted to
be particularly efficient: it is commercially available as a med-
ical device, and it was initially developed as a bone substitute
for reconstructive surgeries in the presence of bone losses,
giving excellent results [13, 14]. SB is constituted of a bovine
bone matrix reinforced by a micrometric thin poly(l-lactic-
co-ε-caprolactone) film embedding RGD-containing colla-
gen fragments (extracted by purified bovine gelatin), which
overall results in increased mechanical properties, hydrophi-
licity, cell adhesion, and osteogenicity [14]. In order to deeply
investigate the basic biological mechanisms beneath the
recorded clinical performances of such a graft and to investi-
gate the bone-regenerative potential of ASCs and SVF, we
studied their ability to colonize SB and generate new tissue
when cultured on it [15].

2. Materials and Method

2.1. Isolation of SVF from Adipose Tissue. SVFs were isolated
from fresh adipose tissue derived from 7 patients, who pro-
vided written consent according to the approval of the Ethi-
cal Committee of our institution. Seven lipoaspirates were
processed according to a previously published procedure
[3]. Briefly, after enzymatic digestion with Collagenase NB4
(SERVA Electrophoresis) and subsequent washes with saline
solution, the cell pellets were treated with a cell lysis solution
(Promega) to discard blood cells, then cells were collected
and counted. The phenotype of ASCs contained in the SVF
was evaluated by flow cytometry, soon after SVF isolation.

2.2. Flow Cytometry Analysis. Mesenchymal cell surface
markers were analysed by flow cytometry on fresh SVF and
on cultured ASCs. A standard labelling protocol was
performed with the following antibody fluorochrome-
conjugated and isotypic controls: human CD105 PE (Invitro-
gen), CD73 FITC (kindly provided by Prof. Malavasi,
University of Turin), CD44 FITC, CD45 PerCP, CD271
APC, IgG1 PE, IgG1 APC and IgG2a PerCP (Miltenyi
Biotec), and IgG1 FITC conjugate (IMMUNOSTEP). About
105 events/sample were used for capture with CellQuest
software. All data were analysed with Flowlogic software
(Miltenyi Biotec).

2.3. Scaffold Preparation. The xenohybrid bone scaffold,
SB, was produced according to a previously published

method [14]. SB discs (7× 3mm—made to fit into
multiwells) were washed twice with saline buffer solution
then kept in α-MEM to improve hydrophilicity and the
subsequent cell seeding.

2.4. Cell Cultures. To obtain a population of ASCs, the
SVF cells were seeded in T25 flasks and cultured in
DMEM with 10% FBS, 2mM glutamine, and 1% antibiotics
(Gibco, Life Technologies), and the medium was replaced
to eliminate nonadherent cells after 24 h. Cell cultures were
maintained, and ASCs at the 2nd passage were utilized for
all experimental settings.

SVF and ASCs were cultured on tissue culture plastic
and on SB discs at a concentration of 1× 106 SVF cells
and 1× 105 ASCs for 60 days, in α-MEM with 10% FBS,
2mM glutamine, and 1% antibiotics (Gibco, Life technolo-
gies) or in osteogenic medium (OM) containing α-MEM
supplemented with 10% FBS, 50μg/ml ascorbic acid,
10−8M dexamethasone, and 10mM beta-glycerophosphate
(Sigma-Aldrich). The medium was replaced twice a week.

At 15, 30, and 60 days, cells cultured on tissue culture
plastic were stained for alkaline phosphatase (ALP) accord-
ing to the kit produced by Sigma-Aldrich to monitor the
osteoblast (OB) differentiation. The mineralization activity
of OBs was evaluated through the detection of mineralized
nodules by von Kossa staining.

2.5. Real-Time qRT-PCR. After 15, 30, and 60 days, we
isolated cells from SB by treating them with collagenase I
(SERVA) for 30 minutes, then cells were washed and
dissolved in TRIzol reagent for RNA extraction by the Ribo-
Pure kit procedure (Ambion). One microgram of RNA
was converted up to single-stranded cDNA by the High-
Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems). Quantitative real-time PCR was performed by
the CFX96 system (Bio-Rad). The mRNA expression of
the following genes was tested: osteocalcin (OCN,
NM_199173.5), alkaline phosphatase (ALP, NM_000478.5),
RUNX2 (NM_001024630.3), and collagen 1 (COLL-1,
NM_000088.3); the primer sequences of the first 3 genes were
previously published [16], whereas we designed and tested
COLL-1 FW primer CTGTTCTGTTCCTTGTGTAAC and
COLL-1 REV primer GCCCCGGTGACACATCAA. RT-
PCR was performed with SensiFAST™ SYBR Hi-ROX
kit (Bioline). The amplification protocol foresees 40
cycles with a Tm of 58°C. The expression of β-actin
was chosen to normalize gene expression data and the
2−ΔΔCt method for the quantitative analysis with CFX
Manager software (Bio-Rad).

2.6. Micro-CT. SB was analysed by high-resolution X-ray
microtomography (SkyScan 1172, Bruker) to study the struc-
ture and to compare the volumes of SB before and after SVF
and ASC colonization. Acquisitions were performed at 80 kV
using a 0.5mm Al filter at a resolution of 6μm, 0.4° of rota-
tion step, 360° scan, and 4x frame averaging. Datasets were
reconstructed with NRecon software (Bruker), and quantifi-
cation was performed by two expert operators on axial slices,
measuring the mineralized tissue length by using DataViewer
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software (Bruker). A color contrast mask was used to allow a
clear identification of newly formed mineralized tissue.

2.7. Scanning Electron Microscopy (SEM) Analysis. As previ-
ously shown [14], visual assessment of cell layering on SB
was performed via environmental SEM, both on unseeded
and seeded samples at 10 kV with EVO 50 EP Instrumenta-
tion (Zeiss, Jena, Germany). At the end of the cell culture
studies, scaffolds were fixed with 2.5% (v/v) glutaraldehyde
solution in 0.1M sodium cacodylate buffer for 1 h at 4°C,
washed with sodium cacodylate buffer, and then dehydrated
at room temperature in a gradient ethanol series up to 100%.
At 15, 30, and 60 days, each sample was analysed on the side
external surfaces and then halved with a sharp scalpel and the
two inner exposed surfaces were internally analysed.

2.8. Histochemical Analyses. SB discs were fixed in a neutral
buffer containing 4% formaldehyde, washed, and decalcified
with MicroDec EDTA-based from Diapath. Specimens were
then dehydrated and paraffin-embedded through EZ Prep
Concentrate solution (Ventana Medical Systems Inc.). Sec-
tions were stained for H&E for morphological analyses.
Immunohistochemical analysis (IHC) was performed by
the automated instrument BenchMark ULTRA (Ventana).
Tissue sections were incubated with the following primary
mouse monoclonal antibodies (MoAb) from Abcam:
COLL-1 (ab34710, at 1 : 400 dilution), OCN (ab93876, at
dilution 1 : 250), and TGFβ (ab92486, at dilution 1 : 150).
They were titrated to yield maximal specific staining and

minimal nonspecific or background staining. The endoge-
nous peroxidase activity was inhibited by the addition of
ultraView Universal DAB Detection Kit (Ventana). All sam-
ples were counter-stained with Mayer’s hematoxylin solution
(Roche) and mounted with Kaiser’s glycerol gelatin. Slides
were examined double blind, and microphotographs were
taken using an Olympus BX51 microscope equipped with a
digital camera (Nikon DCS E995).

2.9. ELISA. The expression levels of vascular endothelial
growth factor (VEGF) and endothelin-1 (ET-1) in cell cul-
ture supernatants were determined by a commercially avail-
able Quantikine ELISA kit according to the manufacturer’s
instructions (R&D Systems). Supernatant samples were col-
lected at days 4, 15, 30, and 60 of culture. Day 4 is the starting
point of the analysis and is therefore referred to as day 0 in
the graphs: indeed, the cells need to grow for a few days (from
day 0 to day 4) and are used for analysis. Samples were
assayed in duplicate, and data were expressed as mean values.

2.10. Statistical Analysis. All statistical analysis was carried
out using GraphPad Prism 4. Data were presented as mean
with standard error. Data were analysed by one-way
ANOVA with Bonferroni’s multiple comparison test. To
evaluate significant differences in the means of newly miner-
alized tissue length, at least 150 bone-like segments for each
conditions were measured. Results were considered signifi-
cant with p < 0 05.
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Figure 1: Flow cytometry analysis of mesenchymal cells in freshly isolated and cultured SVF. Dot plots show the morphology of SVF (a) and
ASCs (e). SVF is a heterogeneous cell population, containing CD105-, CD44-, CD73-, and CD271-positive mesenchymal cells (b, c) and a
small fraction of CD45-positive cells (d), due to the normal presence of leukocytes in SVF. After 15 days of culture, a large and enriched
population of ASCs highly expresses mesenchymal markers (f, g), whereas it is completely negative for CD45.
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3. Results

3.1. Phenotypical Analysis of SVF and ASCs. Amean of 7% of
ASCs coexpressed CD105, CD44, CD73, and CD271 and
were CD45-negative, with a large range of variability
(1.6–13.6%) due to human differences. Cells expressing
mesenchymal markers were present in freshly isolated
SVF (Figures 1(a)–1(d)) and resulted to be highly enriched
in ASCs derived from SVF in vitro culture for 15 days
(Figures 1(e)–1(h)). As expected, the leukocyte population
was present in SVF (Figure 1(d), CD45+ cells in the lower
right side of the dot plot), but it was completely absent in
the ASC culture after 15 days.

3.2. ASCs and SVF Differentiate into Osteoblasts In Vitro.
Both ASCs and SVF were cultured with or without OM
for 60 days and showed differentiating ability towards
osteoblasts (OBs) expressing ALP. Precisely, in the
absence of osteogenic factors (control conditions), ASCs
were ALP-negative (Figure 2(a)). On the contrary, ALP-
positive cells were detected in SVF cultures, suggesting the
presence of committed ASCs in SVF (Figure 2(b)). Both
ASCs and SVF cultures with OM were ALP-positive
(Figures 2(c)–2(d)). Next, we looked at the mineralization
ability of both ASCs and SVF by von Kossa staining, as a
readout of their activity. We observed that both types of
cells did not mineralize in the absence of OM
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Figure 2: In vitro osteoblastic differentiation of ASCs and SVF. ASCs and SVF were cultured in the absence (ctrl) or in the presence of
osteogenic medium (OM), for 60 days. In ctrl cultures, ALP expression is negative in ASCs (a), whereas it is positive in SVF (b). In the
presence of OM, both ASCs and SVF show ALP-positive cells (c, d). For both ASCs and SVF, von Kossa staining is negative in the
ctrl (e, f) and show mineral nodules with OM (g, h). Magnification 5x.
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(Figures 2(e)–2(e)), whereas they did it in the presence of
osteogenic factors (Figures 2(g)–2(h)).

3.3. ASCs and SVF Colonize SB. H&E staining performed on
SB cultured with ASCs and SVF showed the typical features
of bone tissue, with trabeculae and empty lacunae, due to
the complete decellularization of this biomaterial, particu-
larly of its bovine-derived matrix, as described by the manu-
facturer [13]. Both ASCs and SVF colonized SB and formed
new tissue on this biomaterial, starting from the periphery
of the SB and filling bone lacunae, as described also in clinical
studies [15]. We monitored the tissue growth at 15, 30, and
60 days, in both ASCs and SVF showing increasing areas of
new tissue during the time, with and without OM, suggesting
that SB is osteoinductive by itself (Figure 3).

To monitor and quantify the growth of ASCs and SVF on
SB, we assessed the presence of new tissue by micro-CT at
different timepoints, showing a progressive increase inminer-
alized tissueappositionduring time, from15 to60days, both in
the absence and in the presence of osteogenic factors. The
newly formedbone-like segments present at 60days are shown
in Figure 4(a). The quantification analysis of the newly formed
mineralized tissue demonstrated that SVFs were significantly
more efficient than ASCs in inducing bone formation when
cultured on SB with OM (Figure 4(a)). In the absence of
osteogenic factors, SVF showed an osteogenic capacity signif-
icantly lower than ASCs cultured under both conditions. No
significant differences could be detected between ASCs
cultured on SB with or without OM (Figure 4(b)).

SEM analyses also corroborated these data; indeed, we
detected a marked new tissue formation on SB cultured with
SVF (Figures 5(a) and 5(c)) compared to ASCs (Figures 5(b)

and 5(d)) at 30 days and demonstrated a trend later detect-
able and quantified by micro-CT.

3.4. Expression of Osteoblast Markers by ASCs and SVF
Cultured on SB. To better characterise molecularly the cell
growth on SB both in the absence (ctrl) and in the presence
of OM, we evaluated the expression of an early osteogenic
marker (Runx2) and of mature osteoblast markers (ALP,
OCN, and COLL-1). We observed a modulation of the
expression of all genes in ASCs and SVF cultures on SB at
30 and 60 days compared to our starting point (15 days).
The highest increase in mRNA expression for all genes was
observed at 60 days (Figure 6), even though no statistically
significant differences were reported.

To further confirm this result, we performed ALP, OCN,
and TGFβ staining on SB, which is negative for their expres-
sion by itself (Figure S1). We checked the expression of these
proteins by cell growth on SB at 15 to 30 days of culture,
observing a progressive increase in protein staining with the
maximum expression at 60 days (Figure 7). Indeed, at 60
days, in control conditions, SB cultured with ASCs resulted
to be weakly positive for COLL-1 fibers (Figures 7(a)),
whereas in culture with SVF, COLL-1 was highly expressed
(Figure 7(c)). In the presence of OM, both in cultures with
ASCs and SVF, COLL-1 markedly stained the new tissue on
SB (Figures 7(b) and 7(d)). OCN resulted to be weakly
positive in controls (Figures 7(e) and 7(g)), whereas it was
highly expressed with OM, mainly on the periphery of
the newly formed tissue (Figures 7(f) and 7(h)). TGFβ
highlighted OBs at the boundaries of the newly formed
tissue both with and without OM, with ASCs and SVF
(Figures 7(i)–7(l)). These data confirm the potential of ASCs
and SVF to differentiate into OBs, when cultured on SB.
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Figure 3: H&E staining to monitor SB colonization by ASCs and SVF. Both ASCs (left panels) and SVF (right panels) grow on SB in the
absence of α-MEM or in osteogenic medium (OM). The presence of new tissue formation is evident since 15 days of culture, and it
increases over time. Images of H&E staining are reported for each time point (15, 30, and 60 days). Magnification 20x.
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Figure 4: Analysis of new bone formation by micro-CT. (a) Representative images of X-ray tomography of SB with and without osteogenic
medium (OM), after 60 days of culture with ASCs or SVF. The SB is shown in blue, whereas the newly formed mineralized tissue is in red (as
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Figure 5: Analysis of new bone formation by SEM. Representative SEM images depicting SB after 30 days of culture with ASCs (a, c) and
SVFs (b, d), respectively, at low (a, b) and high (c, d) magnifications.

6 Stem Cells International



10

5

0
Ctrl

RU
N

X2
 fo

ld
 ex

pr
es

sio
n

OM
15 d
30 d
60 d

(a)

15

10

5

0

A
LP

 fo
ld

 ex
pr

es
sio

n

Ctrl OM

15 d
30 d
60 d

(b)

20

10

0

O
CN

 fo
ld

 ex
pr

es
sio

n

Ctrl OM

15 d
30 d
60 d

(c)

20

10

0

CO
LL

-1
 fo

ld
 ex

pr
es

sio
n

Ctrl OM

15 d
30 d
60 d

(d)

Figure 6: mRNA expression of osteogenic markers in ASCs and SVF plated on SB. The expression of RUNX2 (a), ALP (b), OCN (c), and
COLL-1 (d) was analysed on ASCs and SVF plated on SB at 15, 30, and 60 days. A nonstatistically significant modulation of the
expression of these genes was detected both without osteogenic factors (CTRL) and with OM.
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Figure 7: Osteoblast differentiation of ASCs and SVF on SmartBone. At 60 days, in ctrl condition, collagen I (COLL I) was weakly positive on
SmartBone cultured with ASCs (a), whereas in culture with SVF, COLL I was expressed (c). Both in cultures with ASCs and SVF with
osteogenic medium (OM), COLL I markedly stained the new tissue on SmartBone (b, d). Osteocalcin (OCN) was weakly positive in ctrl
(e, g), and it was highly expressed with OM, mainly on the periphery of the newly formed tissue (f, h). TGFb stained osteoblasts at the
margin of the newly formed tissue both with and without OM, with ASCs and SVF (i–l). Magnification: 20x.
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3.5. Endothelin-1 and VEGF Are Produced by ASCs and SVF
Plated on SB. The levels of ET-1 and VEGF were dosed in SB
cell culture supernatants at the beginning and over the cul-
ture. In ASC cultures, both ET-1 and VEGF were produced
with and without osteogenic factors. ET-1 levels tend to
decrease at 60 days (Figure 8(a)), whereas high VEGF levels
were constantly released over time (Figure 8(b)). In SVF
cultures, the ET-1 level increased with osteogenic factors,
whereas its production was variable with regular medium
(Figure 8(c)). VEGF levels were increased until 30 days of
culture, then they decreased both with and without osteo-
genic factors (Figure 8(d)). In both ASC and SVF cultures,
with or without osteogenic factors, the levels of VEGF and
ET-1 were not significantly different by statistical analysis.

4. Discussion

Human ASCs hold great potential for regenerative medicine
applications. In this study, we demonstrated the efficacy of
ASC-driven reconstruction of bone using SB, a xenohybrid
bone graft scaffold. Importantly for clinical implications, we
showed that SVF (the noncultured fraction of ASCs) has an
osteoinductive ability on SB better than ASCs in the presence
of osteogenic factors.

The regenerative ability of SVF derived from adipose tis-
sue depends on soluble factors released and also on the pres-
ence in SVF of ASCs, which have multipotent differentiating
capabilities. Indeed, SVF is a heterogeneous cell population
containing endothelial cells, pericytes, leukocytes, red blood
cells, and mesenchymal stem cells. ASCs can be derived from
an in vitro cell culture of SVF. According to literature data,
the ASC percentage in SVF is extremely different among
patients, due to the human variability [17]. After 15 days of
culture, we obtained an enrichment of the mesenchymal
population initially present in SVF. ASCs expressed the typ-
ical mesenchymal markers CD105, CD73, CD44, and CD271
and were CD45-negative, as previously reported by literature
data [3, 18–20]. Specifically, in our patients, the mean per-
centage of mesenchymal stem cells in freshly isolated SVF
was 7%. The ability of ASCs to differentiate into OBs, chon-
drocytes, and adipocytes according to the different stimuli
received has been deeply investigated by us and other groups
[3, 5]. Here, we studied the osteogenic differentiating ability
of ASCs and SVF, by comparing the ability to grow both in
plastic and on SB, in regular and osteogenic media. Both
ASCs and SVF differentiated into OBs expressing ALP and
were able to mineralize when cultured in OM. ASCs were
ALP-negative in the absence of osteogenic factors, whereas
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Figure 8: Secretion of ET1 and VEGF by ASCs and SVF plated on SB by ELISA assay. The levels of ET-1 and VEGF were dosed in cell culture
supernatants at the beginning and during the culture. In ASC cultures, both ET-1 and VEGF were produced with and without osteogenic
factors. ET-1 levels decreased, whereas high VEGF levels were constantly released over time (a, b). In SVF cultures, ET-1 showed an
increasing trend of secretion with osteogenic factors, compared to a variable production in regular medium (c). VEGF levels increased
until 30 days of culture, then they decreased with and without osteogenic factors (d).
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in SVF cultures we detected ALP-positive cells, suggesting
the presence of committed ASCs in SVF. Even though
osteogenic ALP-positive OBs were present in SVF, they
did not mineralize, suggesting that microenvironmental
factors play a key role in promoting the complete activation
of these cells.

In order to improve bone regeneration, different bioma-
terials and scaffolds have been generated and tested: recent
trends point towards a composite approach for best mimick-
ing the human bone structure [12]. In this framework, we
tested SB to study its supporting properties on mesenchymal
cells and to evaluate the capabilities of ASCs and SVF to
colonize and generate new tissue on it. After plating ASCs
and SVF on SB, we monitored the tissue growth at 15, 30,
and 60 days, showing increasing areas of new tissue over time
with and without OM, suggesting that SB is osteoinductive by
itself. By H&E staining, we showed that cells spread inside the
SB scaffold, with a massive cell proliferation. The growth of
ASCs and SVF on SB starts from the periphery of the SB,
and then cells fill bone lacunas. The ability of mesenchymal
cells to colonize and grow on SB, creating new tissue, explains
and confirms the previously described osteointegrative
capability of SB [15]. New bone formation within the bone
substitute specimens was analysed recurring to micro-CT
and SEM analyses. Interestingly, SVF cultured on SB
resulted to be more effective than purified ASCs in promot-
ing mineralized tissue apposition in vitro, based on the
bone-like segment quantification of the scaffolds. Although
the experimental setup is different and thus not entirely
comparable, these findings are not completely in accordance
with the in vivo study by Cheung et al. [21] who reported a
similar mineral density for ASCs and SVFs. It should be
underscored, however, that the data here presented may
at least support the use of SVF to enhance inorganic bone
substitutes, as recently proposed by Prins et al. [22],
where SVF supplementation on either β-tricalcium phos-
phate or biphasic calcium phosphate carriers proved to
be clinically useful.

To characterise molecularly the cells grown on SB in both
regular and osteogenic media, we detected the expression of
early markers of osteogenic differentiation of Runx2 and
ALP and of mature osteoblast markers OCN and COLL-1
[23]. As expected, osteogenic medium increased the expres-
sion of all genes over time in our patients compared to
medium without osteogenic factors, although this increase
was not statistically significant between the two conditions.
An enlarged panel of patients is needed to overcome the
limitations of human variability and to give a statistical
power to the analysis.

When we looked at the protein expression, we observed
by IHC that in SVF culture, new tissue was markedly stained
for COLL-1, OCN, and TGFβ even in the absence of osteo-
genic factor stimulation, whereas in ASC culture the staining
was detectable only with osteogenic medium. This result
further confirms the micro-CT data on the high ability of
SVF to colonize and generate new tissue on SB.

All those data open the debate on how it is possible that a
smaller number of ASCs, present in freshly isolated SVF,
compared to the expanded ASCs, could generate more tissue.

We believe that all the different cell populations present in
SVF likely cooperate and stimulate mesenchymal cell activity
better than the ASCs alone, confirming the fundamental
interplay between stem cells and the microenvironment.
Indeed, previous studies had shown that human ASCs closely
interact with vascular endothelial cells and secrete cytokines
and growth factors (ASCs’ secretome) into the extracellular
milieu, with effects on different organs/systems within the
human body [24, 25]. Among them, VEGF [26] and ET-1
[27] are paracrine factors secreted by ASCs that could pro-
mote OB differentiation. VEGF is not only a critical mediator
in physiological angiogenesis but also a vital factor in skeletal
growth. VEGF plays a positive role in the regulation of oste-
oblasts [28]: it has been reported that VEGF is expressed in
osteoblast-like cells in a differentiation-dependent manner
[29]. Studies on animal models showed how a combination
of VEGF released from scaffolds previously seeded with bone
marrow-derived MSCs (BM-MSCs) to the sites of bone dam-
age resulted in increased regeneration of the bone defects
[30]. Similarly, ET1 is involved in the regulation of osteo-
genic differentiation [31, 32], and it has been shown to be
an important upregulator of MSC osteogenic and chondro-
genic capacities [33, 34].

In order to better investigate the molecular signals
responsible for successful bone regeneration in our model,
we dosed VEGF and ET-1 secreted in cell culture superna-
tants over time, in the absence or presence of osteogenic fac-
tors. According to literature data, we observed a secretion of
both VEGF and ET1 in MSCs after osteogenic differentiation
in vitro. In particular, VEGF showed a more solid trend of
increased secretion, while ET1 was more fluctuating among
patients, likely due to human variability. These results con-
firm the importance of the adipose tissue-derived stem cell
secretome in osteogenesis.

In conclusion, our data demonstrate for the first time
that SVF has better osteoinductive capabilities than ASCs
when plated on SB in osteogenic medium. Indeed, one of
the major limitations of therapy with ASCs derives from
the necessity to expand them in an in vitro culture, with the
consequent necessity to comply with the restrictive regula-
tory clearance of cell therapy protocols (Good Manufactur-
ing Practice). The absence of manipulation of SVF in an
in vitro culture could definitively represent a benefit for a
larger use.

SVF could be particularly useful in different clinical con-
ditions, characterised by loss of bone and cartilage. The most
common scenario is a localised osteocondral lesion of a large
weight-bearing joint in patients who suffered trauma, osteo-
condritis of the growing joint, osteonecrosis, or oncologic
resections. Defects of bone alone are also present in bone
tumor procedures as curettage of common benign lesions
such as fibrous dysplasia, giant cell tumor of bone, aneurys-
mal bone cysts, or unicameral bone cysts, whose defect after
surgical procedure must be filled. Large bone defects or
nonunion fractures in long bone are often treated locally,
by injecting bone marrow-derived MSCs or ASCs in the
fracture site with good clinical outcomes. The detractors of
this technique criticise the difficulty in localising the stem
cells in the selected site. Therefore, regenerative medicine
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based on a solid scaffold such as the SB, already available as a
certified medical device, functionalised with SVF, could
improve the precision of stem cell implants and the quality
of new bone formation.
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Zinc is an essential element required for cell division, migration, and proliferation. Under zinc-deficient conditions, proliferation
and differentiation of neural progenitors are significantly impaired. Adipose-derived mesenchymal stem cells (AD-MSCs) are
multipotent stem cells that can differentiate into neurons. The aim of this study was to evaluate the effect of zinc on AD-MSC
proliferation and differentiation. We initially examined the effect of zinc on stem cell proliferation at the undifferentiated stage.
AD-MSCs showed high proliferation rates on day 6 in 30 μM and 100μM of ZnCl2. Zinc chelation inhibited AD-MSC
proliferation via downregulation of ERK1/2 activity. We then assessed whether zinc was involved in cell migration and neurite
outgrowth during differentiation. After three days of neuronal differentiation, TUJ-1-positive cells were observed, implying that
AD-MSCs had differentiated into early neuron or neuron-like cells. Neurite outgrowth was increased in the zinc-treated group,
while the CaEDTA-treated group showed diminished, shrunken neurites. Furthermore, we showed that zinc promoted neurite
outgrowth via the inactivation of RhoA and led to the induction of neuronal gene expression (MAP2 and nestin) in
differentiated stem cells. Taken together, zinc promoted AD-MSC proliferation and affected neuronal differentiation, mainly by
increasing neurite outgrowth.

1. Introduction

Adipose-derived mesenchymal stem cells (AD-MSCs) are
multipotent stem cells that have the capacity to differentiate
into osteoblasts, chondrocytes, adipocytes, and neuron-like
cells [1]. AD-MSCs are superior to bone marrow-derived
MSCs in some aspects including ease of culture, rapid
growth, and longevity [2]. Moreover, adipose tissue is abun-
dant and easily obtained and can serve as an ideal candidate
for cell replacement therapy [3]. Many studies have been
conducted to characterize the differentiation potential of
AD-MSCs. In particular, the ability to induce neuronal dif-
ferentiation has elicited great interest in their potential use
in the treatment of neurological disease [4–7].

Zinc is an essential element, which is necessary for organ
and tissue growth and development [8]. Over 300 enzymes

require zinc for their proper function [9], thus zinc is
involved in the regulation of various cellular processes
including cell division and DNA synthesis [10]. Zinc also
affects the growth factor control of cell division, especially
in cells regulated by insulin-like growth factor-I (IGF-I)
[10] or nerve growth factor (NGF) [11]. Zinc is the second
most plentiful transition metal after iron in the central ner-
vous system [12]. Most chelatable zinc is contained in vesi-
cles localized in the presynaptic terminals of the dentate
granule cells that form the mossy fiber tracts of the hippo-
campus [13, 14], a region where neurogenesis and neural
migration actively occurs in the adult brain [15, 16]. Addi-
tional evidence suggests that zinc may be a key element in
neurogenesis and cognitive function and that zinc deficiency
may impair neuronal differentiation [17–19]. A recent study
also demonstrated that gestational zinc deficiency impaired
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fetal neuronal progenitor cell proliferation by reducing the
ERK1/2 signaling pathway [20].

Despite the significance of zinc in cellular biology,
there is little known about the role of zinc in stem cell dif-
ferentiation and proliferation. Only a handful of studies
have been conducted using bone marrow-derived MSCs
(BM-MSCs) to address questions regarding zinc and its
cellular regulation in stem cells through proteins such as
zinc transporters [21, 22]. No studies have addressed the
effects of zinc on AD-MSC proliferation, possibly due to
the relatively late discovery of AD-MSCs when compared
with BM-MSCs. Thus, the present study is aimed at eluci-
dating the potential role of zinc in AD-MSC proliferation
and neurogenic differentiation.

2. Materials and Methods

2.1. Ethics Statement. This study was carried out in strict
accordance with the recommendations detailed in the Guide
for the Care and Use of Laboratory Animals of the National
Institutes of Health. Animal studies were approved by the
Committee on Animal Use for Research and Education at
Hallym University (protocol number Hallym 2012-28). The
institutional review board of CHA Bundang Medical Center,
CHA University approved the entire process related to the
use of human AD-MSCs used in the current study (IRB
approval number BD2012-079D).

2.2. Materials. Fetal bovine serum (FBS), DMEM, alpha
MEM, gentamycin, phosphate-buffered saline (PBS), and
0.25% Trypsin EDTA were purchased from Invitrogen (CA,
USA). 2-Mercaptoethanol (BME), zinc chloride (ZnCl2),
clioquinol (CQ), calcium disodium ethylene diamine tetraa-
cetate (CaEDTA), Triton X-100, dimethylsulfoxide (DMSO),
butylated hydroxyanisole (BHA), anti-mouse IgG-HRP,
and anti-rabbit IgG-HRP were purchased from Sigma
(MO, USA). Anti-TUJ-1 and Alexa 488 were purchased
from Abcam (MA, USA). Anti-phospho-ERK1/2, Anti-
ERK1/2, and skim milk were purchased from Santa Cruz
(CA, USA). Alexa Fluor 647 anti-human CD90 and FITC
anti-human CD105 were purchased from BioLegend (CA,
USA). PVDF membrane and ECL were purchased from
Bio-Rad (CA, USA). PMSF and protease inhibitor were
purchased from Roche (Mannheim, Germany). M-PER
mammalian protein extraction reagent was purchased
from Thermo Fisher Scientific (IL, USA). CCK-8 was pur-
chased from Dojindo Laboratories (Kumamoto, Japan).
FGF-basic (bFGF) was purchased from PeproTech (CA,
USA). Bovine serum albumin (BSA) was purchased from
BioShop (CA, USA).

2.3. Preparation and Culture of AD-MSCs. Human AD-
MSCs were isolated as described previously [23]. Adipose tis-
sue was obtained with written informed consent from
healthy female donors undergoing elective liposuction proce-
dures at the Department of Plastic Surgery, CHA Bundang
Medical Center, CHA University, Gyeonggi-Do, Korea. The
collected tissue was mixed with the same volume of PBS with
2% gentamicin and was enzymatically digested with a

mixture of trypsin, DNase I, and collagenase I at 37°C for
60 minutes under shaking conditions. The digested tissue
was centrifuged at 1500 rpm for 5 minutes and resuspended
in saline twice. The cell pellet was filtered through a 100μm
pore-size filter and centrifuged once more to separate the adi-
pose tissue-derived stem cells from the surrounding tissue.
Next, 2× 105 isolated cells were expanded with 15mL of the
culture medium (α-minimal essential medium with 10% fetal
bovine serum, 1% penicillin/streptomycin) in a T75 flask and
cultured in a humidified atmosphere with 5% CO2 in an
incubator at 37°C. The culture medium was changed every
3 days, and the cells were passaged at 70–80% confluence.
Fluorescence-activated cell sorting analysis was used to iden-
tify the phenotype of the cells. The expression of CD44,
CD73, CD90, CD105, and human leukocyte antigen
(HLA)-ABC and the lack of CD45, CD34, CD31, and HLA-
DR were checked to confirm the MSC identity. For all exper-
iments in our study, we used cells at passage numbers 5–9.

2.4. Induction of Neuronal Differentiation. The procedures
were adopted from Woodbury et al. [24]. In brief, AD-
MSCs at 1.15× 103 cells/cm2 were seeded in DMEM with
20% FBS one day before preinduction. Twenty-four hours
prior to neuronal induction, the medium was replaced with
preinduction medium containing DMEM, 20% FBS, and
1mM 2-mercaptoethanol. To induce neuronal differentia-
tion, the preinduction medium was eliminated, and the cells
were rinsed with PBS and changed to a neuronal induction
medium composed of DMEM, 1% dimethylsulfoxide
(DMSO), and 100μΜ butylated hydroxyanisole (BHA).

2.5. Immunofluorescence. The degree of neurogenic differen-
tiation of AD-MSCs was evaluated by immunocytochemis-
try. Cells were washed with PBS three times and fixed in
4% paraformaldehyde for 10min at room temperature. Cells
were washed with PBS twice and incubated for 10min with
PBS containing 0.2% Triton X-100. After 10min, cells were
washed in PBS twice and incubated in 5% BSA in PBS for
20min. Cells were washed in PBS containing 0.1% Triton
X-100 three times and incubated overnight with anti-TUJ-1
in the diluted antibodies (1 : 1000) with 5% BSA in PBS. Cells
were incubated with DAPI for staining of nuclei (DAPI;
Sigma-Aldrich). Cells were washed with TBS containing
0.1% Triton X-100 for 5min three times. Cells were then
incubated with the following secondary antibodies: Alexa
488 (TUJ-1) in TBS for 1 h and washed three times with
TBS containing 0.1% Triton X-100 for 5min each in the dark.
Images were taken on a Carl Zeiss LSM710 confocal micro-
scope (Carl Zeiss, Jena, Germany) and analyzed using Zen
microscopy software.

2.6. Western Blotting. Cells were harvested and rinsed twice
with cold PBS, and 100μL of RIPA lysis buffer (150mM
Tris-HCl, pH7.4, 150mM NaCl, 1% Nonidet P-40, 0.25%
NaN3, 1mM EDTA, 1mM PMSF, 1μg/mL aprotinin, 1μg/
mL leupeptin, 1μg/mL pepstatin, 1mM sodium orthovana-
date, and 1mM NaF) was added to each well. The protein-
containing samples were resolved by electrophoresis on a
10% SDS-PAGE gel. The separated proteins were transferred
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to a PVDF membrane at 80V for 90min. The membranes
were blocked in a 5% skim milk/TBS-Tween 20 solution for
1 h at room temperature, followed by the application of the
monoclonal antibody specific for p-ERK1/2 and ERK1/2 at
1 : 1000 in 5% skim milk/TBS-Tween 20. After incubating
overnight with the primary antibodies at 4°C, the secondary
antibody, anti-rabbit IgG-HRP at 1 : 5000 in 5% BSA/TBS-
Tween 20, was applied for 1 h at room temperature. The
membrane was washed three times for 5min after each anti-
body application. The proteins on the PVDFmembrane were
detected with an ECL detection system. All experiments were
performed three times independently, and each experiment
was carried out in triplicate.

2.7. Pull-Down Assay for Activated RhoA. AD-MSCs were
harvested and washed once with cold PBS, then lysed in lysis
buffer (100mM NaCl, 100mM MgCl2, 20mM HEPES,
pH7.5, 10% glycerol, 0.5% Nonidet P-40, 0.2% deoxycholate,
1μg/mL aprotinin, 1μg/mL leupeptin, and 1mM PMSF).
The lysates were centrifuged at 15,000g for 30min at 4°C.
Supernatants were normalized for protein concentration
by the Bradford assay, incubated with glutathione s-trans-
ferase- (GST-) Rhotekin-Rho-binding domain (RBD) for
GTP-RhoA measurement, and GSH-Sepharose 4B beads
were rinsed three times with lysis buffer. Bound proteins
were eluted by boiling twice in a Laemmli sample buffer.
Samples were electrophoresed and measured byWestern blot
assay with anti-RhoA antibodies. All experiments were per-
formed three times independently, and each experiment
was carried out in triplicate.

2.8. Proliferation Assay. AD-MSCs were plated onto 96-well
culture plates at a density of 100 cells/well and then treated
with ZnCl2 for 6 days prior to quantification. The medium
was replaced every day. Cell proliferation was measured
using a Dojindo cell counting kit-8 (CCK-8) (Dojindo
Molecular Technologies, Rockville, MD), following the man-
ufacturer’s instructions. The culture medium was removed,
and 100μL of fresh medium containing 10μL CCK-8 was
added to each well. The cells were then incubated at 37°C
for 1 h and analyzed at 450nm by a Spectra Max 250 micro-
plate reader (Molecular Devices, Sunnyvale, CA, USA). Con-
trol cells (without the addition of ZnCl2) had their medium
changed every day in the same way as the ZnCl2-treated cells.

2.9. Real-Time Quantitative Reverse Transcription (RT) PCR.
Total AD-MSC RNA was extracted with Isol-RNA lysis
reagent (5 Prime Inc., MD, USA). Reverse transcription of
the mRNA and polymerase chain reactions (PCR) were per-
formed using the Superscript II system (Invitrogen, Carlsbad,
CA) in accordance with the manufacturer’s instructions.
Primers were as follows: nestin, forward, 5′-TCAACAGCG
ACGGAGGTCTCTAGGG-3′, and reverse, 5′-CCGCAGAC
TTCAGTGATTCTAGGAT-3′; MAP2, forward, 5′-CGAAG
CGCCAATGGATTCC-3′, and reverse, 5′-TGAACTATCC
TTGCAGACAC-3′; and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), which was used as an internal
control, forward, 5′-AACGGATTTGGCCGTATT-3′, and
reverse, 5′-ACTGTGGTCATGAGCCCTT-3′ (Kodama,

2006, 16519739). Real-time quantitative RT-PCR was mea-
sured using a SYBR mixture (Enzynomics, Korea). All
experiments were performed three times independently,
and each experiment was carried out in triplicate.

2.10. FACS Analysis. FACS analysis was performed with
freshly isolated CD90+ and CD105+ cells from AD-MSCs.
At least 7× 106 cells (in 100μL PBS/0.5% BSA) were incu-
bated with fluorescence-labeled monoclonal antibodies (1/
20 diluted, 4°C, 1 hour). For staining, anti-human CD90
Alexa Fluor 647 and anti-human CD105 FITC were used.
The labeled cells were washed twice and measured by flow
cytometry by use of the FACSCanto II (Becton Dickinson,
NJ, USA) flow cytometer and the WinMDI 2.9 software
(Scripps Institute). All experiments were performed three
times independently, and each experiment was carried out
in triplicate.

2.11. Measurement of Neurite Length. Neurite outgrowth was
assayed in neuron-like cells. After 3 days from initial plating,
the medium was changed to promote neuronal differentia-
tion and the length of neurite outgrowth was measured 3
days later. Using a 20x objective, a sufficient number of fields
were acquired for the analysis of at least 70 cells per well.
Neurite length was evaluated by using ImageJ (NCBI, MD).
The longest process was measured and averaged. All experi-
ments were performed three times independently, and each
experiment was carried out in triplicate.

2.12. Statistical Analysis. Data are presented as means± SD.
The t-test was used to compare groups using the GraphPad
Prism program (GraphPad Software, San Diego, CA).

3. Results

3.1. Zinc Increases Proliferation of AD-MSCs. It has been
reported that zinc deficiency restricts cellular proliferation
and growth [18]. Likewise, the replenishment of zinc restores
the progenitor pool by preventing the degeneration of newly
born cells and also by supporting de novo synthesis. Based
on the above study, we hypothesized that zinc may pro-
mote AD-MSC proliferation. First, to examine whether
zinc supplementation affected AD-MSC proliferation,
AD-MSCs were cultured in various concentrations of
ZnCl2-containing media for 6 days. Phase-contrast photo-
micrographs showed that AD-MSC growth increased in a
dose-dependent manner with zinc concentration. Cell viabil-
ity of AD-MSCs, quantified with the CCK-8 assay, increased
moderately in 30 and 50μΜ and prominently in 100μΜ
of ZnCl2 when compared to the controls (42%, 43%, and
75%, resp., p < 0 001). However, at 300μΜ of ZnCl2, cyto-
toxicity was observed (Figures 1(a) and 1(b)). Based on
this result, subsequent experiments were conducted with
30μM of ZnCl2. Previous studies have suggested that
self-renewal and proliferation of stem cells is dependent
on the activation of the ERK pathway [25, 26]. Thus, we
tested whether ERK activation was required for AD-MSC
proliferation. Upon the addition of ZnCl2 to the cell cul-
ture medium, we observed an increase in the phosphory-
lated form of ERK 1/2 in AD-MSCs (Figures 1(c) and

3Stem Cells International



1(d)). These data indicate that the ability of ZnCl2 to
increase AD-MSC proliferation may be mediated in part
by ERK activation.

3.2. Zinc Chelation Inhibits Cellular Growth through
Downregulation of ERK1/2 Activity. To verify that the
increased cell survival was due to zinc, the extracellular zinc
chelator CaEDTA was added to the zinc-containing media.
Phase-contrast photomicrographs demonstrated that zinc
chelation showed less AD-MSC (Figures 2(a) and 2(b)) and
resulted in the restriction of AD-MSC survival within a con-
stant range (from 0.40 to 0.49) regardless of the initial dose of
ZnCl2 (Figures 2(a) and 2(b)).

We also conducted Western blotting with antibodies
against ERK1/2, which is a well-established signaling path-
way used to estimate proliferation rates. An ERK1/2 assay
was used to address the cellular mechanism of cell survival
under either zinc rich or deficient conditions. The present

study showed that zinc chelation suppressed the ERK1/2 sig-
naling pathway (Figures 2(c) and 2(d)).

3.3. Zinc Promotes the Neuronal Differentiation of AD-MSC.
To test our hypothesis that zinc was involved in cell migra-
tion and neurite outgrowth by modulating cytoskeletal
dynamics during differentiation, AD-MSCs were cultured
in neuronal differentiation media using a modified version
of the Woodbury protocol under various concentrations of
zinc. AD-MSC morphology began to change 1 h after expo-
sure to induction agents with the extension of processes.
After 3 days, the cultured cells assumed a more sharpness
and shifted morphologically into neuron-like cells. Immuno-
cytochemistry revealed that these cells expressed the imma-
ture neuronal marker, TUJ-1 (Figure 3(a)).

Neurite length was measured from photographed fluo-
rescent images at different zinc concentrations. As expected,
zinc increased neurite length in a dose-dependent manner

Cont ZnCl2 10 �휇m ZnCl2 30 �휇m

ZnCl2 100 �휇m ZnCl2 300 �휇mZnCl2 50 �휇m

(a) (b)

(c) (d)

Figure 1: Zinc increases proliferation of AD-MSCs. To evaluate the role of zinc in cellular proliferation, AD-MSCs were cultured in 6-well
plates at 1× 104 cells per well with culture media containing zinc at the following concentrations: 0, 10, 30, 50, 100, and 300 μΜ. AD-MSC
proliferation was analyzed at day 6. AD-MSC proliferation was increased by zinc supplement. (a) Phase-contrast photomicrographs of
AD-MSCs 6 days after the addition of 0, 10, 30, 50, 100, and 300μM ZnCl2. AD-MSC proliferation was significantly increased by zinc
supplements in a dose-dependent manner, except at 300 μM. Scale bar, 100μm. (b) Effect of zinc on AD-MSC proliferation was evaluated
using the CCK-8 assay each day for 6 days. AD-MSC proliferation was higher in 100 μM of zinc when compared with controls. Data are
representative of ten independent experiments (42%, 43%, and 75%, resp., ∗p < 0 05 versus untreated with ZnCl2). (c) AD-MSCs were
incubated with 30μΜ ZnCl2 for 3, 6, 12, and 24 h and then lysed. Western blotting was performed with anti-phospho-ERK1/2 and anti-
ERK1/2 antibodies. (d) Data are expressed as means± SD of three independent experiments (∗p < 0 05 versus untreated with ZnCl2).
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(Figure 3(b)). However, excessive zinc concentrations
induced cellular degeneration during the neurogenic induc-
tion process (data not shown).

3.4. Zinc Promotes Neuronal Differentiation of AD-MSC via
Downregulation of RhoA. During the initial stage of differen-
tiation, V14RhoA (activated form) inhibits the initiation of
neuronal differentiation, whereas the inactivated form of
RhoA appears necessary for neurite outgrowth [27]. RhoA
inactivation is required for neurite outgrowth in PC12 cells,
and cAMP and phosphorylated RhoA (S188D) have been
shown to induce neurite outgrowth [28]. To test if the neuro-
nal differentiation of zinc-treated AD-MSCs required RhoA
activity, AD-MSCs were cultured in neuronal differentiation
media and treated with 10μΜ ZnCl2. Zinc reduced GTP-
RhoA and then chelation of zinc using CaEDTA was

sufficient to restore RhoA activity (Figures 4(a) and 4(b)).
We show here that inactivated RhoA promoted neurite out-
growth in AD-MSC zinc treated.

3.5. Zinc Increases Neuronal Gene Expression in
Differentiated AD-MSCs. We hypothesized that zinc could
be synergistically induced to differentiate stem cells to neu-
rons. AD-MSCs express CD29, CD44, CD90, and CD105 in
the undifferentiated state [29]. First, we investigated whether
exposure to zinc could decrease the expression of cell surface
markers in AD-MSCs. Differentiated AD-MSCs were ana-
lyzed by FACS for the expression of CD90 and CD105.
AD-MSCs cultured in neuronal differentiation media with
ZnCl2 showed a reduced expression of CD90 and CD105,
which was restored by CaEDTA treatment (Figures 5(a) and
5(b)). ZnCl2 also promoted the expression of neuronal
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Figure 2: Zinc chelation inhibits cellular growth through downregulation of ERK1/2 activity. To investigate whether extracellular zinc
chelation affected AD-MSC survival, cultured AD-MSCs were treated with 1mM CaEDTA in the culture medium. AD-MSC survival was
inhibited by the addition of zinc chelators. (a) Phase-contrast photomicrographs of AD-MSCs 6 days after the addition of zinc chelators.
Scale bar, 100μm. (b) The effect of zinc chelators on AD-MSC survival was evaluated using the CCK-8 assay for 6 days. AD-MSCs were
pretreated with or without 1mM CaEDTA and then incubated with ZnCl2 (30 μM and 100 μM) for 6 days (∗∗∗p < 0 0001 versus
untreated with ZnCl2;

##p < 0 001 versus untreated with CaEDTA). (c) To determine whether chelation of zinc affected the activity of
ERK, AD-MSCs were treated with or without CaEDTA and then incubated with ZnCl2 for 24 h. Western blotting using phospho-ERK1/2
and ERK1/2 antibodies was performed. (d) These data represent the mean± SD from three independent experiments (∗p < 0 05 versus
untreated with ZnCl2;

#p < 0 05 versus treated with ZnCl2).
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Figure 3: Zinc promotes neuronal differentiation of AD-MSCs. Zinc affects the differentiation of AD-MSCs into neuron-like cells. AD-MSCs
were cultured in neuronal differentiation medium containing either 0 or 10 μM ZnCl2 with or without CaEDTA. TUJ-1 expression was
assessed through immunocytochemistry, and neurite length assay was performed as described above. The results showed that zinc
promoted neurite outgrowth and expression of the neuronal marker TUJ-1. (a) Immunocytochemistry for TUJ-1 in treated AD-MSCs.
Scale bar, 100μm. (b) Neurite length in treated AD-MSCs. Experiments were performed on at least 70 cells and represent the mean± SD
from three independent experiment (∗p < 0 05 versus untreated with ZnCl2;

#p < 0 05 versus treated with ZnCl2).
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Figure 4: Zinc promotes neuronal differentiation of AD-MSCs via downregulation of RhoA. Inactivation of RhoA is involved in neurite
outgrowth of differentiated AD-MSCs. (a) Differentiated AD-MSCs were treated with or without CaEDTA and then incubated with
ZnCl2. GTP-RhoA levels were measured by pull-down assays with GST-RBD fusion protein and Sepharose beads. RhoA expression was
determined with anti-RhoA antibody and Western blotting. (b) Proteins used in Western blotting were quantified by densitometry using
ImageJ, and the relative amounts of the GTP-bound form in each sample are shown. The ratio of GTP-bound form/total protein in
untreated cells was set as 1, and the data are means± SD of at least three independent experiments (∗p < 0 05 versus untreated with ZnCl2;
#p < 0 05 versus treated with ZnCl2).
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markers such as MAP 2 (microtubule-associated protein 2)
and NES (nestin) (Figures 5(c) and 5(d)). Taken together,
these results showed that the AD-MSCs rapidly and
efficiently differentiated into neuron-like cells in the
presence of zinc.

4. Discussion

In this study, we showed that zinc supplementation
increased AD-MSC proliferation and neurite outgrowth.
These findings confirmed our hypothesis that moderate doses
(30–100μΜ) of zinc promoted proliferation through ERK1/2
activation. These results are in agreement with previous stud-
ies byVega-Robledo et al. [30], demonstrating that zinc acts as

a sort of double-edged sword with respect to cell viability in
various cell types. Even though the concentration-dependent
effects on cell viability were different for each cell type and
passage number, the evidence outlined above further con-
firmed that zinc is a pivotal element in cell growth and
proliferation.

Time-dependent assays revealed that zinc maximally
accelerated cell proliferation after 6 days following the begin-
ning of treatment. Up to three days, the growth rate was rel-
atively slow among all three groups, as it was between the
incubation periods (data not shown). This delayed response
suggests that zinc may act via chronic cell proliferation-
regulating molecules. Indeed, zinc has long been recognized
as a crucial modulator of the function of a diverse number
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Figure 5: Zinc induces neuronal gene expression in differentiated AD-MSCs. Effects of zinc on the expression of NES and MAP2 during
neuronal differentiation in AD-MSCs. (a, b) To investigate whether zinc played a role in the expression of the surface protein molecules
CD90 and CD105, flow cytometry was performed in differentiated AD-MSCs. AD-MSCs were incubated in differentiation medium with
the presence of either 10 μM ZnCl2 or CaEDTA for 3 days. Analysis of the expression of CD90 and CD105 was determined by WinMDI
software. (c, d) mRNA expression of NES and MAP2 was measured by real-time quantitative RT-PCR. These data represent the mean
± SD from three independent experiments (∗p < 0 05 versus untreated with ZnCl2;

#p < 0 05 versus treated with ZnCl2).
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of enzymes, hormones, and transcription factors, making our
hypothesis more persuasive [10].

It has been broadly accepted that zinc deficiency causes
growth retardation and developmental arrest. Zinc depriva-
tion studies have also suggested that the reduction of zinc lib-
eration retards progenitor cell expansion in multiple tissue
types. As shown in Figure 2, zinc chelation restricted AD-
MSC proliferation in accordance with results presented in
previous studies [31].

The cellular mechanisms that underlie the cell biological
functions of zinc are not yet fully understood. However, sev-
eral potential molecules involved in the regulation and action
of zinc have been identified such as ERK1/2, BDNF, and JNK
[32–34]. This study evaluated ERK1/2 due to its known role
in proliferation. Western blotting demonstrated a dimin-
ished expression of ERK1/2 in the zinc chelation groups,
especially, in CaEDTA. Even though CaEDTA and CQ are
known to be extracellular zinc chelators, they work through
distinct cellular mechanisms [19].

Other than the observation that zinc is associated with
cellular proliferation, zinc is known to affect neurogenesis
in the hippocampus [19, 35–37]. Additionally, converging
lines of evidence support the idea that zinc promotes neuro-
nal differentiation not only in neuronal progenitor cells, but
also in other types of stem cells such as bone marrow mes-
enchymal stem cells [38, 39]. Thus, we hypothesized that
zinc’s ability to promote the process of hippocampal neuro-
genesis may be attributed to its ability to drive neurogenic
differentiation of stem cells, as seen here in AD-MSCs.
The observed morphological changes and immunocyto-
chemistry results clearly demonstrated the possibility of
neural induction. However, Foudah et al. [40] reported that
some undifferentiated stem cells also expressed similar
“neuronal” markers, making our results difficult to defini-
tively interpret. Therefore, a deeper understanding of the
process of differentiation than what is currently available
will be required to fully evaluate the criteria best able to
determine the true “fate” of differentiated cells. However,
despite our inability to definitively confirm differentiation
into “true” neurons by immunocytochemistry, zinc had a
clear, positive effect on neurite outgrowth, indicating its
role in this process.

Taken together, the present study demonstrates that zinc
enhanced AD-MSC proliferation and promoted differentia-
tion towards a neuronal fate in these cells. Determining the
mechanism of action for these effects as well as further elab-
oration of the cell types involved in zinc-mediated cellular
biology warrants further investigation.
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Background. Paralysis of one vocal fold leads to glottal gap and vocal fold insufficiency that has significant impact upon a patient’s
quality of life. Fillers have been tested to perform intracordal injections, but they do not provide perdurable results. Early data
suggest that enriching fat grafts with adipose-derived regenerative cells (ADRCs) promote angiogenesis and modulate the
immune response, improving graft survival. The aim of this study is to propose ADRC-enriched adipose tissue grafts as
effective filler for the paralyzed vocal fold to use it for functional reconstruction of the glottal gap. Method. This is the first
phase I-IIA clinical trial (phase I/IIA clinical trial, unicentric, randomized, controlled, and two parallel groups), to evaluate the
safety of a new therapy with ADRC-enriched fat grafting (ADRC: group I) for laryngoplasty after unilateral vocal fold
paralysis. Control group patients received centrifuged autologous fat (CAF: group II) grafts. Overall mean age is 52.49± 16.60
years. Group I (ADRC): 7 patients (3 males and 4 females), 52.28± 20.95 year. Group II (CAF): 7 patients (3 males and 4
females), 52.71± 12.59 year. Results. VHI-10 test showed that preoperative mean score was 24.21± 8.28. Postoperative mean
score was 6.71± 6.75. Preoperative result in group I was 21.14± 3.58 and postoperative result was 3.14± 3.53. Preoperative
result for group II was 27.29± 10.66. Postoperative score in group II was 10.29± 7.52. Wilcoxon and the Student t-tests
showed that the patient’s self-perception of posttreatment improvement is larger when ADRCs are used. Comparing pre- and
posttreatment voice quality analysis, group I showed a p = 0 053. Group II showed a p = 0 007. There would be no significant
differentiation between pre- and posttreatment results. This is true for group II and limited for group I. Conclusions. This
prospective trial demonstrates the safety and efficacy of the treatment of glottal gap defects utilizing ADRC-enriched fat grafts.
This trial is registered with NCT02904824.

1. Introduction

Paralysis of one of the vocal folds (VF) may have a signif-
icant impact upon a patient’s quality of life. The affected

patient may present glottal insufficiency which leads to
poor breathy voice, problems with their swallowing risking
possible aspiration, a weak cough, and the sensation of
breath shortness [1].
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Unilateral vocal fold paralysis (UVFP) is one of the
main causes of glottal gap (GG) and VF insufficiency.
UVFP occurs from a dysfunction of the recurrent laryn-
geal or vagus nerve innervating the larynx, arising from
a variety of causes like iatrogenic injury, most commonly
to the recurrent laryngeal nerve, but it can be secondary
to viral infection or direct trauma from surgery (thyroidec-
tomy, carotid endarterectomy, skull base surgery, anterior
cervical spine surgery, thoracic, or mediastinal surgery
among them).

Depending on the type of paralysis (bilateral, unilat-
eral, in abduction, or adduction), the treatment may be
different, consisting on expectancy with or without pho-
niatric rehabilitation or surgery. Surgery of UVFP consists
basically in two techniques: an open surgery on the laryn-
geal box or an injection laryngoplasty into the VF with
refilling materials [2]. Furthermore, open surgery requires
a major surgical operation and can be associated with
significant morbidity in addition to an extensive cost to
the healthcare system [3].

In the last decade, several fillers have been tested to
perform intracordal injections; these “injectable implants”
present high viscosity, consisting of particles or even cells,
collagen, hyaluronic acid, or autologous fat among others.
In UVFP, they are injected into the paralyzed VF to increase
its volume and correct the GG. These procedures are
considered effective when medialization of the affected VF
allows a total contact on phonation and the physiological
and biomechanical properties of the larynx have been
restored. Nevertheless, they do not provide perdurable
results, and patients usually need multiple injections. Given
these challenges, researchers continue looking for novel
substances to treat the GG.

Since autologous fat transfer was initially reported in
1893 [4], there is evidence demonstrating that it may
be useful in the treatment of some anatomical defects;
however, current methods of fat harvesting, processing,
and delivery are still being standardized, which results
in unpredictable graft survival and inconsistent out-
comes [5, 6].

Early data suggest that enriching fat grafts with
supplemental adipose-derived regenerative cells (ADRCs)
promote normal angiogenesis, decrease apoptosis, and
modulate the immune response, each of which could
improve graft survival [7]. Furthermore, the regenerative
cells in adipose tissue are so abundant that the need for
culture expansion to reach a therapeutic dose is elimi-
nated. Thus, a patient’s adipose tissue can be harvested,
processed (in part to extract ADRCs), and injected back
into the patient during the same surgical procedure. Dif-
ferent works report that they facilitate wound healing
and angiogenesis [8–10], and this having also being shown
in a recent clinical trial [11] in which ADRCs improved
the fat graft survival in breast tissue. However, the
“in vivo” growth and differentiation characteristics of stem
cells remain unclear, and certain tumorigenic risks cannot
be disregarded [12].

On the other hand, large prospective clinical trials
have not been reported about the use of ADRC-enriched

fat grafting for patients presenting GG after UVFP. As
such, the aim of this study is to propose the use of
ADRC-enriched adipose tissue grafts as effective filler
for the paralyzed vocal fold in order to use it as a novel
therapeutic option for the functional reconstruction of
the GG.

2. Patients and Methods

The present study corresponds to the first phase I-IIA
clinical trial (phase I/IIA clinical trial, unicentric, ran-
domized, controlled, and two parallel groups), to evalu-
ate the safety of a new therapy with ADRC-enriched
fat grafting (AF+ADRCs) for VF laryngoplasty after
UVFP originating a GG in the International Conference
on Harmonization (ICH) E2F format. The control group
patients were treated with centrifuged autologous fat (CAF)
grafts. The reporting interval ranged from July 2012 to
September 2014.

Ethics Committee approval was obtained at the institu-
tion where it was held, and all patients provided specific
written informed consent.

Coprimary endpoints included the following:

(i) Safety of the injection of ADRCs into the VF

(ii) Improvement in overall closure of the VF at least six
months after index procedure

Secondary endpoints consisted of improvement in VF
volume and quality of life in comparison to the use of centri-
fuged fat. A software application for voice quality analysis
[13] was used to measure and compare the evolution of dif-
ferent voice parameters before surgery, 30 days and at least
180 days after the implant. In addition, adverse event profile
and resource utilization were evaluated.

2.1. Patient Selection. Female and male patients (older than
18 years) presenting GG after UVFP were eligible for enroll-
ment. Key inclusion criteria also included the absence of
compensation of the GG from the contralateral VF, the abil-
ity to undergo abdomen liposuction for graft acquisition,
and the absence of granulomae, tumors, or visual lesions
by direct laryngoscopy in the affected VF. Major exclusion
criteria were history of autoimmune disorder, active or
chronic infectious diseases, or major surgeries 28 days before
the VF surgery.

Patients were randomly distributed into 2 surgical groups
to receive one of the following therapeutic strategies:

Group I VF infiltration of AF washed with Lactated
Ringers solution using gravity sedimentation/
floatation enriched with autologous ADRCs
(AF+ADRCs)

Group II VF infiltration of AF centrifuged during 3
minutes at 3000 revolutions/minute (CAF)

2.2. Surgical Treatment. Surgery consisted in 2 steps: step 1,
adipose tissue harvesting; step 2, infiltration of adipose tissue
into the VF.
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In between both procedures, the harvested fatty tissue
was processed following two different protocols depending
on the surgical group. These procedures were carried out by
a biologist in a laboratory adjacent to the operation room,
under sterile measures. The real effective time required for
laboratory process in group I was longer than that in group
II. In order to avoid bias coming from the surgical protocol,
the time elapsed for processing the CAF was deliberately pro-
longed to the processing time in group I, before VF injection.

At least 180 cm3 of the abdominal fat was harvested using
standard tumescent, syringe-based liposuction under local
anesthesia, and sedation because this was the minimum vol-
ume of fat required by the device used for processing ADRCs.

2.3. Step I: Adipose Tissue Harvesting. Prior to lipo-harvest-
ing, target areas were infiltrated with standard tumescent
solution (Lactated Ringers, 1% lidocaine and 1mg/mL epi-
nephrine; 250 cm3). Through stab incisions at the umbilicus,
adipose tissue was collected from the infra-abdominal area
using a 3mm Mercedes tip three-hole blunt cannula (Byron
Medical Inc., Tucson, AZ) under low negative pressure.

After the first surgical procedure, patients were trans-
ported to a recovery room, to safely regain consciousness
from sedation and receive appropriate postoperative care,
until the second part of the procedure was performed.

2.4. Step II: Injection Laryngoplasty with AF+ADRCs or with
CAF. Patients were transported again to the operation room.
Under general anesthesia and orotracheal intubation, the VF
were exposed and explored with a rigid direct suspension
laryngoscope, and then transoral injection was performed
under direct microscopic visualization.

A 10 cm3 syringe holding the fat graft (the aspect of it was
identical in every patient, so the surgeon could not identify
the surgical group of the patient) was brought to the opera-
tion room. The material was injected lateral to the vocal fold
where it arises from the vocal process. This closed the middle
and posterior gap between the VF. Eventually, a second injec-
tion was performed lateral to the midvocal fold to achieve a
slight overmedialization. The injection was aimed deep into
the thyroarytenoid muscle (a depth of 2-3mm) using a 19-
gauge syringe (Micro-France®, St. Aubin, France), to ideally
achieve 20% to 30% bulging across the midline. After the
injection, the vocal fold was stroked with a suction tube to
smoothen the medial edge. Augmentation of the anterior
third of the vocal fold was avoided.

After graft delivery, the patient was extubated and dis-
charged to the recovery room.

2.5. Postoperative Care. Patients were discharged from the
hospital on the same day or on the first postoperative day.
All patients attended routine control visits 7, 30, and 180 days
after surgery for general check and laryngeal assessment.
After this period, checking was done every 180 days. Voice
records were performed 30 and 180 days after the surgery.

2.6. Preparation of the CAF and ADRC-Enriched Fat Graft. In
group I, adipose tissue was divided into two equal fractions,
one for the extraction of ADRCs and the other for use as
the fat graft. This preparation was done at the surgical

laboratory. One fraction of the lipoaspirate was added to
the Celution® System (Cytori Therapeutics, San Diego, CA)
where the ADRCs were released from their bound matrix
with the addition of a proteolytic enzyme reagent (Celase®,
Cytori Therapeutics, San Diego, CA), washed to remove
residual enzyme, and then concentrated within the closed
automated system in the operating room. Upon completing
this process (approximately 90 minutes), the suspension of
ADRCs (~5mL) was retrieved from the Celution System
using an 18-gauge spinal needle. The second fraction of adi-
pose tissue was then added to the Celution System where it
was washed with a Lactated Ringers solution using gravity
sedimentation/floatation. The concentrated ADRCs were
then added to the washed graft tissue in the system and
mixed to create the ADRC-enriched fat graft. The washed
fat graft was found to contain 35% water evenly dispersed
through the graft material and termed “wet graft.” Following
the completion of tissue processing, the ADRC-enriched fat
graft was aseptically transferred to the sterile field using
10 cm3 syringes.

The ADCRs were prepared successfully from each
patient. We did not count the average of ADCRs after cell
processing because it was not indicated in the initial design;
thus, it was not approved by the ethical commission. But
we estimated our results in a previous study leaded by us,
in a similar and homogenous population [14]; ADRC yield
after cell processing was 240,000 cells/g. Cell viability before
injection was 86.6%± 4.9%. The phenotypic characteristics
of ADRCs from the SVF were analyzed by flow cytometry
in a subset of 15 sequentially enrolled patients (CD34:
70.4% (range 66.5–73.3), CD45: 21.9% (range 17.3–26.0),
CD184: 13.8% (range 6.9–17.1), vascular endothelial growth
factor receptors: 10.8% (range 6.7–17.3), CD31: 10.3% (range
8.7–14.5), CD71: 2.8% (range 1.3–5.7), and CD105: 1.7%
(range 0.6–2.6)).

In group II, the harvested adipose tissue was processed by
a centrifuge with a sterilizable central rotor and sleeves that
hold 10 cm3 syringes. The centrifugation speed was 3000
revolutions/minute for 3 minutes. This separated the denser
components from the less-dense components to create mul-
tiple layers. The upper level was primarily made up of oil.
The middle portion was made up of potentially viable parcels
of fatty tissue, and the lowest, most-dense level, was made up
of blood, water, and lidocaine. The central layer was used as
an AF graft which was introduced in a 10 cm3 syringe that
was placed in a sterile mobile platform in order to avoid more
decantation and adherence of the fat graft to the walls of the
syringe. This procedure was done in a surgical laboratory
located in the proximity of the operation room.

3. Clinical Assessments

General assessments included medical history and physical
examination and hematologic analysis. Functional assess-
ments included VHI-10 scoring, laryngoscopic evaluation,
and biomechanical vocal fold evaluation.

3.1. Laryngoscopic Evaluation of Injected Vocal Folds. Laryn-
goscopies were practiced 15 days before the surgery and after
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it: 30 and 180 days after the operation and every 180 days,
using a 4.0mm, 30° rigid endoscope (Richards). Laryngeal
images were taken using a digital camera (E4500; Nikon,
Tokyo, Japan) attached to the rigid endoscope. Data recorded
made a description of the aspect of the laryngeal mucosa, the
affected VF, its position, description of the GG, and a
description of the postoperative compensation.

In Figure 1, the aspect of the glottal gap of a patient
presenting unilateral left vocal fold paralysis is shown,
during infiltration.

3.2. Quality of Life Scoring. Patient satisfaction with overall
voice, bronchi-aspiration, and treatment results were
assessed following the test Voice Handicap Index (VHI-30)
[15]. The VHI-30 has been shown to be a valid and reliable
instrument for assessing self-perceived handicap associated
with dysphonia. The original VHI-30 was translated into
Spanish and validated by the Phoniatry Committee of the
Spanish Society for Otorhinolaryngology (SEORL) [16, 17].
Patients with the highest self-perceived dysphonia scores
should get the highest scores on the VHI questionnaires,
ranging from 0 to 4. The questionnaires were filled 1 month
before the surgery and at the postoperative day 180. Later
on, they were filled every 180 days. Only the answers to
the functional part of the questionnaire were used in the
present study.

3.3. Biomechanical Characterization of Voice. One of the ref-
erence techniques used in the evaluation of voice quality after
treatment was the estimation of vocal fold biomechanical
parameters. One of the most relevant biomechanical param-
eters evaluated was the vocal fold stiffness, which may be esti-
mated separately on the body (musculus vocalis) and the
cover (lamina propria). The estimation of the biomechanical
stress acting on musculus vocalis requires the reconstruction
of the glottal source from a voiced segment of speech (prefer-
ably an open vowel) by the inversion of the vocal tract by a
lattice adaptive filter [18]. Accurate spectral domain tech-
niques allow the estimation of a set of biomechanical param-
eters associated to a 2-mass model of the vocal folds from the
glottal source spectral density; this set of features, describing
the viscoelastic vibration of the vocal folds in mechanical
terms, is obtained from voice using a mathematical technique
which is known as vocal tract inversion by LPC (linear pre-
dictive coding) [19]. As a result, an estimate of the vocal
fold body mechanical stiffness is produced for each phona-
tion cycle.

BioMet®Phon (version 9.2) is a set of software applica-
tions developed for the biomechanical characterization of
VF in different fields as voice quality evaluation in laryngol-
ogy, speech therapy and rehabilitation, education of the sing-
ing voice, forensic voice analysis, or emotional detection in
voice [13]. The software allows the handling of a small
patient’s database. Once a patient is selected, either a new
recording may be obtained and analyzed or an old one may
be processed. The results of the longitudinal evaluation of
each parameter for the four different examination instants
for a case may be seen plotted in Figures 2(a) and 2(b).

3.4. Evaluation of Voice Quality Improvement by Likelihood.
The modification in voice quality can be expressed numeri-
cally using likelihood estimations. The analysis is based in
feature vectors xm/f ,i estimated from sustained vowel/a/pho-
nations, which constitute a set of observations for each
speaker given by matrices Xm and X f (m: male set; f: female
set). Each vector xm/f ,i from speaker i integrating these matri-
ces stores the average estimates for each one of the 14 features
described in Table 1.

In evaluating the improvement in voice quality as a func-
tional result from surgery, the proposed methodology is
based on the use of the log likelihood improvement ratios
(LLIR), a metrics founded on alternative hypothesis testing
[20], originally developed for its use in forensic speech evi-
dence matching [21]. In the present case, two alternative
hypotheses are considered:

(i) H0: the observations vector xi, integrated by the 14
features, has been generated by a parametric distribu-
tion ΓN from a normative speaker set (hypothesis of
normophony).

(ii) H1: the observations vector xi has not been generated
from the normative distribution ΓN (hypothesis of
dysphonia).

A specific test based on LLIRs assumes that two observa-
tions xA and xP from the patient at different time instants are
available. The pretreatment observation xA is supposedly the
earliest one (A: ante), and the posttreatment observation xP
corresponds to the latter one (P: post), relative to the treat-
ment whose effects on the phonation functional improvement
are going to be assessed. The log likelihood improvement ratio
(LLIR) is defined as the natural logarithm of the conditioned
probabilities of both pre- (A) and post- (P) observations rela-
tive to H0 (normophony).

If the probability of xP being generated by the normative
distribution ΓN is larger than the probability of xA being gen-
erated by the same distribution, it seems that the posttreat-
ment evaluation fulfils better H0 than the pretreatment
evaluation; thus, an improvement in phonation has likely
occurred which could be attributed to treatment success.

Figure 1: Endoscopic captures of the vocal folds in the patient FS4
(group I) before, during, and after injection (pictures captured from
endoscopic video).
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Figure 2: (a) Web plot of the longitudinal study. The evolution of the 14 parameters selected is shown chronologically from red (pre) to dark
blue (post). Each normalized feature must be read on the intersection of each polygon with the corresponding feature radius. Clearly, features
2, 3, 35, 38, 40, 44, 46, and 60 are beyond the normality limits. (b) Manhattan skyline of the same study. Each feature from the four session
recordings is presented chronologically from red to dark blue. The different features are now presented as polyhedral columns, the height of
the column giving the normalized value of the feature relative to the population mean.

5Stem Cells International



On the contrary, the results could be attributed to worsening
phonation conditions. It is clear that phonation improve-
ments will produce positive LLIRs and phonation worsening
will produce negative LLIRs.

4. Results

4.1. Test Dates. The reporting period ranged from October
2011 to February 2014. In this clinical trial, sixteen patients
were screened. There were two screening failures, and 14
patients underwent treatment and follow-up. During the ref-
erence period, no deaths were reported or major complica-
tions related to the technique.

4.2. Age, Gender, and Pathology. The relation of patients
included in the study is given in Table 2, indicating their age
and gender, the primary diagnosis they received, the primary

treatment applied, the collateral consequences in laryngeal
conditions, and their treatment with ADRC or CAF.

The final distribution of patients was as follows:

(i) The overall mean age is 52.49 years with a standard
deviation of 16.60 years.

(ii) Group I (ADRC) has 7 patients (3 males and 4
females) with a mean age of 52.28 years and a stan-
dard deviation of 20.95 years.

(iii) Group II (CAF) has 7 patients (3 males and 4
females) with a mean age of 52.71 and a standard
deviation of 12.59 years.

(iv) The female set showed a mean age of 56.44 and a
standard deviation of 18.30 years.

(v) The male set showed a mean age of 51.00 years and a
standard deviation of 15.61 years.

Table 1: Parameter description.

Parameter number Description

2. Jitter Variation of period between two consecutive glottal cycles relative to its mean

3. Shimmer Variation of glottal source average between two consecutive glottal cycles relative to its mean

5. NHR Ratio between the energy of the turbulent part of the glottal source power spectrum relative to its total energy

35. Body mass Dynamic component of the inertial part of the vocal fold body (10−3 g)

37. Body stiffness Elastic force distributed in length over the musculus vocalis (10−3 N/m)

38. Body mass unbalance Variation of parameter 35 between two consecutive glottal cycles relative to its mean

40. Body stiffness unbalance Variation of parameter 37 between two consecutive glottal cycles relative to its mean

41. Cover mass Dynamic component of the inertial part of the vocal fold cover (10−3 g)

43. Cover stiffness Elastic force distributed in length over the lamina propria (10−3 N/m)

44. Cover mass unbalance Variation of parameter 41 between two consecutive glottal cycles relative to its mean

46. Cover stiffness unbalance Variation of parameter 43 between two consecutive glottal cycles relative to its mean

47. Relative recovery time Time interval from the maximum flow declination rate to the end of the glottal source quiescent value

50. Relative open time Time interval from the maximum flow declination rate to the starting point of the open phase

60. Value of contact gap Ratio between the air escape during defective contact episodes and air escape during the open phase

Table 2: List of patients treated in the study.

Code Gender Age Diagnostic Treatment consequence Implant

FS1 F 47 Thymus thickening Recurrent laryngeal paralysis ADRC

FS2 F 36 Thyroid papillary carcinoma VFP after total thyroidectomy ADRC

FS3 F 84 Idiopathic recurrent laryngeal paralysis ADRC

FS4 F 30 Acoustic nerve neurinoma Facial and VF paralysis after primary surgery ADRC

MS1 M 79 Esophageal adenocarcinoma VFP after esophagectomy ADRC

MS2 M 48 CNX schwannoma VFP after primary surgery ADRC

MS3 M 42 Paraganglioma VFP after primary surgery ADRC

FF1 F 52 Paraganglioma VFP after primary surgery CAF

FF2 F 52 Pontocerebellar epidermoid carcinoma VFP after primary surgery CAF

FF3 F 52 Paraganglioma VFP after primary surgery CAF

FF4 F 76 Multinodular goiter VFP after primary surgery CAF

MF1 M 55 Thymoma VFP after primary surgery CAF

MF2 M 49 Cholesteatoma and paraganglioma VFP after primary surgery CAF

MF3 M 33 Carotid and jugular paraganglioma VFP after primary surgery CAF
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4.3. Fat Processing and Injection. The mean volume of autol-
ogous fat harvested was 182.51± 12.57 cm3 (total average),
197.82± 15.23 cm3 (average for the group treated with
ADCRs), and 167.10± 33.02 cm3 (average for the group
receiving CAF). The total amount of fat (both groups) that
was injected in deep into the paralyzed side of the thyroary-
tenoid muscle was 1.79± 0.29 cm3. In the group treated with
ADCRs, the mean infiltrated volume of processed fat was
1.65± 0.56. In the group receiving CAF, the mean infiltrated
volume was 1.93± 0.98 cm3.

4.4. Satisfaction Scores. As the VHI-10 test is formulated with
ten questions, each accepting a possible answer between 0
and 4, and the maximum possible value would be 40
(strongly disappointing voice). Smaller values indicate sub-
jective appreciations close to normality. The results of the
tests before treatment (pre) and after treatment (post) are
summarized in Table 3.

The overall preoperative mean score taking into account
for all patients is 24.21± 8.28. The overall postoperative
mean score for all patients is 6.71± 6.75. The partial preoper-
ative mean score for group I is 21.14± 3.58. The partial post-
operative mean score for group I is 3.14± 3.53. The partial
preoperative mean score for group II is 27.29± 10.66. The
partial postoperative mean score in group II is 10.29± 7.52.

It may be seen that postoperative score means are less far
apart from normality than preoperative means. Besides, the
estimation error is much lower in the postoperative case,
although certain differences may be appreciated between
group I and group II. Figure 3 shows the distribution of data
of patients in both groups.

The figure shows the VHI score for each patient before
(red) and after (blue) treatment. The VHI score is based on
subjective opinions of the patient about different questions
ranging from 0 to 4 (0—never, 1—almost never, 2—some-
times, 3—almost always, and 4—always). The smaller the
score, the largest the satisfaction of the patients with respect
to their voice is. It may be seen that in general, patients in
group I (treated with stem cells and autologous fat) manifest
smaller VHI pretreatment scores than those in group II
(treated only with autologous fat), and the respective means
being, respectively, 21.14 and 27.29. It is important to evalu-
ate if this difference is significant enough so as to condition
posttreatment results, thus masking the possible differences
in the treatment results that are the objective of the study.
For such, two tests have been used: Wilcoxon rank sum and
Student’s t-test. The results of both tests are shown in
Table 4.

It may be seen that both the Wilcoxon and the Student t-
tests (GI pre versus GII pre) cannot reject the null hypothesis

regarding the statistical significance of group I and group II
VHI tests. Therefore, it cannot be said that both distributions
are significantly different, thus availing the possibility of
comparing both sets of patients although the means of their
pretreatment VHI scores are different. On the contrary, both
tests reject the null hypothesis at 5% significance level (GI
post versus GII post) when the posttreatment results for both
groups are compared. This result is of certain relevance, as it
states that the patient’s self-perception of posttreatment
improvement is larger when ADRCs are included when only
fat is used. The results of comparing GI pre versus GI post
reveal a real functional improvement, which is statistically
relevant given the very small p values obtained, that allow
rejecting the null hypothesis. The rejection of the null
hypothesis is also significant for group GII, although not as
strong as for GI (9.324e− 3 and 4.821e− 3). We can state that
pretreatment tests from GI and GII show that these groups
are acceptable for comparison, that posttreatment tests reveal
that both groups behave differently after treatment, and also
that both groups show statistically significant differences in
self-perceived phonation improvements, although the signif-
icance is larger for GI than for GII under both tests.

4.5. Evaluations from Direct Laryngoscopy. The description of
the glottal gap conditions observed in patients before and

Table 3: Statistical description of VHI test results.

Global
GI & GII GI GII
Pre Post Pre Post Pre Post

Means 15.46 24.21 6.71 21.14 3.14 27.29 10.29

Std. Dev. 11.59 8.28 6.75 3.58 3.53 10.66 7.52

Conf. Int. 4.49 4.78 3.90 3.31 3.27 9.86 6.96
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Table 4: Significance of VHI test results (p values).

GI pre
versus GII

pre

GI post
versus GII

post

GI pre
versus GI

post

GII pre
versus GII

post

Wilcoxon
rank sum

0.156 0.032 5.827e – 4 9.324e – 3

Student
t-test

0.174 0.042 6.424e − 7 4.821e − 3
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after the treatment is given in Table 5 from laryngoscopy
inspections prior and 180 days after surgery.

The only remarkable incidence reported was from a
patient treated by ADRCs showing an initial congestion of
the treated VF, presenting an irregular closure pattern, with
a fusiform gap in the laryngoscopy taken 180 days after
treatment (MS3).

Two patients of the CAF group showed incomplete
coaptations of the GG (FF1 and MF2), presenting a partial
closure pattern.

4.6. Voice Quality Improvement. Table 6 gives the dates of the
pretreatment and posttreatment voice quality evaluations.

The results of evaluating the pre- and posttreatment
voice quality conditions on each of the patients from the
likelihood ratios are given in Table 7.

The first column from the left gives the patient’s sum-
mary code (F: female; M: male; S: stem cell + fat; F: only
fat). The second column explains if the implant trans-
ferred ADRCs in autologous fat (ADRC) or not (CAF).
The third column gives the log of the probability for a
feature template xA extracted from phonation before treat-
ment matching the normative feature distribution ΓN. The
fourth column gives the log of the probability for the
feature template xP extracted from phonation after treat-
ment matching the same normative feature distribution.
The fifth column gives the log likelihood improvement
ratio. The sixth and seventh columns give the Voice
Handicap Index score before (A) and after (P) treatment.
The eighth and rightmost column gives the difference
between the VHI scores (before and after). The bottom
row gives the correlation coefficients between the before
treatment probability (log{Pr(xA∣ΓN)}) and VHI score the
after treatment probability (log{Pr(xP∣ΓN)}) and VHI score
and the λ xA ∣ xP and the difference between the pre- and
post-VHI scores (VHI(A)−VHI(P)).

In general, eight out of fourteen patients experience
LLIRs over 100, which is assumed to be the reasonable
threshold for claiming a substantial qualitative improvement.
Four other patients experience slight improvements (MS2,
MS3, FF3, and FF4). Two of them experienced a slight
setback (FS2 and FS4). The three largest improvements
(MS1, FS3, and FS1) correspond to cases treated with ADRC,
compared to three smaller ones corresponding to CAF (MF2,
FF2, and MF3). In general, ADRC cases behave more
irregularly than CAF ones: either produces the largest
improvements or very modest ones. Two cases treated with
ADRC showmoderate improvements (MS2 andMS3) versus
four ones treated with CAF (MF1, FF1, FF3, and FF4). Voice
quality improvements, in cases where present, are mainly due
to a reduction in the unbalance of vocal fold biomechanics
(parameters 40, 42, 44, and 46). This can be observed both
for ADRC and CAF cases. Accordingly, it can be said that
both techniques can be considered successful under the point
of view of voice quality analysis.

Another important analysis is the correlation between
logarithmic probability indices of separation from the nor-
mophonic model for each case (pre- and posttreatment),
and the corresponding VHI scores. The correlation

coefficients between the different groups considered are
shown in Table 8.

At this point, it must be emphasized that the correlation
between the pretreatment logarithmic probability measuring
the separation of phonation from the normophonic model
log{Pr(xA∣ΓN)} and the corresponding VHI score for the
whole set of cases (group I and group II) is of −0.46, indicat-
ing that log scores are negative whereas VHI ones are positive
and that the degree of relationship is reasonable between
both measurements. The relationship is similar when post-
treatment measurements are correlated (−0.42). The rela-
tionship between the LLIR and the pre- and posttreatment
score differences is also similar (0.42), showing similar signs
in this case. The situation reflected when both groups are sep-
arated is rather different. For group I (ADRC), the correla-
tion coefficients are substantially larger (−0.63, −0.77, and
0.54, resp.). For group II (GAF), the correlation between
probabilities of normophony and VHI scores is a bit worse
(−0.49, −0.40, and 0.33). These results may indicate a better
consistence between voice evaluation quality indices and
VHI scores for the ADRC group.

At this point, two special cases require a further study,
these being FS2 and FS4 (both patients treated with
ADRC). In these cases, it must be mentioned that the sets
of features used in the analysis of voice quality did not
reveal substantial changes between pre- and posttreatment
conditions. Besides, simple listening of their phonation in
pre-and posttreatment conditions did not reveal important
perceptual distortion (GRBAS was evaluated as mild in
both cases). Nevertheless, the VHI revealed that both
patients were concerned about the state of their voice, as
expressed in Table 9.

The initial conditions of both patients are almost the
same, the scores being relatively similar. Both complain
mainly about problems with understanding by others and
clarity of phonation. The final conditions express a reason-
ably high acceptance of the improvements experienced. Inex-
plicably, the initial conditions are not reflected by the
pretreatment voice quality analysis. A reasonable hypothesis
is that probably the set of features used in the study cannot
detect the distortions perceived in the subjective autotest
implied in VHI and that some other complementary features
should be included in the study.

It must be mentioned that given the size of the case study
described, statistical relevance of the results is very limited.
Nevertheless, a similar evaluation as the one carried out for
the VHI results expressed in Table 4 should be of the same
interest. In this case, it must be mentioned that given the
dispersion of logarithmic probabilities as given in Table 7,
parametric tests are not the best choice. Instead, Wilcoxon
rank sum has been used. The evaluation of statistical signifi-
cance of voice quality analysis is given in Table 10.

As before, the comparison of ADRC versus GAF
pretreatment voice quality analysis (GI pre versus GII pre)
cannot reject the null hypothesis under a 5% significant level
(p value = 0.901); therefore, to a certain extent, pretreatment
voice quality analysis from both groups can be compared.
The same conclusion can be derived from posttreatment
results (GI post versus GII post, p value = 0.535). When
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Table 5: Pretreatment and posttreatment descriptions from laryngoscopy.

Patient Preoperative laryngoscopy Postoperative laryngoscopy

(1) Group I (FS1)

Left VF paralysis; median position Closure pattern

Anteroposterior gap 2/3 anterior contact

Normal mucosa
Good compensation

Normal mucosa

(2) Group I (MS1)

Left VF paralysis; atrophy of left VF Total closure pattern

Anteroposterior gap
Good compensation

Normal mucosa

(3) Group I (MS2)

Right VF paralysis; lateral position of right VF Total closure pattern

Anteroposterior gap Good compensation

Normal mucosa Normal mucosa

(4) Group I (MS3)

Atrophy of left VF Irregular closure pattern

Anteroposterior gap Fusiform gap

Normal mucosa
Normal mucosa after initial congestion

No coaptation in phonation

(5) Group I (FS2)

Left VF paralysis; paramedian position Total closure pattern

Anteroposterior gap; 1-2mm gap in phonation Good compensation

Normal mucosa Normal mucosa

(6) Group I (FS3)

Atrophy of left VF Total closure pattern

Anteroposterior incomplete gap Good compensation

Normal mucosa Normal mucosa

(7) Group I (FS4)

Paralysis of the right VF Good coaptation in anterior 2/3

Anteroposterior incomplete gap Physiologic posterior hiatus

Small posterior hiatus
Normal mucosa

Normal mucosa

(1) Group II (FF1)

Left VF paralysis; partial compensation Total closure pattern

Anteroposterior gap Good compensation

Normal mucosa Normal mucosa

(2) Group II (FF2)

Atrophy of left VF; intermedian position Total closure pattern

Anteroposterior gap Good compensation

Normal mucosa Normal mucosa

(3) Group II (FF3)

Atrophy of left VF; fusiform hiatus Total closure pattern

Anteroposterior gap Good compensation

Normal mucosa Normal mucosa

(4) Group II (MF2)

Atrophy of the right VF
Total closure pattern

Anteroposterior incomplete gap

Normal mucosa
Good compensation

Normal mucosa

(5) Group II (MF1)

Atrophy of left VF Partial closure pattern

Anteroposterior incomplete gap Phonation in bands

Small midposterior hiatus
Normal mucosa

Normal mucosa

(6) Group II (FF4)

Atrophy of left VF Total closure pattern

Anteroposterior incomplete gap Good compensation

No closure in phonation
Normal mucosa

Normal mucosa

(7) Group II (MF3)

Atrophy of left VF, presenting retraction in middle third and sulcus Total closure pattern

Anteroposterior gap Good compensation

No closure in phonation
Normal mucosa

Normal mucosa
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comparing pre- and posttreatment results for the ADRC
group analysis (GI pre versus GI post), the p value for reject-
ing of the null hypothesis is near the limit (0.053). The rejec-
tion of the null hypothesis is clearly possible for the GAF

group analysis (GII pre versus GII post) a p value well below
the limit (0.007). As it must be reminded, the null hypothesis
establishes that if the pre- and posttreatment distributions
would be equivalent, there would be no significant differenti-
ation between pre- and posttreatment results. This is clearly
true for the GAF group and almost in the limit for the ADRC
group. Plausibly, the worse behavior of this last group may be
caused by cases FS2 and FS4.

These results have to be seen under the exploratory
nature of the study, considered a pilot to initiate further
research in the topic. Having stated these considerations, it
may be said that both procedures, on the one hand CAF,
and on the other hand ADRC, procure important improve-
ments in most of the cases as far as voice quality is concerned,
under an objective basis.

Table 6: Pre- and posttreatment evaluation dates.

Patient’s code Implant method Pretreatment evaluation date Posttreatment evaluation date
Days between pre- and

posttreatment evaluations

FS1 ADRC 15.09.2011 18.10.2012 399

FS2 ADRC 29.11.2011 28.02.2013 457

FS3 ADRC 14.06.2012 28.02.2013 259

FS4 ADRC 12.01.2012 27.02.2014 777

MS1 ADRC 22.03.2012 21.02.2013 336

MS2 ADRC 19.10.2011 15.01.2013 454

MS3 ADRC 10.11.2011 22.11.2012 378

FF1 CAF 21.06.2012 28.02.2013 252

FF2 CAF 04.10.2012 11.04.2013 189

FF3 CAF 28.10.2010 21.11.2012 755

FF4 CAF 24.03.2011 21.06.2012 455

MF1 CAF 17.11.2011 24.01.2013 434

MF2 CAF 24.07.2012 24.01.2013 184

MF3 CAF 20.04.2011 17.05.2012 393

Table 7: Voice quality improvement from likelihood ratios and VHI.

Patient’s code Implant method log{Pr(xA∣ΓN)} log{Pr(xP∣ΓN)} λ xA ∣ xP VHI(A) VHI(P) Diff

FS1 ADRC −12628.24 −41.17 12587.07 24 2 22

FS2 ADRC −34.91 −48.7 −13.79 22 0 22

FS3 ADRC −15364.57 −7.44 15357.13 22 3 19

FS4 ADRC −21.52 −32.03 −10.51 24 7 17

MS1 ADRC −36276.17 −56.57 36219.6 23 9 14

MS2 ADRC −46.09 −11.47 34.62 19 1 18

MS3 ADRC −101.66 −5.05 96.6 14 0 14

FF1 CAF −186.18 −20.44 165.74 10 0 10

FF2 CAF −5041.86 −26.06 5015.79 27 10 17

FF3 CAF −101.6 −15.48 86.12 34 4 30

FF4 CAF −74.9 −16.77 58.13 39 12 27

MF1 CAF −196.92 −3.47 193.45 27 10 17

MF2 CAF −8844.82 −480.94 8363.89 17 12 5

MF3 CAF −2436.14 −3.46 2432.69 37 24 13

Table 8: Correlation coefficients between voice quality estimates
and VHI scores.

Correlation
coefficient

log{Pr(xA∣ΓN)}
versus VHIa

log{Pr(xP∣ΓN)}
versus VHIp

λ xA ∣ xP
versus VHIdiff

Group I +
group II

−0.46 −0.42 0.42

Group I −0.63 −0.77 0.54

Group II −0.49 −0.40 033
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4.7. Adverse Events. During this period, two adverse events
have been reported in one patient (septic shock and glottis
oedema). It occurred in the experimental arm but related to
the intubation procedure and not to the experimental inter-
vention reported. Both cases were removed from the study.

5. Discussion

5.1. General Considerations. VF paralysis can be unilateral or
bilateral. When it is bilateral and during the adduction phase,
tracheotomy is the treatment of choice; but when it appears
during the abduction, the patient will present a GG, resulting
in hoarseness of voice, aspiration of nutrients, dyspnea, and
the impossibility of exerting normal body effort, thus affect-
ing the patient’s quality of life [1].

Surgery of UVFP consists basically in two techniques:
open surgery on the laryngeal box and injection laryngo-
plasty with autologous or nonautologous materials [2]. Open
procedures require a major surgical operation, and condi-
tions after a follow-up at six months [22] may be similar to
the initial situation.

In relation to the second option, surgeons have attempted
to repair aerodynamic incompetence generated by GG aug-
menting the volume of the VF by means of injection laryngo-
plasty. VF consist of a pliable tissue layer known as lamina
propria, which is sandwiched between epithelium and
skeletal muscle. This is a loose connective tissue containing
elastin, collagen, and fibroblast-like cells. VF geometry is crit-
ical to develop a proper function; thus, a selected scaffold
material should provide lasting levels of augmentation while
allowing for a new tissue formation. In order to this, the ideal
filler must be biocompatible and not reactive with the host,
long lasting, and easy to obtain. The most used fillers in the
clinical practice are collagen, hyaluronic acid, and autologous

fat [23]; although these materials resulted in VF improve-
ments, postimplantation resorption or compactation has
limited the long-term success.

5.2. Fat Tissue and Vocal Fold Laryngoplasty. Among autolo-
gous tissues for refilling, fat is currently one of the most
appreciated resources for regenerative medicine. It is a read-
ily available tissue that presents most of the characteristics
required to be the ideal filler. It may be generously injected
and can be easily harvested in the operating room under ster-
ile conditions. Once more, the problem of using autologous
fat injection for laryngoplasty is whether the injected fat
maintains the graft volume, which may be dependent on fat
preparation techniques; in fact, many authors suggest fat
overinjection due to this variability [24–26]. Complications
reported after AF refilling are another negative aspect, which
by fortune is not frequent. In a retrospective work on 88
patients with a mean follow-up of 20.2 months, laryngeal
complications occurred in 4.5% of patients, including 3.4%
cases of overinjections that lead to poor voice quality and
the formation of granuloma (1.1%). Overinjections were
managed using cordotomy with fat removal [27]. Thus, the
fate of injected fat continues to be debated as its survival
seems to be highly variable.

In a similar study [28], CAF has been successfully used
for VF refilling; 14 patients with breathy dysphonia second-
ary to laryngeal hemiplegia and patients presenting anatom-
ical defects (7 cases, resp.) underwent vocal fold lipoinjection
with CAF only. The fat cell layer was injected into the vocal
muscle and patients underwent pre- and postoperative
videolaryngostroboscopy and Voice Handicap Index (VHI)
self-assessment. Voice quality improved soon after surgery
like in our patients and remained stable over more than 10
months. Interestingly, the results were better in the patients
with paralytic dysphonia. Then, CAF is an accepted method
to improve VF volume in order to treat the GG insufficiency,
showing similar results to ours.

5.3. Stem Cells and Vocal Folds. Some of the potential treat-
ment modalities reported for vocal fold scar include injection
of mesenchymal stem cells (MSCs), adipose-derived stem

Table 9: VHI results for cases FS2 and FS4.

Question FS2a FS2p FS4a FS4p

My voice makes it difficult for people to hear me 3 0 3 0

People have difficulty to understanding me in a noisy room 3 0 3 1

My voice difficulties restrict my personal and social life 3 0 3 1

I feel left out of conversations because of my voice 2 0 2 0

My voice problem causes me to lose income 0 0 0 0

I feel as though I have to strain to produce voice 2 0 2 1

The clarity of my voice is unpredictable 2 0 3 1

My voice problem upsets me 3 0 3 1

My voice makes me feel handicapped 2 0 2 0

People ask, what is wrong with your voice? 2 0 3 2

Totals 22 0 24 7

Table 10: Statistical significance of voice quality analysis (p values).

GI pre
versus GII

pre

GI post
versus GII

post

GI pre
versus GI

post

GII pre
versus GII

post

Wilcoxon
rank sum

0.901 0.535 0.053 0.007
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cells (ADSCs), autologous fibroblasts, and potential deriva-
tives of human embryonic stem cells [29].

ADSCs and MSCs have been shown to increase angio-
genesis to ischemic tissue since these cells seem to excrete
substantial quantities of angiogenic growth factors [30, 31].

Lately, it has been described that human vocal fold
fibroblasts (hVFF) isolated from the lamina propria meet
the criteria established to define MSCs and are functionally
similar to MSCs derived from bone marrow and adipose
tissue. hVFF have the same potential as MSCs, and Hanson
et al. proposed that vocal fold fibroblasts are MSCs residing
in the lamina propria [32].

Human adipose-derived stem cells (hADSCs) have been
used in the refilling of the VF in different experimental
models [33]. These cells showed to be a good source for vocal
fold tissue engineering; they have the ability for promoting
injured vocal folds and also play an important role in vocal
fold reparation and regeneration.

In a model of injured VF in rats, refilling with ADSCs
versus bone-marrow stem cells showed that one month after
surgery, there were increased levels of hyaluronic acid and
decreased levels of collagen deposition in VF of both groups.
It was suggested that regenerative effects of both types of
stem cells were similar, but adipose cells might present a
better recovery of hyaluronic acid and superior antifibrotic
effect [34]. Interestingly, Kim et al. demonstrated that
hydrogel-containing hADSCs injected into the VF of rabbits
improved VF healing. Endoscopic and functional evaluations
performed one and three months after injury revealed that
this technique was promising for prolonging the retention
time of stem cells in VF [35].

Nevertheless, regarding the results reported in the present
study, the effects of the treatment seem to be partially long
lasting in both groups, while satisfaction improved more sig-
nificantly in group I in comparison to group II. It has been
described that fibrosis stiffens muscle decreasing engraftment
efficacy and altering cell fate. ADSC injection into fibrotic
muscles showed this effects, butmyotubes derived fromADSC
whenreplantedonto a stiffmatrixmaintained their fused state,
which could explain the scores of satisfaction in group I [36].

It is accepted that seeding cells is an important part of
tissue engineering but it is still difficult to find the most
suitable seed cell in the larynx, which presents a limited
space. We consider that perhaps the main existing difficulty
lies in that cells are not able to form the original structure
in vivo after planting, which may also explain the reduction
of volume after promising initial results, especially if there
is fibrosis of the lamina propria and/or of the vocal muscle.

Taking into account the extensive history of injectable
biomaterials in laryngeal surgery, a major focus of regen-
erative therapies must be the development that shall con-
trol in vivo residence time and elastic properties of the
native tissues.

Isolated adipose stem cells conditioned in scaffolds or
foams, hydrogel matrix [37], or decellularized adipose tissue
(DAT) seem to induce a strong angiogenic response demon-
strating soft tissue regeneration [38]. Though DAT may be
obtained by tissue printing [39], there are still limitations
which insert these tridimensional structures into VF.

Adipose-derived regenerative cells (ADRCs) seem to be a
promising alternative to autologous fat therapy. During the
last decade, cellular therapy based on these cells has emerged
as a suitable method to face some clinical problems like
breast reconstruction or myocardial ischemia [11, 14]. In this
work, we wanted to evaluate the safety and use of autologous
ADRCs for increasing the volume in UVFP leading to GG
insufficiency. Therefore, it is expected that the development
of a simple and stable source of differentiated cells as seed
cells would be useful for VF wound healing.

ADRCs, frequently referred in the literature as stromal
vascular fraction (SVF), are a heterogeneous cell population
most commonly derived from the manipulation of adipose
tissue through enzymatic digestion, removal of adipocytes
(on the basis of their inherent buoyancy), washing, and con-
centration by centrifugation. ADRCs contain not only the
typical supportive stroma found in vivo to anchor and nur-
ture adipocytes but also cells from the hematopoietic system
including those that are both normal residents in adipose
tissue and those recruited during adipose tissue collection
by liposuction. The heterogeneous nature of ADRCs makes
the characterization of cell identity and purity challenging.
Despite this, progress has been made using conventional flow
cytometry methodologies [40] to identify major cell subpop-
ulations of ADRCs and subpopulations with the potential to
contribute to efficacy.

ADRCs also contain a substantial number of endothelial
progenitor cells (EPCs) and adipose stromal cells, both of
which express the CD34 marker. EPCs play a role in thera-
peutic vasculogenesis and can increase tissue perfusion and
improve wound healing [8, 9]. These properties may favor
the engrafting of the enriched autologous fat with ADRCs
into the vocal fold.

The CD34+ population is also known to harbor the
adipose-derived stem cells (ADSC). ADSCs are multipotent
cells capable of differentiating into multiple lineages, such
as adipocytes, osteoblasts, chondrocytes, myocytes, endo-
thelial cells, hepatocytes, and neurons in vitro, given the
appropriate specific conditions and stimulating factors,
and may be direct contributors to new vascular tissue as
well [41, 42].

5.4. Functional Results. At this point, it is of most relevance
to pose the main questions related with the use of grafting
techniques in vocal fold refill, which are the following:

(i) If using CAF or ADRC grafting can be considered
efficient and safe methods in the restoration of the
phonation function

(ii) If the ADRC method improves the phonation func-
tion over the CAF method

The answer to these questions is a difficult one under the
light shed by the results reported in the present study, due to
its size limitations. Nevertheless, it may be said that

(i) both methods seem to preserve, and in most cases,
improve the phonation function, reestablishing the
equilibrium between both vocal folds, initially
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unbalanced. This is true in all cases, even in the ones
with the lowest LLIR: the improvements are pro-
duced by a reduction in the vocal fold unbalance
parameters (body and/or cover). Unbalance being
one of the causes for rough voice, both techniques
reduce this perceptual quality. The cases experienc-
ing a small setback (FS2 and FS4) show a slight wors-
ening in vocal fold body and cover stiffness, possibly
as a reaction to the treatment (parameters 37 and
43). But given the case that both parameters do not
separate much from the normophonic limits, it does
not seem that this setback could be significant,
possibly being amplified by the sensitivity of the like-
lihood estimation methodology used in the study.
On these bases, it cannot be said that ADRC is not
so safe than CAF;

(ii) when comparing the restoring capability of both
methods, it must be said that as far as the phonation
quality is concerned, the best results are obtained
with ADRC than with CAF. Nevertheless, the worst
results are obtained also with ADRC;

(iii) the results are not homogeneous. Some cases expe-
rience a strong improvement whereas others do
not. This happens in cases where phonation quality
is not very bad in pretreatment conditions. It may
be due to the capability of the selected features to
represent phonation quality deterioration, this fact
requiring further study;

(iv) the statistical significance of the study is not relevant,
due to the number of cases included, and their
despair age, and pathological conditions. Neverthe-
less, the results encourage to extend the study to gain
better insight into the possibilities of voice quality
evaluation in assessing functional success;

(v) a very important factor to be contemplated in future
studies is the influence of the time left to assess func-
tionality after treatment, especially for the ADRC
technique, as it is expected that in cases where the
grafts are successful, the improvement should be
larger than in CAF. Unfortunately, the distance
between observation intervals did not contemplate
this factor in the present study.

In general, it seems that the effectiveness of treatments
is influenced neither by age nor by gender. The largest
improvements correspond to two of the elder patients,
male and female (MS1 and FS3), both treated with ADRC.
Three of the patients with larger improvement indices are
males (MS1, MF2, and MF3), whereas three others are
females (FS1, FS3, and FF2). Regarding cases showing
moderate improvement rates, it may be said that all of them
present pre- and posttreatment recordings which are only
slightly dysphonic; therefore, the expected improvement is
not large.

Finally, it must be mentioned that none of the patients
developed tumors at the VF and indeed not systemic tumor-
igenesis after treatment with ADRCs.

6. Conclusions

The FIBHGM-ECNC007-2010 clinical trial has been the first
study to assess changes and clinical outcomes in the VF defect
in a patient after refilling with AF enriched with ADRCs.

This prospective trial demonstrates the safety and efficacy
of the treatment ofUVFP (glottal gap)defects utilizingADRC-
enriched fat grafts.

The ADRC procedure is feasible and allows a direct com-
parison with CAF.

The satisfaction scores for both groups show a subjective
perception of general improvement in their laryngeal use and
voice quality. Satisfaction score improvements are larger for
group I than for group II.

Voice quality ratios show an objective improvement for
both groups with two exceptions for group I, besides the
cases with larger improvement ratios were found in group
I, although improvement ratios are fairly acceptable for
group II as well.

Both methods have shown to be efficient in restoring the
phonation function when examined using distortion, biome-
chanical, and gap features. No substantial differences have
been found in this respect between both methods.

Apparently, neither age nor gender factors influenced the
results achieved by both methods.

None of the patients showed important negative side
effects in their larynx posttreatment conditions.
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Over the last decades, mesenchymal stromal cells (MSC) have been the focus of intense research by academia and industry
due to their unique features. MSC can be easily isolated and expanded through in vitro culture by taking full advantage of
their self-renewing capacity. In addition, MSC exert immunomodulatory effects and can be differentiated into various
lineages, which makes them highly attractive for clinical applications in cell-based therapies. In this review, we attempt to
provide a brief historical overview of MSC discovery, characterization, and the first clinical studies conducted. The current
MSC manufacturing platforms are reviewed with special attention regarding the use of bioreactors for the production of
GMP-compliant clinically relevant cell numbers. The first commercial MSC-based products are also addressed, as well as
the remaining challenges to the widespread use of MSC-derived products.

1. Historical Overview

The first evidence that nonhematopoietic stem cells were
present in the bone marrow (BM) and that these cells could
be the source of fibroblasts involved in the wound repair
process was observed by pathologist Cohnheim in 1867 [1].
However, only a century later (50 years ago), these cells were
isolated and cultured in vitro [2]. Friedenstein and colleagues
found that, when culturing cells from the bone marrow of
rats, there was a population of nonhematopoietic cells
morphologically similar to fibroblasts that adhered to the
plastic of the culture flask. These cells were then referred to
as a colony-forming unit fibroblast (CFU-F) and were
capable of self-maintenance, differentiation in vitro into
other cell types (adipocytes, chondrocytes, and osteocytes),
and supporting hematopoietic stroma when a single CFU-F
was retransplanted in vivo [3]. In 1988, Owen proposed the
existence of a stromal system, with a stromal stem cell
(CFU-F) at the base of hierarchy, popularizing the stromal
cell terminology [4]. All these data were generated from

animal models. The subsequent studies have failed to identify
cells with osteochondrogenic potential in human marrow
[5, 6]. Only in 1992, Haynesworth and colleagues enriched
and expanded cells in culture with osteochondrogenic
potential from human marrow [7].

In the early 90s, the differentiation and in vitro prolifera-
tion potential was interpreted as indicative of in vivo multi-
potency and self-renewal, characteristics of the “stemness”
[8]. Thus, the term mesenchymal stem cell (MSC) was
proposed by Caplan for progenitor cells isolated from human
adult bone marrow (BM) as an alternative to “stromal” or
“osteogenic” stem cell and gained wide popularity [9, 10].
Although BM is still the most common source of MSC, other
sources have also been identified such as adipose tissue [11],
synovial membrane [12], umbilical vein [13], umbilical
cord blood [14], and dental pulp [15], showing features
comparable to BM-derived MSC cells.

Ease of isolation and expansion, as well as the in vitro
multipotentiality, rapidly positioned MSC as a promising
therapeutic agent in regenerative medicine and made them

Hindawi
Stem Cells International
Volume 2018, Article ID 4083921, 13 pages
https://doi.org/10.1155/2018/4083921

http://orcid.org/0000-0003-2149-0101
http://orcid.org/0000-0002-4811-9751
https://doi.org/10.1155/2018/4083921


the subject of intensive clinical research [8]. The first reports
of MSC clinical use occurred between 1995 and 2000 for the
treatment of patients with cancer and osteogenesis imper-
fecta [16–18]. The results of these first clinical studies
demonstrated the MSC therapeutic potential as well as the
feasibility and safety of such treatments. At that time, it was
assumed that MSC could engraft and differentiate into
multiple tissues to replace damaged cells [19].

The heterogeneity of MSC isolation, culture methods,
and the consequent difficulty to compare the results obtained
in clinical and nonclinical studies, conducted between 1990
and 2000, encouraged the International Society of Cellular
Therapy (ISCT) to propose criteria for MSC classification
in 2006. According to the ISCT definition, “multipotent
mesenchymal stromal cells” should be adherent to plastic,
positive for CD105, CD73, and CD90 and negative for the
expression of CD45, CD34, CD14 or CD11b, CD79 or
CD19, and human leukocyte antigen class II, and should also
be able to differentiate in vitro into osteoblasts, adipocytes,
and chondroblasts [20, 21].

After the first clinical studies, researchers have shown
that infused cells survived for short periods in the human
body and had limited ability to differentiate in vivo. Despite
this, the therapeutic effects were still observed even after the

“disappearance” of the cells [19]. It was then confirmed that
the main therapeutic effect of these cells is related to their
immunomodulatory properties based on the capacity of
MSC to secrete cytokines and growth factors, acting as
multidrug delivery vehicles [22]. As a result, in 2010, Caplan
proposed a new nomenclature: “medicinal signaling cells”
(MSC) [23]. Figure 1 summarizes the main findings related
to MSC discovery, characterization, and clinical applications.

Whether for their regenerative or immunomodulatory
potential, MSC have been explored in numerous clinical
studies for the treatment of hematological, inflammatory,
and autoimmune diseases; graft-versus-host disease; heart,
liver, kidney, and lung diseases in the last 15 years. Other
properties have brought MSC into the spotlight, including
the secretion of soluble active factors, ability to differentiate
into several cell lineages, immunomodulatory properties,
and migration to the site of injury [24]. Furthermore, MSC
can be used for autologous and allogeneic therapies due to
the lack of expression of major histocompatibility complex
(MHC) class II and the absence of costimulatory molecule
expression on their surface [25]. A more in-depth overview
of the current clinical status of MSC, mechanisms of action,
secretion of active factors, and MSC properties can be found
in the works previously described [20, 26–29].

Existence of
nonhematopoietic stem
cell in BM from animals
(Cohnheim, 1867)

Existence of nonhematopoietic cells
isolated from BM of rats, referred as 
CFU-F, with osteogenic potential
(Friedenstein, 1968)

Coined the term
“mesenchymal stem cells”
(Caplan, 1991)

Multilineage potential of
human BM MSC in vitro
(Pittenger, 1999)

New nomenclature proposed:
“medicinal signaling cells”
(Caplan, 2010)

Proposition of the term
“stromal stem cell” 
(Owen, 1988)

First clinical trial using 
culture-expanded BM-MSC
(Lazarus, 1995) 

Minimal criteria for multipotent
mesenchymal stromal cell
classification (ISCT, 2006)

First commercial product:
Caritstem (Medipost, 2011)

Figure 1: Schematic representation of the main findings related to MSC discovery, characterization, and clinical application throughout
the years.
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2. MSC Manufacturing: From Conventional
Cultures to Bioreactors

Despite the vast potential, the MSC therapeutic use is still
limited by the need for in vitro expansion due to the low
frequency of these cells in the tissues of origin (frequency in
the bone marrow, e.g., is 0.001–0.01%) [30] and by the
high doses required for an infusion (1–100× 106 cells/kg of
patient). As a result, many efforts have been focused on the
development of expansion technologies to obtain sufficient
numbers of cells with adequate therapeutic quality. Although
MSC are often used in an allogeneic scenario, their autolo-
gous use can also be employed depending on the therapeutic
application. This choice, scale-out versus scale-up, shall have
a great impact on the manufacturing process production and,
consequently, on the cost of goods. For MSC autologous use,
as a lower cell quantity is required, the scale-out approach
can be followed, increasing the number of planar culture
systems (multiple flasks in cell factories, preferably fully
automated). Considering the MSC allogeneic use, it is possi-
ble to produce a large number of cells in bioreactor systems
(scale-up approach) and to create a robust cell bank to supply
cells for all therapies [31].

Monolayer culture or flat two-dimensional flasks are
the traditional and widespread technique for MSC expan-
sion due to its simplicity, low cost, and easy handling
(Figure 2(a)). It consists of a single compartment where
nutrients are diffused to cells and gas exchange (CO2 and
O2) occurs only at the medium/gas interface [32]. Single
and, specially, multilayer vessels have been used to progress
several cell therapy products into mid-to-late-stage clinical
development. The scale-up of this traditional culture process

usually involves commercially available multilayered cell
factories such as Nunc Cell Factories and Corning Cell Stacks
[33]. This culture system is designed to offer a large surface
for cell growth by increasing the number of single stack units
and has been used by several investigators for MSC expan-
sion [34–38]. The production of 0.45–2.5× 108 cells can be
achieved in 10-layer vessels [39] and has successfully been
scaled out to 50–70 vessels (400,000 cm2) [40]. Clinically
relevant cell numbers can be obtained in 40-layer vessels
(~1× 109cells). However, it is important to emphasize that
40-layer units need an automated cell factory manipulator
(ACFM) and a large floor incubator [41].

Despite the effectiveness in promoting MSC expansion,
the monolayer culture technology has a number of limita-
tions: excessive manipulation that can interfere in the func-
tional properties of cells due to enzymatic treatments for
successive passages and higher contamination risk due to
intense manipulation, lack of control of the culture parame-
ters and cell physiology, costly and prolonged culture for
the generation of adequate amounts of cells [42]. The static
nature of the culture leads to concentration gradients (pH,
dissolved oxygen, nutrients, and metabolites) in the culture
medium [32] and therefore a heterogeneous environment.
A large number of evidence have demonstrated that the 2D
system compromises the potency of MSC, while 3D culture
could increase the therapeutic potential of MSC by improv-
ing the anti-inflammatory and angiogenic properties, stem-
ness, and survival [43, 44]. Additionally, monolayer
culture flasks are considered as “open system,” because
their subculture (inoculation, medium exchange, and cell
harvesting) is carried out in laminar flow cabinets by direct
operator manipulation [45]. Although automation and

T-flasks Multi layered flasks Roller bottles
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Figure 2: Schematic representation of monolayer culture systems and bioreactors used for MSC expansion.
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robotics could minimize the disadvantages listed above [32],
this technology is not amenable to scale-up when lots higher
than 100 billion of cells are required [33].

An alternative to enlarge scale expansion in conventional
static monolayer culture flasks could be the use of roller
bottles (Figure 2(a)). It consists of multiple cylindrical bottles
placed into a rotating apparatus (allocating hundreds of
bottles), which minimizes mass transfer limitations [32].
The cells grow forming a monolayer over nearly all the inner
surface of the bottle as the culture medium moves contin-
uously. Although it still represents an open system and
intensive labor, it offers a greater surface area for growth
per vessel and reduces the medium requirement compared
with T-flasks [46]. Roller bottles have been used for MSC
tissue engineering applications and expansion [39, 47].
Although this system presents advantages over static culture
flasks, Tozetti and coworkers were not able to achieve a
satisfactory level of expansion by employing roller bottles
compared to T-flasks using MSC from an umbilical cord,
even by testing several different culture conditions [39].

The high-level production of cells (at least 1× 106 cells/kg
body weight of an adult patient) in accordance with
good manufacturing practices (GMP) and quality standards
requires a fully closed, controllable, and scalable culture
system [46]. Bioreactor-based cell expansion meets these
requirements. The bioreactor can be defined as a culture
system in which there is a proper monitoring and control
of culture variables such as pH, temperature, oxygen, and
carbon dioxide concentration for the maintenance of a
homogeneous physicochemical environment for the cells, as
well as the support for cell adhesion (adherent cells) when
needed. Several bioreactor types have been used for MSC
expansion, as it can be seen in Figures 2(b)–2(e) and
Table 1. Each one has its own specific features (Table 2) that
must be evaluated in order to select the best one considering
the application. Generally, the bioreactor must be easy to
operate; it enables accurate online monitoring and control
of culture parameters and achieves high cell densities. It
should also allow the easy harvest of viable cells and must
be effective in terms of cost and time. Disposable configura-
tions are available, up to 2000 liters, and have been preferred
because of the elimination of the cleaning and sterilization
steps [46]. Previously sterilized microcarriers have also been
commercialized to facilitate cell production and to ensure
greater safety. These single-use technologies (SUTs) are
widely used and accepted in the cell therapy industry [48].
Given the trend towards personalized cell therapy, the SUTs
will be the first choice in a mid/long-term use.

2.1. Stirred Tank Bioreactor. The stirred bioreactors, well
characterized and widely used for microbial and animal cell
cultures, have been used to avoid the limitations of static
culture. Spinner flasks and stirred tank bioreactors are the
most widely used stirred systems. In this bioreactor, impellers
are used to promote mixing, resulting in a homogeneous
culture system, which allows monitoring and controlling
culture parameters and the constant removal of samples.
Among the main advantages, one can find system homoge-
neity, friendly operation and scaling-up, and operation

versatility (batch, fed-batch, and perfusion). A large number
of cells can be produced in just one vessel, thereby avoiding
vessel-to-vessel variability (as in the case of multiple T-flasks)
and minimizing costs related to labor and consumables [65].
The majority of the commercial FDA-approved biopharma-
ceuticals is produced using this type of bioreactor. The
knowledge acquired and the safety record, regarding its use
for cell-derived products, facilitated its application for the
expansion of MSC and also of other cell types used for cell
therapy purposes.

MSC expansion in stirred tank bioreactors, due to its
anchorage-dependent nature, requires the use of microcar-
riers, small beads (100–300μm diameter) easily maintained
in suspension, that provide the surface for cells to attach and
grow. Microcarriers present a high surface area-to-volume
ratio, 30 cm2/cm3 medium for Cytodex-3 microcarrier (GE
Healthcare) at 10 g/L, for example, whereas T-flasks have a
smaller ratio, 3 cm2/cm3 medium, which allows to achieve
much higher cell yields in suspension culture [65] enabling
a time- and cost-saving production. These microcarriers
are typically spherical beads differing in material, density,
diameter, and surface charge.

The selection of an appropriate microcarrier is a critical
variable of an expansion bioprocess and must be based on a
systematic methodology. The ideal microcarrier not only
should be able to support efficient cell attachment and growth
but also should be able to allow an easy cell harvesting without
losing MSC properties [66]. One interesting approach to
select the best microcarrier of a particular process is the use
of small-scale systems capable of evaluating the performance
of an individual microcarrier and comparing them based on
specific culture parameters (cell growth, cumulative popula-
tion doublings, harvesting efficiency). Ideally, after a stringent
screening protocol with at least 3 replicates, a process can be
built around that particular microcarrier and can be repro-
ducible in all stages of clinical development [67]. According
to Nienow and coworkers, if your study defines the “ideal”
microcarrier and provides a reproducible and transferable
methodology, there may not be the need to develop an
entirely new onewhen a newdonor is needed to be introduced
[68]. Recently, Rafiq and coworkers performed an in-depth
study comparing 13 commercially available microcarriers
for the expansion of human bonemarrow-derivedmesenchy-
mal stem cells (hBM-MSCs). The results showed that SoloHill
Plastic was the optimal microcarrier choice for BM-MSC
expansion based on the criteria defined: extent of cell prolifer-
ation on the microcarrier, amenability for xeno-free process-
ing, and efficient cell harvesting.

Although with the possibility of cell damage due to shear
stress, one of the main disadvantages of expanding cells in
microcarriers, in stirred tank bioreactors, is the formation
of cell microcarrier agglomerates that prevents the transfer
of nutrients to the cells inside the agglomerate and also
impairs cell harvest. A neutrally charged microcarrier (a
positively charged microcarrier that attracts cells by electro-
static forces) and biodegradable ones (degradable with
enzyme digestion) are preferred, once they avoid a high level
of agglomeration. Another approach used to minimize cell/
microcarrier agglomeration and also to facilitate the MSC
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scale-up is the use of bead-to-bead transfer process. The
bead-to-bead transfer allows a batch feeding of fresh micro-
carriers (beads) in order to provide an extra surface area for
cell growth, and hence, there is no need for subculturing to
maximize cell growth. This strategy could potentially reduce
the culture handling and culture reagent supplies, minimize
the contaminations, and also reduce costs [66, 69].

The harvesting procedure in a microcarrier-based culture
is an essential step since the cells will be the final product.
Typically, microcarriers colonized with cells are treated
with proteolytic enzymes, and the detached cells are then
separated from microcarriers by filtering. The proteolytic
enzymes cleave the covalent bonds that were formed between
the surface layer of the scaffold and integrins on the cell sur-
face. Trypsin, Tryple™, Accutase™, Alfazyme, Collagenase,
and TrypZean™ are examples of enzymes that can be used
for MSC detachment from the microcarriers. Excluding
trypsin, all the other enzymes mentioned above were favored
considering nonanimal origin being fully compliant with
GMP standards. There is no consensus regarding the most
suitable cell harvesting processing, and according to Salzig
and coworkers, the process of detachment yield is influenced
by multiple variables that include enzyme type and incuba-
tion parameters (concentration, temperature, and duration),
static versus dynamic systems (shear stress of stirred systems
decreases the cell viability after detachment), and down-
stream process after cell recovery (additional steps also
decrease cell viability) [70]. Nienow and coworkers per-
formed a new cell harvesting method based on theoretical
concepts. They proposed a short period (7min) of intense
agitation in the presence of a suitable enzyme (trypsin). By
using this protocol, the harvesting efficiency was >95%
and cells after harvesting showed all the attributes
expected for MSC cells. In addition, the authors suggested
that the overall protocol is flexible and could be used for
different cell lines and microcarriers by just fine-tuning
the enzyme concentration and agitation/time [71]. How-
ever, it is important to mention that the cell harvesting
procedure is not trivial and it becomes more complex,
when the expansion scale increases. Indeed, the majority

of published articles have not mentioned harvesting
efficiency (%).

The scale-up of human MSC in a 5L stirred tank bioreac-
tor was described by Rafiq and coworkers, using 2.5 L work-
ing volume and a nonporous Plastic P-102L microcarrier.
Over a 12-day culture period, the researchers achieved amax-
imum cell density of 1.7× 105 cells/mL (6-fold expansion), an
amount equivalent to the one achievable from 65 fully conflu-
ent T-175 flasks [52]. Other reports in the literature have
described the successful expansion of MSC in stirred tank
bioreactors using microcarriers [39, 50, 51, 53–57] (Table 1).

The majority of MSC cultures are typically expanded
using fetal bovine serum (FBS) as a supplement for culture
medium. However, to avoid the risk of transmitting xenoge-
neic infectious agents and immunization, the scientific
community has proposed FBS alternatives such as human
serum, platelet-rich plasma, and platelet lysate (hPL) [72].
Ideally, a suitable FBS substitute should present defined
composition, reduced risk of contamination, low costs, easy
availability, and extended shelf life [73]. Some studies have
reported the use of a stirred tank bioreactor for MSC expan-
sion under xenogeneic- (xeno-) free conditions with the use
of human serum [39] and chemically defined culture medium
[74, 75]. The first FDA approved commercial xeno-free
culture medium was StemPro MSC SFM (Invitrogen). Dos
Santos and coworkers showed an efficient growth of MSC
from adipose tissue and bone marrow cultured in plastic
microcarrier with StemPro MSC SFM [53]. Growth on colla-
gen microcarriers at serum-free conditions using StemPro
MSC SFM allowed the production of 1× 108 MSC in 5 days
of culture [56]. A more concise review of FBS substitutes
can be found in previous reports [46, 69, 73, 76].

Upon the increasing importance of stem cell bioproces-
sing, the interest in using disposable and single-use tech-
nologies has appeared and new approaches have emerged.
Then, researchers showed the utility of a single-use 3 L stirred
tank bioreactor in combination with collagen-coated micro-
carriers for human bone marrow-derived MSC (BM-MSC)
expansion. MSC propagated in the single-use 3 L bioreactor
(Mobius, EMD Millipore) for five days with a 5.2-fold

Table 2: Main features of the culture systems and bioreactors employed for MSC manufacturing.

Features
Multilayered

flasks
Stirred tank
bioreactor

Rocking
bioreactor

Fixed-bed
bioreactor

Hollow fiber bioreactor

Homogeneity No Yes Yes No
Moderate

(spatial concentration gradients)

Culture parameter control
and monitoring

No Yes Yes Yes Yes

Scale-up Limited Moderate
Moderate

(up to 500 L)
Moderate Moderate

Contamination risk
High

(open system)
Low

(closed system)
Low

(closed system)
Low

(closed system)
Low

(closed system)

Shear stress No High Moderate Low Low

Oxygen transfer Low High High Moderate High

Culture operation mode Batch
Batch, fed-batch,

perfusion
Batch, fed-batch,

perfusion
Batch, fed-batch,

perfusion
Perfusion

Cell harvesting Easy Difficult Difficult Difficult Easy
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increase in total cell number, from 30 to 150 million cells
[49]. Similarly, BM-MSC were propagated in a disposable
stirred tank bioreactor (Mobius CellReady 3L bioreactor,
Millipore) achieving viable cell densities of 2.5–2.7× 105
cells/mL during 12–14 days of culture [51, 77].

2.2. Rocking Bioreactor. A rocking (wave) bioreactor is a
reliable and attractive option for mammalian cell cultures
when good manufacturing practice (GMP) bioprocesses are
required. This bioreactor consists of a disposable plastic bag
placed on a platform whose agitated fluid motion induces
the formation of waves which, in turn, provide good nutrient
distribution and excellent oxygen transfer with moderate
shear stress, resulting in an optimal culture environment
for cell growth. It also presents a minimum risk of contami-
nation (closed system), scalability (up to 500L), and flexibil-
ity. In this culture system, microcarriers are also needed for
MSC expansion. Although these features provide a great
advantage, compared to other bioreactors, there is only one
scientific publication demonstrating its use for MSC expan-
sion, for the best of our knowledge. Timmins and colleagues
isolated MSC from a human placenta and expanded in a
Xuri bioreactor (GE Healthcare) on two types of microcar-
riers. After seven days of culture, 10-fold expansion was
obtained on the Cytodex-3 microcarrier and 15-fold in the
Cultispher-S. According to the authors’ estimates and the cell
isolation method proposed, 500 grams of a placenta is
enough to produce cells for two patients of 70 kg at a dose
of 5× 106 cells/kg after the first passage [62].

2.3. Hollow Fiber Bioreactor. Hollow fiber bioreactors are
considered a good option for the expansion of MSC due to
their relatively homogeneous cultural environment, low
shear stress, and fibers for cell adherence. Hollow fiber
bioreactors basically consist of porous capillaries (hollow
fibers) contained in a parallel outer cylinder. Typically, the
cells are inoculated within the fiber (intracapillary space
(ICS)). The extracapillary space (ECS), between the cylinder
and the fibers, is where the culture medium flows and
nutrients diffuse through the pores of the fibers to the ICS,
allowing the nutrition of the cells retained therein. Also,
metabolic waste produced by the cells can permeate through
the fiber and it can be carried by the flow. Recent studies have
shown the expansion of MSC from different sources using
the commercially available disposable Hollow fiber bioreac-
tor (Quantum® Cell Expansion System, Terumo BCT).
Starting with 21× 106 cells, the authors reported a fold
increase (average) of about 10 during 7–17 days, using cul-
ture medium supplemented with fetal bovine serum (FBS)
[59–61]. Another approach described in the literature relates
the use of the Quantum system for the enrichment of MSC
from unprocessed bone marrow. A range of 2–58× 106
MSC cells was obtained from 8 to 32mL of primary bone
marrow aspirates in a period of 15 to 27 days. The cultivation
of MSC at the second passage for 13 days led to further
10–20-fold enrichment [58]. This bioreactor is also being
used for ex vivo expansion of MultiStem® (adherent stem
cell product), which is in clinical trial testing for several
diseases like inflammatory bowel disease, graft-versus-

host disease, stroke, and acute myocardial infarction.
Recently, our group has reported the successful expansion
of AT-MSC in the Quantum Cell Expansion System under
xenogeneic- (xeno-) free conditions, enabling the generation
of clinically meaningful cell numbers (11-fold increase) in a
reduced period of time (5 days) [78]. The results obtained a
point to a successful cell expansion, encouraging other inves-
tigators to use this disposable closed system to expand cells
for cell therapy purposes [79].

2.4. Fixed-Bed Bioreactor.A fixed-bed bioreactor consists of a
column (bed), which contains/holds an immobilized scaffold,
where the cells are inoculated. The scaffold must have a high
surface area for cell growth and chemical stability. Once the
cells remain immobilized on the carrier surface, this system
has an advantage of presenting a low shear stress environ-
ment. Although this bioreactor allows a three-dimensional
cell growth and better mimicking in vivo conditions, spatial
concentration gradients may occur [32]. A fixed-bed bioreac-
tor using nonporous borosilicate glass spheres as carriers was
used for the expansion of the cell line hMSC-TERT. In this
work, they used bed volume up to 300mL and described
automated inoculation, cultivation, and harvesting of the
cells. Additionally, a model describing the process was
developed, based on the collected data, in order to perform
calculations for scaling up [80].

The FibraStage bioreactor is a disposable fixed-bed
culture system with polystyrene disks (Fibra-Cel® disks) as
a scaffold. Our research group tested this culture system for
human MSC expansion. After 7 days of culture, it was possi-
ble to produce 4.2 (±0.8)× 108 cells, which represents a fold
increase of 7.0. This amount of expanded cells is sufficient
to infuse six patients (70 kg), considering the number of
1× 106 cells/kg per patient; therefore, to produce the same
amount of cells, it will be necessary to use 120 75 cm2 culture
flasks. It is worth mentioning however that a low harvesting
efficiency in the fixed-bed bioreactor (18% (±0.8)) was
attained, due to the insufficient time of enzyme treatment
and gentle platform motion, which prevents efficient enzyme
diffusion throughout the bed [63]. In another study, Tsai and
coworkers demonstrated the feasibility of MSC expansion in
a 2.5 L stirred tank packed with the same scaffold used in our
study. After 9 days of expansion, a 9.2-fold increase in the cell
number was achieved. However, the authors did not mention
harvesting efficiency (%) [64]. The company Pluristem Ther-
apeutics (based in Israel) is expanding placental-derived
mesenchymal cells (PLX) using a proprietary fixed-bed
bioreactor (PluriX 3-D bioreactor) in combination with
Fibra-Cel disks [81].

3. MSC Downstream Processing

MSC downstream processing (DSP) involves several complex
steps, after cell detachment from the scaffold, which include
microcarrier (scaffold) removal (clarification), volume reduc-
tion for concentration, cell washing followed by formula-
tion, and cryopreservation. Few studies have described
the MSC downstream process due to a limited number
of DSP technologies available to fulfill the allogeneic cell
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therapy scenario. In order to obtain a highly pure cell product
with adequate viability and functionality, the whole DSP
process must meet specific requirements, including reduced
processing time, high volume reduction, efficient washing
(to diminish the impurity levels to <1 ppm), low shear stress
conditions and additionally, the system needs to be closed,
automated and scalable under GMP standards [82].

Aiming an efficient GMP-grade downstream process,
Cunha and coworkers evaluated for the first time the use
of dead-end filtration and tangential flow filtration (TFF)
for the clarification and concentration of MSC, respectively.
The results showed that polypropylene filters with pore sizes
higher than 75μm could provide an efficient microcarrier
removal and polysulfone membranes with pore sizes higher
than 0.45μm (hollow fiber cartridge) were able to concen-
trate the cells to a factor of ten (viability> 80%) [83]. One
year later, the same research group performed another study
to improve the established TFF-based strategy. Using nega-
tive mode expanded bed adsorption (EBA) chromatography
with a new multimodal prototype matrix based on core-shell
bead technology, they were able to improve the washing step
by more than 10-fold recovering 70% of viable and func-
tional MSC. Moreover, the chromatographic step enables a
single-pass operation decreasing the time of cell handling
[84]. Alternatively, to the use of TFF, single-use recovery
equipment such as closed continuous fluidized bed centri-
fuges (kSep® Systems) has also been explored [85]. These
systems have the volume capacity ranging from 400mL
to 6L and operate via counter-flow centrifugation allow-
ing volume reduction and washing in a low-shear stress
environment [82].

After the concentration and washing steps, the cells are
then formulated using a specific cryopreservation buffer.
Given that MSC-based therapy is intended for allogeneic
use, a large “off-the-shelf” inventory must necessarily be
created (many doses per lot). Then, vial filling at a large scale
has to be performed using automated systems (such as
Crystal® Px) and controlled-rate freezers will also be required
to process thousands of vials per batch. The combination of
all these automated and closed systems will enable the
maintenance of cell product quality [82, 86].

4. MSC Quality Control

MSC-based therapies are considered advanced therapy
medicinal products (ATMPs) and must be manufac-
tured according to good manufacturing practices (GMP)
(manufacturing authorization is required) [10]. There is no
consensus regarding quality control standards among coun-
tries, and each research center should discuss the application
on a case-by-case basis with their local regulatory agency
authority. Commonly, assays to assess the quality safety
and efficacy of MSC are performed during their production
for the final clinical use. It includes cell identity morphology
growth characteristics sterility karyotype and efficacy tests.

In order to assess the MSC identity, researchers should
follow the three minimal criteria proposed by the ISCT:
adherence to the plastic, expression of a specific surface anti-
gen, and trilineage differentiation, as already mentioned [21].

The MSC phenotypic profile is considered a release criterion,
and for this reason, controls should be performed to guaran-
tee the validity of results [87]. Regarding morphology, MSC
should maintain a spindle-shaped morphology throughout
the culture. A drastic morphology change could affect MSC
response and commitment [88]. Similarly, cellular growth
should be monitored at each passage and expressed in terms
of population doublings (PD). The number of population
doublings (PD) could be calculated using the equation
PD = log FI /log 2 , where FI is the cell culture fold
increase estimated by the number of final cells/number of
cells inoculated. Viability should be maintained at >90%
and could be assessed using the trypan blue exclusion
method or by using propidium iodide (flow cytometry).
Ideally, the cell expansion should not exceed 20 population
doublings to avoid the senescence process [10].

Once MSC need to be expanded in vitro for an extended
period of time, the maintenance of genomic stability has
to be assured by performing karyotype analysis, comparative
genomic hybridization (CGH) array, or fluorescence in situ
hybridization (FISH) [89]. In 2013, an expert group, includ-
ing people from European Regulatory Authorities, reached
an agreement on several issues and proposed a statement:
culture conditions should be carefully chosen to avoid a high
proliferative rate, and the number of population doublings
should be kept to a minimum, avoiding chromosomal abnor-
malities. Conventional karyotyping has to be performed to
evaluate putative chromosomal aberrations [90].

The assessment of contamination risk that could
potentially affect the efficacy, safety, and quality of MSC has
also to be considered. Contamination by bacteria, fungi,
mycoplasma, and bacterial endotoxin should be documented
and evaluated. These tests should be performed not only in
the final cellular product but also in the entire manufacturing
process, including reagents and starting materials. In 2014,
Gálvez and coworkers described an efficient quality control
program (QCP) according to the European Pharmacopoeia
to detect contamination during the manufacturing of
autologous hMSC for clinical application. All the methods,
procedures, and validations can be accessed in the article
published [91].

Efficacy could be assessed using in vitro and in vivo
(animals) experiments during the preclinical phase of pro-
cess development. As the efficacy tests differ among the
intended clinical applications, no concluding recommenda-
tion and no specific tests are required by the authorities as
a release criterion. It is well recognized that MSC possess
immunosuppressive potential, showing the best clinical
results so far in immunological-based diseases [87]. There-
fore, the immunosuppressive capacity of MSC could be
tested in vitro by different immunological assays, such as
the inhibition of T-lymphocyte proliferation and cytokine
release assay. Although these tests are not mandatory, they
may represent a fundamental step towards MSC character-
ization and future clinical application, being in accordance
with GMP requirements.

The use of process analytical technologies (PAT), under
theQbD (Quality byDesign) umbrella, for regulating product
quality must also be considered. The PAT system, developed

8 Stem Cells International



by FDA (Food and Drug Administration), considers science
and engineering principles for assessing and mitigating risks
related to poor product and process quality. The quality,
therefore, has to be done as an in-process online control
rather than only final testing [92]. PAT principles, as well as
QbD, are increasingly being incorporated into the bioproces-
sing industry. In the cell therapy field, however, the applica-
tion of PAT concepts is challenging because of the difficulty
of fully characterizing a living cell and obtaining relevant data
in real time [93]. For further reading, see [94–96].

5. Commercialization of MSC-Based Products

The use of MSC as a therapeutic product has been extensively
explored in the context of clinical studies (203 MSC-based
clinical trials, either ongoing or completed, are found on
http://clinicaltrials.gov). In general, these studies have
concluded that their use is safe, feasible, and effective in cer-
tain cases and conditions. However, only a few commercial
products have been approved by regulatory agencies. The
first commercial (allogeneic) product, Caritstem®, based on
MSC derived from umbilical cord blood and produced by
Medipost, was only approved for the treatment of traumatic
and degenerative osteoarthritis in 2011 in Korea. FCB-
Pharmicell (Korea) obtained the approval of the second
commercial (autologous) product, HeartiCellgram® (based
on MSC derived from the patient’s own bone marrow),
indicated for the treatment of acute myocardial infarction.
The company produces 50–90 million cells per patient, and
this product is infused into the coronary arteries [97].

Canada was the second country to approve an allogeneic
product based on MSC (bone marrow of healthy volunteers),
Prochymal® (Remestemcel-L), for the treatment of children
with graft-versus-host disease in 2012 (Osiris Therapeutics
Inc.). Other Osiris’ product line available in the market also
includes Cartiform® for cartilage repair, Grafix® for acute
and chronic wounds, and Stravix® for wound repair [98].
Another product approved for marketing by South Korea’s
Food and Drug Administration in 2012 was Cupistem®
(Anterogen). It consists an autologous adipose-derived
mesenchymal cell treatment to reduce inflammation and
regenerate damaged joint tissues, indicated for the treatment
of Crohn’s fistula.

More recently, Mesoblast has launched in the market
TEMCELL® product, an allogeneic mesenchymal stem cell
product indicated for the treatment of acute radiation
injury, Crohn’s disease, graft-versus-host disease, type I
diabetes, and myocardial infarction. The product was fully
approved in Japan (Japanese Ministry of Health, Labour
and Welfare) in 2015 and afterwards approved in New
Zealand and Canada [99].

6. Remaining Challenges

The transition from monolayer-based expansion to biopro-
cess using bioreactors, already experienced by the pharma-
ceutical industry in the production of viral vaccines and
recombinant proteins, enabled not only the increase in the
number of cells produced and the reduction of process costs

but also the constant monitoring and control of important
cell growth parameters, improving the quality and safety of
the cells produced in accordance with good manufacturing
practices. Notwithstanding the vast knowledge related to cell
culture in bioreactors acquired by academia and industry for
the production of cell-derived products, its application in the
production of cell-based products had to consider the
peculiarities of this new type of product, mainly referring to
post-expansion cellular safety and functionality. Cell-based
formulations, for example, cannot undergo viral inactivation
processes along the purification as the recombinant proteins,
so the production process must be conducted in a manner to
ensure the complete absence of contaminations. Due to their
primary nature, MSC cannot be cultivated indefinitely, due to
their senescence and eventual loss of important functional
properties. The use of MSC with less than 20 population dou-
blings has been suggested for clinical applications to ensure
safety and efficacy [65]. It is important to keep in mind that
a “one-size-fits-all” bioprocess platform is unlikely, due to
the heterogeneity of cell types, protocols, reagents, and
disease indications. A large-scale manufacturing protocol
has to be tailored for each specific clinical application. It must
also consider the impact of donor age on cell proliferation
and biological properties. Choudhery and coworkers showed
that aged adipose tissue-derived MSC (>60 years) displayed
senescent features when compared with young donor cells
(<30 years), as well as reduced viability, proliferation, and
differentiation potential. The presence of age-related dis-
eases, such as diabetes and heart failure, can also negatively
affect cell functionality [100]. According to Petry and col-
leagues, the gender of the cell donor had no influence on cell
growth and metabolism [101].

The majority of works describing the large expansion of
MSC employs the use of fetal bovine serum (FBS) for product
manufacture, and a strategy to integrate xeno-free culture
needs to be addressed. However, it is worth noting that unlike
the recombinant protein production process, regulatory
agencies still allow cell expansion in FBS-containing media,
although they recommend withdrawing this component
and other animal components from the production biopro-
cess [26]. Currently, as previously mentioned, some groups
are testing new xeno-free culture medium formulations
(hPL, human serum, chemically defined media, etc), over-
coming ethical issues related to FBS usage and improving
the expansion of MSC for clinical applications in a safe and
reproducible manner.

One challenging requirement for MSC production and
therapeutic use is to establish minimum standards for quality
control. Ideally, the cell manufacturing bioprocess should be
reproducible and fast and the released product should be
systematically tested for identity, safety, purity, and efficacy
as already mentioned. Regardless of the constant efforts from
scientific community and industries, there is still no consen-
sus on quality control assays for the production of MSC for
therapeutic purposes.

Another remaining challenge is related to the complexity
of cell-based product production process and, consequently,
the high cost of goods (COG). Prices from approximately
$25,000/dose up to $40,000/dose have been reported. As
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a result, the search for economically viable production
processes will be critical if cell therapy products are
intended to achieve the commercial manufacturing success
of biopharmaceuticals. This issue may be related to the
fact that despite the high therapeutic potential and the
numerous ongoing clinical studies, few MSC-based prod-
ucts have been approved in the market.

Even with all these remaining challenges, progresses in
cell manufacturing with the use of bioreactors and improve-
ments in cell characterization and quality control will cer-
tainly accelerate the therapeutic use of MSC to treat several
incurable diseases.
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Multipotent mesenchymal stromal cells (MSCs) participate in the formation of bone marrow niches for hematopoietic stem cells.
Donor MSCs can serve as a source of recovery for niches in patients with graft failure (GF) after allogeneic bone marrow (BM)
transplantation. Since only few MSCs reach the BM after intravenous injection, MSCs were implanted into the iliac spine. For 8
patients with GF after allo-BMT, another hematopoietic stem cell transplantation with simultaneous implantation of MSCs
from their respective donors into cancellous bone was performed. BM was aspirated from the iliac crest of these patients at 1-2,
4-5, and 9 months after the intraosseous injection of donor MSCs. Patients’ MSCs were cultivated, and chimerism was
determined. In 6 out of 8 patients, donor hematopoiesis was restored. Donor cells (9.4± 3.3%) were detected among MSCs.
Thus, implanted MSCs remain localized at the site of administration and do not lose the ability to proliferate. These results
suggest that MSCs could participate in the restoration of niches for donor hematopoietic cells or have an immunomodulatory
effect, preventing repeated rejection of the graft. Perhaps, intraosseous implantation of MSCs contributes to the success of the
second transplantation of hematopoietic stem cells and patient survival.

1. Introduction

Allogeneic transplantation of hematopoietic stem cells (allo-
HSCT) remains the only method of treatment for many
hematoblastosis patients.

Graft failure (GF) is a serious complication of allo-
HSCT. With primary GF in the case of myeloablative con-
ditioning (MAC), hematopoiesis of the patient is never
restored and the only option is to repeat allo-HSCT. In the
case of reduced intensity conditioning (RIC), there is a

potential for patient hematopoiesis restoration [1]. The
incidence of GF is 3.8–5.6%. Studies have suggested that GF
is the result of the classical immune response of the recipient’s
immune cells (particularly the T cells), which remains after
the pretransplant conditioning, to the donor antigens [1]. In
addition, in GF patients in a prolonged aplasia, hematopoietic
microenvironment could be fatally damaged, and their stro-
mal cells fail to support hematopoiesis [2]. After allo-HSCT,
the stromal microenvironment suffers from the effects of
chemotherapeutic drugs [3, 4]. Not only does chemotherapy
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damage the bonemarrow stroma but leukemia cells also adapt
bone marrow niches to their own needs, altering the stromal
microenvironment [4–6].

The structure of the stromal microenvironment includes
mesenchymal stem cells, multipotent mesenchymal stromal
cells (MSCs), colony-forming unit fibroblasts (CFU-F), and
mature cells.

MSCs have been used since 2000 to treat various hemato-
logic and autoimmune diseases, including acute graft versus
host disease (aGvHD). Since 2008, in the National Research
Center for Hematology, the study on the use of MSCs for
aGvHD prevention has been conducted [7–9]. Since that
time, for each patient, MSCs from bone marrow donors have
been individually cultured. In this study, as in the vast major-
ity of other studies using MSCs, cells were administered
intravenously (IV). MSCs infused intravenously are firstly
trapped in the lungs [10, 11]. It is not possible to detect donor
MSCs in the body 7–10 days after IV injection [12, 13].
Hematopoietic cells enter the bone marrow according to
the gradient of CXCL12 (SDF1) [14]. The CXCR4 receptor
to this chemokine is weakly expressed on MSCs. Thus,
MSCs introduced IV practically do not reach the bone
marrow [15, 16].

When MSCs are IV cotransplanted at the time of allo-
HSCT, donor MSCs are not found in the bone marrow
stroma [13, 17]. Although, after the injection, MSCs may
migrate into the inflammatory focus, studies have shown that
their ability to migrate is small [18, 19]. In addition, when
MSCs are used for bone and cartilage regeneration, the main
problem is localizing MSCs at the appropriate site [20].

MSCs participate in the niches for hematopoietic stem
cell formation and are thus elements that support hemato-
poiesis [21, 22]. Other stromal progenitor cells, such as
colony-forming unit fibroblasts (CFU-Fs), as descendants
of mesenchymal stem cells, participate in the formation of
bone marrow stroma [23–25]. Both MSCs and CFU-Fs are
able to proliferate and differentiate into bone, cartilage, and
adipose tissues.

Donor MSCs in the case of GF can serve as a source of
recovery for hematopoietic cell niches. During prolonged
bone marrow aplasia, 3 patients intraosseously received

MSCs from the bone marrow of hematopoietic cell donors.
On average, 2 weeks after MSC administration, patients
recovered their own hematopoiesis. Donor MSCs were found
in recipient bone marrow three and five months following
MSC implantation. Previous studies have shown that func-
tionally adequate donor MSCs survive for a long time in
the bone marrow of the patient [26]. In these cases, patients
were not cotransplanted with hematopoietic stem cells from
the donor. However, restoration of their own hematopoiesis
suggested that MSCs perform a trophic function and contrib-
ute to the restoration of their own hematopoiesis. The results
of this work became the basis for the combination of
hematopoietic stem cell transplantation with intraosseous
injection of MSCs derived from the bone marrow of hema-
topoietic cell donor.

In the Department of Bone Marrow Transplantation,
8 patients with GF after allogeneic bone marrow transplanta-
tion (allo-BMT) were observed. These patients received sec-
ond allo-HSCTs from the same donor, and MSCs were
injected intraosseously in an attempt to restore the stromal
microenvironment. The long-term existence of donor MSCs
in the bone marrow of these patients was shown. Six patients
restored donor hematopoiesis.

2. Materials and Methods

2.1. Patients. Eight patients with GF after allo-BMT were
observed in the Department of Bone Marrow Transplanta-
tion (Table 1). All patients received allo-BMT in complete
remission. As GvHD prophylaxis patients received cyclo-
sporine combined with methotrexate, some patients addi-
tionally received mycophenolate mofetil.

In all 8 cases, the first source of hematopoietic stem cells
was bone marrow, whereas the second source of hematopoi-
etic stem cells was peripheral blood stem cells from the same
donor after mobilization via G-CSF. All patients received sec-
ond allo-HSCTs and MSCs injected intraosseously (Table 2).
At the first transplantation, no less than 2× 108 nucleated
cells per kg of patient weight were injected, and at the second
transplantation, no less than 3× 106 CD34+ cells per kg were
injected. Except for patient 2, no GvHD cases occurred.

Table 1: Characteristics of the 1st transplantation.

Patient Diagnosis Gender/age Donor
Conditioning

regimen

Time to 2nd
transplantation,

days

Leucocytes, ×109/L
at the time of the 2nd

transplantation
Graft rejection

1 M AML m/23 Unrelated matched MAC 50 0.01 Primary

2 P MDS f/56 Related matched RIC 108 0.4 Primary

3 CH MDS f/40 Unrelated mismatched RIC 83 0.04 Primary

4 F AML f/42 Unrelated matched RIC 147 0.01 Secondary

5 IV CMML m/30 Unrelated matched MAC 64 0.01 Primary

6 BU AML m/32 Unrelated mismatched MAC 50 0.02 Primary

7 SA AML f/53 Unrelated mismatched RIC 55 0.05 Primary

8 CHA AML f/32 Unrelated mismatched MAC 45 0.02 Primary

AML: acute myeloid leukemia; MDS: myelodysplastic syndrome; CMML: chronic myelomonocytic leukemia; RIC: reduced intensity conditioning (fludarabine
phosphate (30mg/m2/day for 6 days) combined with busulfan 4mg/kg/day for 2 days and antithymocitic globulin 10mg/kg/day for 4 days); MAC:
myeloablative conditioning (cyclophosphamide 60mg/kg/day for 2 days combined with busulfan 4mg/kg/day for 4 days).
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In the 2nd transplantation, MSCs were administered
1–6hours before allo-HSCT under local anesthesia to the
iliac crests on the right and left sides after receiving informed
consent from the patient. Given that the MSCs for adminis-
tration were obtained from several passages, the cells were
thawed, washed from dimethylsulfoxide (DMSO) (Sigma-
Aldrich, Steinheim, Germany), and suspended in 2ml of
6% dextran (which has the trade name Poliglukin, produced
by Public Corporation Biochimik, Russia). The cells were
introduced into bone tissue in small aliquots of 100–200μl
through 2 punctures of the skin and multiple punctures of
the periosteum.

All works were conducted in accordance with the Decla-
ration of Helsinki (1964). This study was approved by the
local ethics committee, and the donors and patients provided
written informed consent. A clinical trial (NCT03389919)
has been ongoing at the National Research Center for
Hematology since 2016.

2.2. MSCs. MSCs were derived from 25–30ml of bone mar-
row received during donation for first transplantation from
hematopoietic cell donors. For the separation ofmononuclear
cells, bone marrow was mixed with an equal volume of alpha-
МЕМ media (HyClone, USA) containing 0.2% methylcellu-
lose (1500 cP, Sigma-Aldrich, Steinheim, Germany). After
40min, erythrocytes and granulocytes had mostly precipi-
tated, while mononuclear cells remained in suspension. The
upper fraction (suspension) was aspirated and centrifuged
for 10 minutes at 450g. The sediment was suspended in a cul-
tivation medium composed of alpha-MEM supplemented
with 4% donor platelets [27], 2mМ L-glutamine (HyClone,
USA), 100U/ml penicillin (Ferein, Russia) and 50μg/ml
streptomycin (Ferein, Russia), and 2μ/ml heparin (Sigma,
USA). The cells were cultured at 27× 106 cells per T175 cm2

culture flask (Corning-Costar, USA). When a confluent
monolayer of cells formed, the cells were washed with 0.02%
EDTA (Sigma, USA) in a physiologic solution (Sigma-
Aldrich, Steinheim, Germany) and were then trypsinized
(MP Biomedicals, France). The cells were subsequently
seeded at 4× 103 cells per cm2 of flask area. The cultures were
maintained under hypoxic conditions at 37°C with a 5% CO2
and 5% O2 atmosphere. The MSCs were harvested in 6%
dextran and cryopreserved with 10% DMSO.

The criteria for eligibility of the MSCs to be clinically
applied included a spindle-shaped morphology, absence of
visible clots, standard immunophenotype [28] for surface
molecules [29], and proven ability to differentiate in vitro
along osteogenic and adipogenic lineages [30]. MSCs were
also examined for bacteria, viruses, and mycoplasma con-
tamination before use as a routine standard procedure.

We performed bone marrow punctures for patients at
1-2, 4-5, and 9 months after simultaneous donor MSC
implantation. We collected 2-3ml of bone marrow from
1–4 independent punctures of the iliac spine for each patient.
From the harvested bone marrow, MSCs were isolated and
cultured according to the standard protocol described above,
with the addition of 10% fetal calf serum (FCS) (Hyclone,
Thermo Scientific, South Logan, USA) instead of plasma
enriched with platelets. From these bone marrow samples,
CFU-Fs were analyzed according to a standard protocol [9].

2.3. Chimerism Analysis. The proportion of chimeric DNA in
patients’ MSCs was determined at passages 1–3. MSCs from
passage 0 were not included in the analysis due to the poten-
tial admixture of donor macrophages [31]. The immunophe-
notype of MSCs from passage 1 was determined. More than
99% of cells in each sample were CD90+/CD105+ and nega-
tive for hematopoietic cell markers (CD45, CD33, CD117,
CD13, and CD34).

Cell DNA was isolated by the standard methods of
extraction and salt precipitation with ethanol. The chimerism
in MSCs was analyzed by the STR-PCR method (polymerase
chain reaction with a panel of primers for the loci of short
tandem repeats). The protocol uses reagents for multiplex
analysis of 19 STR markers and the human amelogenin locus
(CorDIS Plus C1000 Thermal Cycler). Fragment analysis was
performed on a 3130 Genetic Analyzer. Data processing was
conducted using GeneMapper v.4-0. The informative loci
were preselected to monitor chimerisms in observed patients
(Table 3). The percentage of donor chimerism was calculated
using several standard formulas [32]. The ratio for minimal
fluorescent signal to noise for minor DNA detection was
2 and higher. The ratio of base peak to noise was about
200. The sensitivity limit for chimerism investigation by
means of STR-PCR with such conditions is about 1% in
fragment analysis.

Table 2: Characteristics of the 2nd transplantation.

Patient
2nd conditioning

regimen
MSC dose,
∗106 cells

MSC dose,
∗106 cells/per Kg
of body weight

WBC count recovery,
leucocytes ∗109

(+30 days)

Day of PLT count
recovery, 50∗109

Death, days
after the 2nd
transplantation

Cause of death

1 M RIC 369 5.4 1.3 96

2 P Melf 189 2.8 1.5 42 68 GvHD, infection

3 CH Melf + Fludara 187 3.5 1.6 33

4 F Melf + Fludara 194 2.4 1.3 49 63 Infection

5 IV Melf + Fludara 373 5.3 0.02 No 76 Infection

6 BU Melf + Fludara 174 2.1 0.01 No

7 SA Melf + Fludara 230 3.8 3.1 127

8 CHA Melf + Fludara 162 3.1 2.2 33
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3. Results and Discussion

In all patients described, GF was observed (the number of
WBCs at +30 days after allo-HSCT was 0.02–0.3× 109/L).
Patients had pancytopenia and bone marrow aplasia. The
majority of patients had mixed or their own hematopoiesis,
and in some cases, molecular chimerism could not be deter-
mined due to the extremely scarce number of cells in the
bone marrow sample. On the day of the second transplanta-
tion, performed 45–147 days after the first allo-BMT, the
number of WBCs in peripheral blood of patients was 0.01
to 0.4× 109/L. Prior to the second transplantation of hemato-
poietic stem cells, all patients received intraosseous MSCs
from the donor of hematopoietic stem cells. The attempts
to infuse hematopoietic progenitor cells directly into the
marrow, in the hope of accelerating engraftment, were per-
formed 20 years ago [33]. A randomized trail comparing
intraosseous and intravenous bone marrow transplantation
revealed after 20-year follow-up that the procedure of
intraosseous hematopoietic cell infusion is safe and the
results are similar to those from the current clinical practice
of intravenous infusion [34]. Recently, the safety of MSC
intraosseous injection was demonstrated [35, 36]. These data
allowed us to use intraosseous injection of mesenchymal
stromal cells. No complications were observed in patients
after intraosseous MSC implantation.

The reconstitution of donor hematopoiesis was detected
in 6 out of 8 cases after intraosseous injection of MSCs. In
2 patients, there was no hematopoiesis recovery. One
patient died of infectious complications within 76 days.
The second patient is alive, however, with a WBC count
of 0.01× 109/L. In the remaining 6 patients, the number
of WBCs ranged from 1.3 to 3.1× 109/L at +30 days after
the second transplantation.

Despite the temporary restoration of hematopoiesis, 2
patients died from infectious complications. In one patient
(4F), donor leukocytes increased to 1.3× 109/L at +30 days
after the second transplantation, but subsequently decreased
to 0.5× 109/L due to infectious complications of mixed etiol-
ogy (viral, bacterial, and fungal), and the patient died 63 days
after the 2nd transplantation. In the second patient (2P), one
month after the transplantation, the WBC count was
1.5× 109/L, and after 4 days, gastrointestinal acute GVHD
grade II was diagnosed, and immunosuppressive therapy
was started. The number of WBCs decreased to 0.1× 109/L.
The patient died from infectious complications 68 days after
the 2nd transplantation.

The remaining patients are alive and retain donor
hematopoiesis.

In all patients with donor hematopoiesis, at the time of
the diagnostic punctures, bone marrow was harvested from
1–4 sites near the location of MSC injection to analyze chi-
merisms in stromal progenitor cells. CFU-Fs and MSCs were
developed from the bone marrow of these patients. In 2
patients without a hematopoietic restoration due to a low
bone marrow cell count (only 200,000–300,000 cells were
available for cultivation), cultures of MSCs and CFU-Fs
could not be obtained.

The total cell production of MSCs for 3 passages in the
studied patients was significantly reduced during the entire
observation period compared to that of donors and patients
after a single allogeneic transplantation (Figure 1). The data
from patients with hematological malignancies after allo-
HSCT [3] and average values of cumulative MSC production
in the studied patients were compared.

In patients after therapy before transplantation, the total
cell production of MSCs decreased compared to that in
healthy donors. After the 1st transplantation, the MSC cell
production significantly decreased 1.5 times more and
remained reduced at all the studied points. It was impossible
to study MSCs in patients with GF before the 2nd transplan-
tation because of the extremely poor cellular composition of
the bone marrow. After the 2nd transplantation, theMSC cell
production was reduced 3–5 times compared to that after the
1st. It is unlikely that conditioning with fludarabine and mel-
phalan had such a strong damage effect. Most likely, this was
a consequence of fatal damage to stromal progenitors even
before the 2nd transplant, which could be the cause of GF.
In 5 patients with restoration of donor hematopoiesis, donor
stromal cells were detected among MSCs and CFU-Fs at 1–9
months after the second transplantation. In all patients, more
than 99% of MSCs at passage 1 were CD90+/CD105+, and
cells positive for CD45, CD33, CD117, CD13, and CD34
were not detected. The proportion of donor cells varied in
MSCs cultured from bone marrow that was simultaneously
aspirated from different sites of the iliac crest. The data on
chimerisms in bone marrow, MSCs, and CFU-Fs (the mean
values ± standard error) are presented in Table 4.

In bone marrow samples from patients, the proportion
of donor CFU-Fs was significantly higher (65.5± 4.5%)
than the proportion of MSCs, suggesting that stromal pro-
genitor cells (CFU-F)—the descendants of MSCs of donor
origin—predominate and are more functionally active than
the own progenitor cells of the recipient.

It has long been suggested that the main cause of GF
is rejection of the transplant by the host cytotoxic T-cells
[37, 38]. There is evidence that the recipient’s stromal cells
are attacked by donor lymphocytes and lose the ability to
support hematopoiesis [39, 40]. In GvHD, niches for stem
cells in the bone marrow may be damaged [41]. It is
proven that stromal progenitors are not transferred by
intravenous administration [13]; however, when implanted
under the skin or the kidney capsule, these cells form
hematopoietic ectopic foci, whose stromalmicroenvironment
consists of donor cells and hematopoietic cells belonging to
the recipient [42–44].

Table 3: The informative loci for chimerism analysis.

Patient Informative loci

1 M D5S818; CSF1PO; D13S317

2 P D12S391; D13S317; CSF1PO; D18S51

3 CH D12S391; D1S1656; D10S1248; FGA; D13S317; D8S1179

4 F FGA; D8S1179

7 SA Amelogenin Y, TH01, D13S317, D5S818, SE33

8 CHA D10S1248, FGA, D18S51, D8S1179
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Repeated allo-HSCT with the simultaneous introduc-
tion of donor MSCs intraosseously to patients with GF
was performed in the Department of Bone Marrow Trans-
plantation based on the available data on the potential
damage of the stromal microenvironment and detection of
donor MSCs in the bone marrow a few months after
implantation into bone tissue [26]. In 6 out of 8 patients
who received this MSC implantation, donor hematopoiesis
was restored. Notably, the site of bone marrow collection
in patients and site of donor MSC injection only approxi-
mately coincided. In this regard, all of the data on chime-
risms are relative and were confirmed by the significant
variation of the chimerism of MSCs observed after the
simultaneous sampling of the bone marrow from several
points. The detection of donor MSCs in the bone marrow
of patients long after implantation shows that these cells
performed not only a trophic function but also shared
and participated in the construction of the hematopoietic
microenvironment, supporting donor hematopoiesis. On
average, only 245± 33× 106 MSCs were implanted in each
patient. Compared with the entire hematopoietic area,
where approximately 5% of stromal cells are contained, this
dose is an insignificant amount. In 2 patients who did not

recover hematopoiesis, MSCs could not be obtained because
of low bone marrow cellularity. In patients with restored
hematopoiesis, MSCs isolated from their bone marrow at
1–9 months after the second transplantation proliferated
at least during 3 passages in culture.

The total cell production of MSCs in these patients was
significantly lower than that in donors (6.8± 1 times) and
patients after a single bone marrow transplantation with nor-
mal restoration of donor hematopoiesis (3.8± 0.4 times) [4].
Administration of a small dose of donor MSCs was sufficient
to restore donor hematopoiesis in these patients. On average,
9.4± 3.3% of donor MSCs were observed in all bone marrow
samples from the patients at all time points.

4. Conclusions

Thus, donor MSCs might improve the stromal microenvi-
ronment of patients and participate in the recovery of donor
hematopoiesis. The results obtained in the present study sug-
gest the possibility to use of an intraosseous injection of
MSCs from bone marrow donors for the treatment of
patients with GF.
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Figure 1: Cumulative MSC production for 3 passages in patients after allogeneic hematopoietic stem cell transplantation. The data are
presented as the mean± standard error (M± SE), donors—88 MSC samples; patients before allo-BMT (point 0)—44 samples; patients
after 1st allo-BMT—35 samples; patients after 2nd allo-HSCT—5 samples for 30 days and 2 samples for 120 and 180 days.

Table 4: Proportion of donor cells in the bone marrow (BM), CFU-Fs, and MSCs.

Proportion of donor chimerism, %
Time after MSC injection directly into the trabecular bone area
Patients 1-2 months 4-5 months 9 months

BM CFU-F MSCs BM CFU-F MSCs BM CFU-F MSCs

1 M 25–50 ND 6.9± 0.5 100 78± 4 3.2± 2.2 100 62± 5 7.2± 0.6
2 P 100 ND 5.0± 0.9 Death on the 68th day

3 CH 100 65.5± 19.7 2.0± 0.8 100 57± 6 21.7± 2.0 100 100 7.3± 2.4
4 F 100 ND 3.1± 0.002 Death on the 63rd day

7 SA 100 79.5± 12.1 22.3± 4.6 ND ND ND ND ND ND

8 CHA 100 50.0± 2.0 9.3± 4.2 ND ND ND ND ND ND

For each patient, MSCs were obtained from the bonemarrow taken from 2–4 points of the iliac bones. The data are presented as the average percentage of donor
MSCs at 1–3 passages from all investigated bone marrow locations ± standard error. ND: no data. The sensitivity limit of method used was 1%.
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Background. Cell therapy for heart disease has been proven safe and efficacious, despite poor cell retention in the injected area.
Improving cell retention is hypothesized to increase the treatment effect. In the present study, human adipose-derived stromal
cells (ASCs) were delivered in an in situ forming alginate hydrogel following acute myocardial infarction (AMI) in rats.
Methods. ASCs were transduced with luciferase and tested for ASC phenotype. AMI was inducted in nude rats, with subsequent
injection of saline (controls), 1× 106 ASCs in saline or 1× 106 ASCs in 1% (w/v) alginate hydrogel. ASCs were tracked by
bioluminescence and functional measurements were assessed by magnetic resonance imaging (MRI) and 82rubidium positron
emission tomography (PET). Results. ASCs in both saline and alginate hydrogel significantly increased the ejection fraction
(7.2% and 7.8% at 14 days and 7.2% and 8.0% at 28 days, resp.). After 28 days, there was a tendency for decreased infarct area
and increased perfusion, compared to controls. No significant differences were observed between ASCs in saline or alginate
hydrogel, in terms of retention and functional salvage. Conclusion. ASCs improved the myocardial function after AMI, but
administration in the alginate hydrogel did not further improve retention of the cells or myocardial function.

1. Introduction

The leading cause of death in the world is cardiovascular
disease. Approximately one million people suffer myocardial
infarction (MI) each year in the USA alone. Despite great
improvements in treatment of these patients, an increasing
group of patients still suffer from heart failure [1].

Within the past two decades, cellular therapy using
mesenchymal stromal cells (MSCs) for treating heart disease
has been proven safe and able to moderately enhance the
function of the heart [2, 3]. MSCs can be obtained from

almost every tissue in the body, but most studies have used
adipose-derived MSCs (ASCs) or bone marrow MSCs [4].
The effect of the treatment is attributed to the paracrine
potential of the MSCs [5, 6]. MSCs are capable of adapting
their secretome to meet the needs of their surroundings.
The abilities to modify immune responses, initiate angio-
genesis, and provide trophic factors for damaged native
cells make MSCs a perfect candidate for the treatment of
myocardial infarction [6]. However, the administered MSCs
are only present in the heart for a brief period of time, with
evidence for 10% retention after 24 hours, and declining
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retention in the following weeks [7–9]. Increasing the
retention of the transplanted cells using various methods
has resulted in increased functional gain compared to the
regular treatment in preclinical models [10]. Many of the
applied methods to increase cell retention are more explor-
atory than directly translatable into the clinic. As such, the
reliance on modification of the MSCs or the coinjection of
complicated synthetic scaffolds makes the translation more
difficult [11]. For clinical application, the cell product must
be minimally modified from their original phenotype, and
every modification to scaffolds or hydrogels makes the regu-
latory process much more difficult. As the most translatable
choice for administration, we investigated an in situ formed
alginate hydrogel formulation currently in clinical trials
as monotherapy for acute myocardial infarction (AMI)
[12–14]. The unique features of this hydrogel are due to
the fabrication as a flowable cross-linked alginate network,
which undergoes gelation into a hydrogel at the presence
of the Ca2+ ion concentrations available at the infarcted
heart [15].

We have previously demonstrated that ASCs maintained
high viability during culture in this alginate hydrogel, and
that ASCs modify their phenotype and exhibit increased
paracrine immunomodulatory function while embedded in
the alginate hydrogel [16, 17].

In the present study, we investigated whether injecting
transduced ASCs in an in situ formed alginate hydrogel
would increase the retention of the cells and improve
myocardial function in rats after AMI.

To do so, we tracked the ASCs by bioluminescence
(BLI), used cardiac magnetic resonance imaging (MRI)
to assess heart volumes and pumping function, and used
82rubidiumpositron emission tomography/computed tomog-
raphy (82Rb-PET/CT) to assess the perfusion of the heart.
To the best of our knowledge, we are the first to apply
82Rb-PET/CT in a small animal model to assess the effect
of treatment in myocardial infarction.

2. Methods

2.1. Experimental Design. Human ASCs were transduced to
express luciferase and characterized in vitro. An experi-
mental model for acute myocardial infarction (AMI) in
rats was established with injection of saline (control), ASCs

in saline, or ASCs in alginate hydrogel immediately following
infarction. The functional measurements were obtained with
cardiac magnetic resonance imaging (MRI) and 82rubidium-
PET/CT (82Rb-PET/CT) on days 1, 14, and 28 after the
operation. Cell tracking by bioluminescence imaging (BLI)
was performed at days 1, 3, 7, 14, and 21 after treatment
(Figure 1). Treatment was randomized, and outcome assess-
ment was blinded.

2.2. Cell Culture. Lipoaspirate was harvested from two
healthy human donors (females, aged 37 and 55 years). The
use of the lipoaspirate was approved by the National Ethical
Committee protocol number H-3-2009-119 and informed
written consent was signed by the donors.

ASCs were isolated from the lipoaspirate, as described
elsewhere [18]. Briefly, the lipoaspirate was washed twice
with phosphate-buffered saline (PBS) (Gibco, Life Technolo-
gies) before being digested with 0.6 PZU/ml collagenase
NB 4 (Serva) dissolved in Hank’s balanced salt solution
(2mmol/l Ca2+, Thermo Fisher Scientific) for 45–55min,
while incubated at 37°C at constant rotation. Collagenase
was inactivated by addition of fetal bovine serum (FBS)
medium (minimum essential medium alpha modulation
(αMEM), 1% penicillin/streptomycin, and 10% irradiated
FBS (all from Gibco, Thermo Fisher Scientific)). The sus-
pension was centrifuged, and the mononuclear cells were
counted on a NucleoCounter NC-100 (ChemoMetec),
seeded in a density of 4.5× 106 cells/T75 flask (Thermo
Fisher Scientific) in FBS medium, and incubated in standard
conditions at 37°C, 5% CO2, and 21% O2 with humidified air.
After three days of culture, the medium was removed, and
the flasks were washed with PBS for the removal of nonad-
herent cells. Medium was changed twice a week, until
confluence was reached and the cells were washed with
PBS, detached with 3ml TrypLE Select (Gibco, Life Technol-
ogies), and centrifuged at 300g for 5min. After an additional
culture passage, the ASCs were counted and frozen in liquid
nitrogen in a density of 1× 106 cells/ml in 10% dimethylsulf-
oxide (WAK-Chemia Medical), 90% FBS.

2.3. Labeling. The L2T plasmid was supplied by Professor
Gambhir, Stanford University, and a detailed description of
the plasmid can be found elsewhere [19]. Briefly, the L2T
plasmid consists of a firefly luciferase 2 sequence connected

MI and treatment

Tracking by bioluminescence

Volumes by cardiac MRI and perfusion by 82rubidium-PET/CT

Histology

(Day)
31 7 14 21 28

Figure 1: Experimental setup. Myocardial infarction was induced and rats were treated with either saline, ASCs in saline, or ASCs in alginate
hydrogel on day 0. The ASCs were tracked at days 1, 3, 7, 14, and 21 after administration, with a subgroup being tracked 6 hours after
injection. Functional measurements were obtained using cardiac magnetic resonance imaging (cardiac MRI) and rubidium-82 positron
emission tomography/computer tomography (82Rb-PET/CT) at days 1, 14, and 28 postoperation.
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by a short linker to a td tomato sequence, with a ubiquitin
promotor and zeocin resistance.

The L2T plasmid was propagated in bacteriophages. For
packaging of the plasmid in lentiviral particles, HEK293T
cells were seeded on day 1 in Dulbecco’s modified Eagle’s
medium (DMEM), 10% fetal calf serum (AUS sourced, In
Vitro Technologies), glutamine, and penicillin/streptomycin.
On day 2, the HEK293T cells were transfected using CaPO4
transfection with the pFUG L2T vector and the two helper
plasmids PDMG.2 and 8.91 (both from Didier Tromo Lab.,
Geneva), responsible for envelope and packaging, respec-
tively. The transfection on day 2 was performed in 10%
CO2, with conditions being changed to 3% CO2 until day 3.
At the third day, the medium was changed and the incuba-
tion continued in 5% CO2. Medium was collected at day 5,
filtered through a 0.45μl filter and concentrated 20 times
using Vivaspin filter (cutoff 100.00 MW).

The transduction with the lentiviral particles was per-
formed with 30.000 ASCs in each well in 6-well plates in
FBS medium containing a titer of 25mg virus per well
and polybrene. After two days of quarantine, the trans-
duced ASCs were transferred to T75 flasks and culture
expanded in human platelet lysate (hPL) medium (αMEM,
1% penicillin/streptomycin, and 5% Cook Regentec Stemu-
late). The L2T-ASCs were expanded for one passage before
being sorted by tdTomato expression, using a FACSJazz
flow cytometry-activated cell sorter (BD Bioscience) at
the Flow Cytometry Core Facility at the University of
Copenhagen. The L2T-transduced ASCs were subsequently
expanded for two passages, completing a total of 5 passages
from their original isolation from the stromal vascular
fraction, before being frozen, as described earlier [20].

Two to three weeks before the transduced ASCs were
injected in the animals, they were thawed and cultured in
hPL culture medium in T75 flasks at standard incubation
conditions. Hence, the treated rats received L2T-ASCs
in passage 7-8.

2.4. Characterization of L2T-Transduced ASCs

2.4.1. Surface Marker Expression. The surface marker expres-
sion of the transduced ASCs was characterized by flow
cytometry. The following antibodies (all purchased from
BD Biosciences) were used: CD105-Brilliant Violet-421
(BV421) (clone 266), CD90-allophycocyanin (APC) (5E10),
CD73-APC (AD2), CD13-phycoerythrin-cyanin 7 (PE-Cy7)
(WM15), CD45-fluorescein isothiocyanate (FITC) (2D1),
CD34-APC (581), and HLA-DR, DP, DQ-BV421 (Tu39).
Fixable, viable stain 780 (FVS780) (cat. number 565388)
was used to discriminate live from dead cells. Upon harvest,
the cells were washed in PBS twice and stained with
FVS780 for 10min. Subsequently, the cells were washed
in FACS PBS (Hospital Pharmacy) containing 1% ethylene-
diaminetetraacetic acid (EDTA) (Hospital Pharmacy) and
10% newborn calf serum (Gibco, Thermo Fisher Scientific)
and stained for 30min at room temperature, protected
from light. Finally, the cells were washed in FACS PBS
and resuspended in PBS. At least 4000 cells were measured
on a Navios flow cytometer and analyzed using Kaluza

software version 1.5a (both Beckman Coulter). Debris,
doublets, and dead cells were excluded from the analysis.

2.4.2. Triple Differentiation. The transduced ASCs were tri-
ple differentiated using StemPro differentiation kit (Gibco,
Thermo Fisher Scientific) according to manufacturer’s
instructions. Adipogenic differentiation was verified by oil
red O (Sigma-Aldrich) staining lipid droplets, osteogenic
differentiation by alizarin red S for calcium deposits, and
chondrogenic differentiation by alcian blue 8GX (Sigma-
Aldrich) for glycosaminoglycans.

2.4.3. β-Galactosidase Staining. To assess if the whole process
of generating the transduced ASCs resulted in the cells being
senescent, the endogenous β-galactosidase activity was inves-
tigated using the β-gal staining kit (Thermo Fisher Scientific)
according to manufacturer’s protocol. X-Gal was prepared
fresh in N,N-dimethylformamide (Sigma-Aldrich Chemie
GmbH) for staining solution. Cells were incubated for 24
hours at standard incubation conditions, and the staining
was observed using an IX51 microscope (Olympus).

2.5. Alginate Hydrogel Casting. A 2.6% alginate solution
(VLVG sodium alginate, NovaMatrix, FMC Biopolymers)
was made in sterile water and partially cross-linked with a
solution of 3% calcium gluconate (D-gluconic acid hemi-
calcium salt, Sigma-Aldrich) [21]. This mixture was subse-
quently diluted to a 1% w/v alginate and 0.3 calcium
gluconate solution with sterile water. Prior to administra-
tion, a centrifuged cell pellet was resuspended in the
alginate solution.

2.6. Animals. For this study, 97 athymic nude rats
(Crl : Foxn1rnu) were included. The athymic nude rat was
chosen based on evidence of lower levels of macrophage infil-
tration in the heart and improved long-term graft retention
compared to other strains [9, 22]. All animal experiments
were approved by the Danish Animal Experiments Inspec-
torate (permit number 2012-15-2934-00064 and 2016-15-
0201-00920). The animals were housed in the core animal
facilities at the University of Copenhagen, Denmark, with
12 : 12 hours light/dark cycle, at 21± 2°C, and access to water
and rodent food ad libitum. The animals were acclimatized
for at least one week before being included in the experi-
ments. In order to test a cell product as close to the clinic as
possible, we chose human ASCs as xenografts in athymic
nude rats.

2.7. MI Induction and Treatment. The myocardial infarctions
were induced as described elsewhere [23]. In brief, the
animals were anesthetized in 3–5% sevoflurane (AbbVie,
Denmark) in an induction chamber before being intubated
with a 16G Venflon catheter (Vasofix® Safety, Braun,
Denmark) with blunt needle and ventilated with 6–8ml air/
ventilation, at a frequency 80–90 ventilations/min (UNO
microventilator-03, Netherlands). The animals were injected
subcutaneously with 0.05mg/kg buprenorphine (Temgesic®,
Indivior, UK) and 1ml saline. Left-sided thoracotomy was
performed at the 4th or 5th intercostal space. The pericar-
dium was gently removed and the left anterior descending
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coronary artery (LAD) was permanently ligated caudal of
its origin with a 6–0 polypropylene suture. Ischemia was
confirmed visually by discoloring and dyskinesia of the
myocardium. Following LAD ligation, 0.1ml fluid was
injected by two-three injections into the border zone of the
discolored area. Animals received either saline 1× 106 ASCs
in saline or 1× 106 ASCs in alginate hydrogel. Sham animals
underwent the same procedure, with ligation in the myocar-
dium instead of the LAD. The thorax, muscle layers, and skin
were closed with 4-0 Vicryl sutures. The animals were treated
with 0.05mg/kg buprenorphine subcutaneously three times
daily, or orally two times daily, the following 72 hours.

2.8. Bioluminescence. D-Luciferin (SynChem, Germany) was
injected intraperitoneally in a dose of 30mg/kg at days 1, 3, 7,
and 14 days after the MI induction and treatment. In
addition, subsets of rats were scanned at day 21. Images were
acquired by IVIS® Lumina XR (Caliper Lifesciences,
PerkinElmer, USA) and Living Image® software v.4.3.1
(PerkinElmer, USA) with an exposure time of 3min, with
large binning and F-stop at F8. The optimal time for imaging
differed according to how many cells were present in the
animal. For the first week, the optimal time of acquisition
was 35min after injection, while it was 15min after 14
days, which could be explained by the hypoxic environment
and the oxygen dependent bioluminescence reaction. A
region of interest of similar size was used to collect the BLI
data as luminescence counts. Background from the animal
was subtracted from the data prior to analysis. BLI data were
analyzed as mean luminescence counts or luminescence as
percentage of day 1.

2.9. MRI. As with PET/CT scan, MRI was performed on
days 1, 14, and 28 after the MI induction. The animals
were sedated as mentioned during PET, and the scans
were performed using a preclinical 7 Tesla scanner (Bruker
Pharmascan, Bruker Medical, Germany) with horizontal
bore and a 60mm transmitter-receiver coil. Pilot scout
images (3 slices, 1mm thickness, field of view 3.5× 3.5mm,
repetition time (TR) 85ms, echo time (TE) 1.5ms) were used
to validate positioning and to image the heart in 2- and 4-
chamber long axis images, as well as a perpendicular short
axis image. A stack of short axis cine-FLASH sequences was
acquired to cover the ventricle with 1mm thick slices and
0.5mm between slices. Cine-FLASH sequences were gated
on respiration and ECG, with a field of view of 5.0× 5.0 cm,
matrix size of 256× 256, TR 4.8ms, and TE 2.0ms,
bandwidth 4566.7Hz, 150 repetitions, and flip angle of 10°.
A multislice gated T1 FLASH sequence was used to visualize
the area of increased late gadolinium enhancement (LGE)
20min after IV administration of gadolinium contrast
(gadobutrol, 0.1mol/kg, Gadovist®, Bayer Scherring Pharma,
Germany). The T1 sequence used was 1mm slices with
0.5mm gab, field of view 6× 6 cm, matrix size 256× 256, TR
70ms, TE 2.8ms, and flip angle 30°.

Images were exported as DICOM and analyzed using
dedicated software (cvi42 versus 4.0.1, Circle Cardiovascular
Imaging, Canada). A total of 5–7 of the short axis cine images
were used for calculation of heart volumes: left ventricular

ejection fraction (LVEF), end-diastolic volume (EDV), end-
systolic volume (ESV), and myocardial mass. Slices of similar
location in the rat heart were used for analysis between acqui-
sition days. Systole and diastole was manually assessed from
the 15–20 frames for each slice. The endocardial and epicar-
dial contours were drawn manually on each viable slice for
the systole and diastole. For calculation of infarct area, the
guided automatic LGE mapping in cvi42 was used. The
infarcted area was defined as deviating more than 2.5 stan-
dard deviations from the reference myocardium. The infarct
area at days 14 and 28 was defined as the area which clearly
differed in thickness from the regular myocardium, and
infarct thickness was measured as an average length of at
least five manual thickness measurements at different loca-
tions across the infarct.

2.10. 82Rubidium-PET/CT Imaging. Rats were anesthetized
with 4% sevoflurane on days 1, 14, and 28 after the operation
for PET and MRI imaging. PET imaging was performed
using a dedicated preclinical PET/CT scanner (Siemens
Inveon, USA). After the dorsal vein cannulation by a perma-
nent 24G catheter, the rats were maintained on 0.5–4.0%
sevoflurane during the scans. The rats were placed on a water
heated bed in a prone position, with respiration and ECG
monitoring. Correct positioning was validated by initial CT
scout image. A 82Rb generator (CardioGen-82, Bracco Diag-
nostics Inc., USA), just expired for clinical use, was equipped
with a three-way valve, allowing control of the amount of
infusion to the rats [24], and calibrated according to
manufacturer’s recommendations. The animals received
approximately 30–150MBq 82Rb in 1.25–1.75ml saline
solution, shortly after a 10min list mode PET acquisition
was started. The animals were injected with 1.5ml CT con-
trast (Omnipaque 350mg, GE Healthcare, Denmark) just
before a CT scan was performed for anatomical reference
for attenuation correction. To minimize 82Rb activity from
the blood pool, the PET list mode data was histogrammed
into two time frames: the first 45 sec and the remaining
555 sec. Subsequently, the images were reconstructed as
described previously [23].

PMOD cardiac tool version 3.3 (PMOD technologies
LLC, Switzerland) was used for processing and analysis of
the PET data. Initially, a fusion image of the PET and CT
was created to verify the placement of the heart for attenua-
tion correction. The PET images were then reoriented into
short, vertical, and horizontal long axis. The myocardial con-
tour was determined semiautomatically, by setting marker
guidance on basal and apical points of the left ventricle,
followed by visual inspection and possible correction. The
perfusion was quantified as local myocardial 82Rb activity
as percentage of maximum myocardial activity. These rela-
tive values were obtained in myocardial segments according
to the 17 American Heart Association (AHA) segments
[23] and as activity for the whole heart. Data were compared
between scans of the individual rat, before comparisons were
made between groups.

2.11. Histology. Immediately following animal sacrifice by
decapitation during anesthesia, the heart was excised, washed
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in saline, retrograde perfusion from the aorta was per-
formed with saline followed by 4% paraformaldehyde.
The heart was then placed in formaldehyde for 24 hours
and stored in 70% ethanol before embedding in paraffin.
The hearts were cut in the short axis on a microtome,
and immunohistochemistry was performed using the fol-
lowing: CD31 (Novus Bio, NB100-2284), CD68 (Abcam,
125212), Masson’s trichrome, and hematoxylin and eosin
(H&E). Prior to antibody staining, antigen retrieval was
performed using citrate buffer and microwave treatment.
Images were obtained by an ×20 objective scanning and
subsequent stitching, producing images of the entire short
axis slice. Fibrosis on Masson’s trichrome stainings was
quantified using ImageJ (Fiji) on the entire heart. CD31
clusters in peri-infarct regions were scored from 1–4, and
CD68 was counted in the whole infarct area and normalized
to the counted area.

2.12. Statistics. For functional measurements, changes in
measured parameters within groups were assessed using
paired t-test with Bonferroni correction, while comparisons
between groups were performed using univariate analysis
with day 1 as covariate and Tukey as post hoc test. Retention
was compared using repeated measures ANOVA with Tukey
post hoc test. All statistics were performed using SPSS (IBM
SPSS statistics v. 22).

3. Results

3.1. AMI Induction and Survival. A total of 97 animals
were included in this study, of which 37 did not survive
the AMI procedure. Other animals died or were eutha-
nized due to anesthesia during scanning (n = 8) or external
wound (n = 1). Rats weighted 266± 15 g at the time of the
procedure, 259± 17 g at day 1, 273± 16 g at day 14, and
300± 16 g at day 28.

A total of 51 rats completed the entire experimental
period. Not all MRI and PET images were of optimal quality,
and data from some rats could not be analyzed due to this.
For MR data, a total of 38 rats were available for analysis:
sham (n = 5), control (n = 9), ASCs in saline (n = 10), and
ASCs in alginate hydrogel (n = 13). For BLI data, a total of
38 rats were available for analysis: ASCs in saline (n = 18)
and ASCs in alginate hydrogel (n = 20). For perfusion
data, 19 rats were available for analysis: sham (n = 2), con-
trol (n = 6), ASCs in saline (n = 8), and ASCs in alginate
hydrogel (n = 3).

3.2. Effect of Alginate Hydrogel on Cell Retention. There was
no significant difference in BLI signal intensity or reten-
tion between the ASC treatment groups. ASCs in saline
generally produced a higher intensity BLI signal than
ASCs in alginate hydrogel (p = 0 36). In contrast, there
was a tendency for ASCs in alginate hydrogel to be better
retained (p = 0 42) (Figure 2).

3.3. Improved Functional Recovery in Treatment Groups.
LVEF increased significantly in the follow-up period in
both of the treatment groups (ASCs in saline: from
42.6% to 50.3% at day 14, p < 0 05, and to 49.5% at day

28, p < 0 001; ASCs in alginate hydrogel: from 45.0% to
50.9% at day 14, p < 0 05, and to 50.8% at day 28, p <
0 001), whereas this was not the case in the control group
(from 42.6% to 43.2% at day 14, NS, and to 43.9% at day
28, NS) (Table 1 and Figure 3). When comparing the
change in LVEF between groups, the change was signifi-
cant higher in the treatment groups compared with the
control group from day 1 to day 28 (ASCs in saline versus
controls: p < 0 01; ASCs in alginate hydrogel versus con-
trols: p < 0 05), but not from day 1 to day 14 (ASCs in
saline versus controls: p = 0 062; ASCs in alginate hydrogel
versus controls: p = 0 087). No difference in ΔLVEF was
observed between the ASC treatment groups (p > 0 8).

When excluding rats with smaller infarctions, defined
by LVEF> 50% at day 1, the mean benefit of the treatment
at day 28 was more pronounced, with ΔLVEF increased
from 6.7% to 7.2% and 5.7% to 8.0% for ASCs in saline
(p < 0 05) and alginate hydrogel (p < 0 01), respectively
(Table 1). No significant difference was observed in ESV
between the groups (Table 1), and there was no difference
in LVEF or ESV between the two ASC cell lines used for
treatment (p = 0 56).

3.4. Infarct Size. The ratio between the infarct area at day 1
and the infarct area at day 28 was used as a measure of
myocardial infarct salvage. There was a tendency for greater
infarct salvage in the treatment groups compared with con-
trols, but this was not significant (ASCs in saline: p = 0 46;
ASCs in alginate hydrogel: p = 0 24). The same was apparent
for infarct thickness (ASCs in saline: p = 0 83; ASCs in
alginate hydrogel: p = 0 58) (Figure 4).

3.5. Perfusion. 82Rb-PET/CT showed that the whole heart
perfusion in infarcted rats increased from day 1 to day
28 (controls and ASCs in saline: p < 0 05, ASCs in alginate
hydrogel: p = 0 149). The increase in whole heart perfusion
(in percentage points) at day 28 tended to be higher in the
treatment groups (ASCs in saline versus controls: p < 0 05,
ASCs in alginate hydrogel versus controls: p = 0 16). On a
segmental basis, there tended to be an increased apical
perfusion in the ASC treatment groups at day 28 com-
pared to the sham group (ASCs in saline: p = 0 043, ASCs
in alginate hydrogel: p = 0 057, controls: p = 0 157), but
there was no significant difference between the treatment
groups and controls (p > 0 8 for both ASC treatment
groups) (Figure 5).

3.6. Histology. The infarct thickness measured on Masson’s
trichrome was controls: 655± 126μm, ASCs in saline: 730±
118μm, and ASCs in alginate hydrogel: 831± 404μm. There
was no difference in percentage of fibrosis: controls: 33± 8,
ASCs in saline: 36± 17, and ASCs in alginate hydrogel:
31± 8%, p > 0 8 for both ASC treatment groups compared
with controls. More CD31-positive vessel clusters, as well
as large vessels in the infarct area, were detected in the
treatment groups, though not significant. There was a non-
significant tendency for less CD68+ cells in the infarcted
area in the treatment groups (control: 18± 12, ASCs in
saline: 10± 4, p = 0 35 versus controls, and ASCs in alginate
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hydrogel: 14± 3 CD68+ cells/mm2, p = 0 63 versus con-
trols). Sample images of each staining can be found in
supplementary Figure S1.

4. Discussion

4.1. Validation of Transduced Cells. In order to increase
external validation of the study, we used more than one
cell line. There was no difference in efficacy or retention
between the cell lines. The L2T-transduced ASC cell lines
were able to triple differentiate and expressed common

ASC surface markers at a level comparable to regular
ASCs [25]. In addition, the cells did not show any signs
of senescence, which is in line with previously results from
our lab [26].

4.2. Retention. We did not observe an increase in cell reten-
tion using the alginate hydrogel for ASC administration,
compared to injection of ASCs in saline. A large animal study
with treatment of chronic infarctions also found no effect
on MSC retention after two weeks using 1% alginate
hydrogel as in our study, but showed improved retention
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Figure 2: Retention of ASCs. (a) Standardized region of interest on random rats on days 1, 3, 7, and 14 of bioluminescence imaging.
(b) Absolute bioluminescence count. (c) Retention of bioluminescent signal compared to day 1. Number of animals for each time point in (b)
and (c): days 1, 3, and 7: n = 38, day 14: n = 24, and day 21: n = 14. ASC: adipose-derived stromal cells. p values denote differences in trajectory
between the groups.
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using 2% alginate hydrogel [27]. Others have found
increased retention using other hydrogels or formulations.
Yang et al. found improved retention of syngenic trans-
planted Sprague-Dawley ASCs using fibrin hydrogel. They
found >20% increased BLI signal compared with saline at
day 14 after injection and BLI detection at day 28 only in
the fibrin group [28]. Danoviz et al. showed an increased
retention with both fibrin hydrogel and collagen hydrogel
24 hours after injection in rats [29].

4.3. Effect of Cell Treatment on Myocardial Functional
Recovery. The improvements in LVEF from day 1 in the
ASC treatment groups were significant already after 14 days,
though not significantly increased compared to the control
group, due to fewer data points at day 14 than for day 28.
There is evidence that cell therapy is most efficient with
large defects and lower LVEF [30–32]. Hence, we did a
subgroup analysis in the animals with LVEF lower than
50% at day 1, indicating small infarctions, which resulted
in more pronounced ASC treatment effect after 28 days

(Table 1). The functional improvements are in line with
the results from recent meta-analyses for small and large
animal studies. These studies found MSC therapy for MI
to improve LVEF with 7.5% in mouse AMI and ~8% in
large animal MI [33–35].

4.4. Infarct Size and Perfusion Defect. For reports of positive
results of MSC therapy for rat AMI, in addition to increased
LVEF [36–40], researchers have found the treatment to
increase vessel density [36, 37, 39] and scar thickness [40],
while decreasing apoptosis [37, 39, 40], infarct size [36, 40],
and fibrosis [36, 40]. These are usually observed using
histochemistry. In line with this, we observed a tendency of
increased scar thickness and decreased infarct area using
MRI and histology. However, we did not observe any change
in fibrosis in response to ASC treatments. This could be.
Furthermore, we did observe a functional benefit of the
treatment despite the lack of significant evidence of increased
infarct thickness and decreased infarct size compared
with controls.

Table 1: Treatment effect on left ventricular (LV) function by cardiac MRI.

Group Sham Control ASCs in saline ASCs in alginate hydrogel

LV function (LVEF and LVESV) by cardiac MRI

LVEF (%)

Day 1 60.84± 2.21 42.64± 11.66 42.60± 5.98 45.04± 9.08
Day 14 61.12± 0.94 43.24± 11.05 50.32± 4.34 50.91± 4.76
Day 28 61.08± 1.83 43.85± 10.68 49.48± 3.75 50.75± 7.28
ΔLVEF 14 days 0.28± 1.80 1.73± 4.90 6.99± 6.26 4.81± 4.89
ΔLVEF 28 days 0.24± 1.97 1.21± 3.77 6.89± 4.67 5.71± 4.48
LVESV (ml)

Day 1 0.12± 0.02 0.19± 0.04 0.17± 0.04 0.17± 0.05
Day 14 0.14± 0.04 0.23± 0.07 0.21± 0.06 0.17± 0.02
Day 28 0.16± 0.04 0.25± 0.07 0.22± 0.06 0.20± 0.05
ΔLVESV 14 days 0.02± 0.02 0.04± 0.04 0.05± 0.04 0.01± 0.02
ΔLVESV 28 days 0.04± 0.03 0.06± 0.05 0.05± 0.04 0.03± 0.02
Number of animals n = 5 n = 9 n = 10 n = 13

Data without LVEF> 50% at day 1 in infarct groups

LVEF (%)

Day 1 60.84± 2.21 36.62± 9.17 41.57± 5.32 41.07± 8.09
Day 14 61.12± 0.94 38.83± 8.80 49.13± 3.28 48.64± 4.02
Day 28 61.08± 1.83 38.34± 8.43 48.72± 3.06 49.08± 8.13
ΔLVEF 14 days 0.28± 1.80 2.21± 5.70 7.22± 6.83 7.79± 2.91
ΔLVEF 28 days 0.24± 1.97 1.71± 4.59 7.15± 4.87 8.02± 2.30
LVESV (ml)

Day 1 0.12± 0.02 0.21± 0.03 0.18± 0.04 0.19± 0.04
Day 14 0.14± 0.04 0.25± 0.03 0.22± 0.06 0.18± 0.02
Day 28 0.16± 0.04 0.28± 0.07 0.23± 0.05 0.22± 0.06
ΔLVESV 14 days 0.02± 0.02 0.04± 0.05 0.05± 0.05 0.00± 0.02
ΔLVESV 28 days 0.04± 0.03 0.07± 0.05 0.05± 0.04 0.03± 0.02
Number of animals n = 5 n = 6 n = 9 n = 9
ASC: adipose-derived stromal cells; LVEF: left ventricular ejection fraction; LVESV: left ventricular end-systolic volume.
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The perfusion defect diminished over time after day 1
post MI and tended to diminish more in the treatment
groups compared to the controls group, although not sig-
nificant. This is in line with more frequent observations of
clusters of vessels in the peri-infarcted area in the treat-
ment groups (supplementary material), which has previ-
ously been observed with cell treatment for MI [41].
Perfusion for ASCs in alginate hydrogel was not signifi-
cantly increased from baseline, and the change in perfu-
sion from day 1 to day 28 was not significantly higher
than sham. This is due to the small number of animals
in this group (n = 3). This was due to technical challenges,
which coincidently occurred during the scans from the
alginate hydrogel group.

4.5. Retention and Functional Benefit. Increased retention
and function have been found by Xia et al. with a

thermosensitive hydrogel, which increased retention of
allogeneic MSCs at 2 hours, day 1, and day 28 in a
mouse AMI model. The hydrogel group exhibited
increased capillary density and LVEF, as well as reduced
interstitial fibrosis compared to the saline group. The
increase in LVEF compared to control groups was more
than doubled in the hydrogel group (~13% increase com-
pared with ~30% increase in the saline group and hydro-
gel group, resp.) [42]. Similarly, Lin et al. increased
retention of bone marrow mononuclear cell using self-
assembling peptide nanofibers in a pig model of AMI.
As with Xia et al., the functional effect of the treatment
in terms of increased LVEF was more than doubled by
the increase in retention [43].

The link between cell retention and functional benefit
is mirrored in our study, with similar treatment effect
and retention in the ASC treatment groups. The fact that
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Figure 3: Cardiac pump function. (a) Cine image analysis of hearts from each group in systole. Endocardial (red) and epicardial (green)
contours. Black arrow denotes papillary muscles in the sham group. (b) Results for left ventricular ejection fraction (LVEF) (total n = 38)
and (c) LVEF results when excluding rats with >50% LVEF at day 1 (total n = 29). ∗ denotes significant difference from baseline
(∗p < 0 05; ∗∗p < 0 01). Inserted p values denote difference between ASC treatment groups and control group at day 28. ASC: adipose-
derived stromal cells.
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the alginate hydrogel did not significantly increase ASC
retention could be because it is designed for intracoronary
injection following clinical AMI and not intramyocardial
administration [44].

5. Limitations

The fact that the ASCs were injected immediately after AMI
means that there is no functional measurement after the AMI
and before the treatment. If there was an effect of the treat-
ment already after 24 hours, the results of functional benefit
of the treatment would therefore be blunted.

We did not include a group with alginate hydrogel
without ASCs. There could be a functional effect of applying
the alginate hydrogel without ASCs, but we did not investi-
gate this, since we were mainly interested in the potential
retention and function of the ASCs. Our results do not
suggest an independent effect of the alginate hydrogel applied
by direct intramyocardial injection, though it has been shown
to protect against dilated cardiomyopathy, when applied via
the coronary arteries in a pig model of AMI [44].

The infarctions were not homogeneous, resulting in large
variations within the groups. This could obscure the final
results. In an attempt to both show the full picture and
decrease the intragroup variation, we have presented results
with all data included, as well as data corrected for LVEF
above 50% at day 1.

The first measurement of retention was for most animals
24 hours after administration. This is likely may indicate that
we are only measuring a fraction of the administered cells,
since only 10% of injected cells are retained 1 hour after
intramuscular injection [7]. However, other researchers have
found differences in retention using 24 hours as the first BLI
time point and been able to correlate it with differences in
functional heart improvement [9, 28].

The 82Rb-PET/CT perfusion imaging is technically
challenging in small animal models, due to the combina-
tion of high positron range of the isotope and small
dimensions of the heart. In addition, imaging was only per-
formed at rest, providing data on the perfused area but not
coronary flow reserve. However, this method has been shown
to correlate with wall motion measured by MRI in a rat AMI
model [24].
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Figure 4: Infarct size. (a) Analysis of infarct area using representative images. Black arrow annotates gadolinium-enhanced area 15 minutes
after IV injection at day 1. Grey arrow annotates clear thinning of the myocardium at day 28. The turquoise contour encircles the infarct area
in the myocardium (lumen is not a part of the generated area), and the yellow lines across the defined infarct area are length measurements of
infarct thickness. (b) Ratio of enhanced area at day 1 and area of myocardial thinning at day 28. (c) Infarct thickness at day 28 after infarction.
For both (b) and (c), n = 38.

9Stem Cells International



6. Conclusion

This study investigated for the first time if administration of
human ASCs in a clinically translatable 1% alginate hydrogel

could increase the retention of the injected cells and if this
would affect the regenerative effect of the treatment in a rat
AMI model. We found no significant effect on retention of
the coadministration. Administration of human ASCs in
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Figure 5: Perfusion. (a) 82Rb-PET imaging of rat hearts in short axis, horizontal, and vertical view, together with a bull’s-eye plot of the entire
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alginate hydrogel increased pump function significantly
when compared to nontreated AMI, but only to a level
comparable to ASC treatment without alginate hydrogel.
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Multipotent stem cells have the capacity to generate terminally differentiated cell types of each lineage; thus, they have great
therapeutic potential for a wide variety of diseases. The most widely available stem cells are derived from human tissues, and
their use for therapeutic application is limited by their high cost and low productivity. Herein, we report that conditioned media
of mesenchymal stem cells (MSCs) isolated from deer antlers enhanced tissue regeneration through paracrine action via a
combination of secreted growth factors and cytokines. Notably, DaMSC-conditioned media (DaMSC-CM) enhanced hair
regeneration by activating the Wnt signaling pathway. In addition, DaMSC-CM had regenerative potential in damaged skin
tissue through induction of skin regeneration-related genes. Remarkably, we identified round vesicles derived from DaMSC-CM,
with an average diameter of ~120 nm that were associated with hair follicle formation, suggesting that secretory vesicles may act
as paracrine mediators for modulation of local cellular responses. In addition, these secretory vesicles could regulate the
expression of Wnt-3a, Wnt-10b, and lymphoid enhancer-binding factor-1 (LEF-1), which are related to tissue renewal. Thus,
our findings demonstrate that the use of DaMSC-CM as a unique natural model for rapid and complete tissue regeneration has
possible application for therapeutic development.

1. Introduction

Adult mesenchymal stem cells (MSCs) are self-renewing
progenitor cells. Multipotent stem cells have the capacity
to generate terminally differentiated cell types of each lineage
which can fabricate specific tissues, including skin, bone,
cartilage, and adipose tissue. To date, it has been widely
accepted that stem cells play significant roles in tissue repair
and regeneration [1–4]. Stem cell-based regenerative thera-
pies have been successfully developed, indicating that stem
cells have great merit as a source of regenerative medicine
[5–7]. However, harnessing stem cells for this purpose

requires a better understanding of the mechanisms by which
existing tissues affect stem cell-mediated regenerative action.

In addition to the multipotent differentiation potential
of MSCs, several paracrine factors of MSCs have been dis-
covered that contribute to modulation of tissue regenera-
tion [8, 9]. MSCs can secrete bioactive molecules that act
on cell migration, antioxidation, antiapoptosis, angiogene-
sis, and immunomodulation via regulation of local cellular
responses [10–12]. Furthermore, several studies have demon-
strated that injection of MSCs-CM also enhances tissue
repair [13, 14]. The release of paracrine factors such as
growth factors and cytokines can affect the stem cell
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microenvironment in response to tissue injury, which can
activate tissue survival, repair, and regeneration. Remarkably,
recent studies reported that vesicles derived from stem cells
may be key mediators of stem cell paracrine mechanisms
[15–19]. For example, adipose mesenchymal stem cell-
(ASC-) derived extracellular vesicles can contribute to para-
crine signaling [19]. Extracellular vesicles can be internalized
by fibroblasts to promote cell migration, proliferation, and
collagen synthesis. In addition, in vivo injection of extracellu-
lar vesicles into mice suffering from back wounds was shown
to promote cutaneous wound healing by recruiting the vesi-
cles to the damaged area. Thus, the multipotent potential of
MSCs and paracrine mechanisms together affect repair and
regeneration of damaged tissues.

Deer antlers are unique mammalian organs that undergo
subsequent regrowth in response to seasonal changes
throughout the animal’s life and are thus a remarkably useful
model of mammalian regeneration [20, 21]. It has been
suggested that the annual renewal of deer antlers involves
a stem cell-based process [22]. Antler regeneration might
be initiated by self-renewing multipotent stem cells residing
in the pedicle periosteum (PP), a permanent protuberance
on the frontal bone. PP-derived cells express several stem cell
markers, such as CD9, OCT-4, Nanog, and STRO-1, and
exhibit pluripotency due to their distinctive regenerative
ability to differentiate along several mesenchymal lineages
in vitro [23, 24]. Nevertheless, the mechanism of regener-
ation in antlers remains unclear.

In this study, we demonstrated that conditioned media
(CM) of cultured stem cells isolated from deer antlers play
an important role in hair and skin regeneration by releasing
paracrine factors that activate the Wnt signaling pathway.
Furthermore, we discovered a novel mediator of paracrine
actions in tissue regeneration, which indicates great potential
for therapeutic application.

2. Methods

2.1. Isolation of Deer Antler-Derived MSCs (DaMSCs). Fresh
red deer (Cervus elaphus) antlers were obtained under condi-
tions approved by the local Animal Ethics Committee and in
accordance with protocols approved by the Institute Animal
Care. Antlers were collected from anesthetized four-year-old
red deer stags during late spring from a local deer farm
(Han-Lim-Won, Korea). The antler tip, composed of a velvet
skin, perichondrium, mesenchyme, and chondroprogeniors,
was taken using sterilized surgical instruments and then
mesenchyme was obtained by slices of tissues. The obtained
samples were digested with 0.075% collagenase type II
(Sigma-Aldrich, USA) under gentle agitation for 45min at
37°C and then centrifuged at 300g for 10min to obtain the
stromal cell fraction. The pellets were filtered with a 70mm
nylon mesh and resuspended with phosphate-buffered saline
(PBS). The solution was layered onto histopaque-1077
(Sigma-Aldrich, USA) and centrifuged at 840g for 10min.
The supernatant was discarded, and cell fraction was cul-
tured overnight at 37°C, in Dulbecco’s Modified Eagle media
(DMEM) supplemented with 10% fetal bovine serum (FBS),
100U/mL of penicillin, and 100mg/mL of streptomycin.

2.2. Immunocytofluorescence. Immunocytofluorescence
labeling was conducted on cultured DaMSCs. To detect stem
cell markers, anti-STRO-1 antibodies (RnD Systems, USA)
were used in combination with fluorescein isothiocyanate-
(FITC-) conjugated anti-mouse IgM secondary antibodies
(Molecular Probes, USA), and anti-CD90 antibodies (BD
Biosciences, USA) were used in combination with Alexa
Fluor 546-conjugated anti-mouse IgG secondary antibodies
(Molecular Probes, USA). Primary antibodies were diluted
1 ∶ 50 and secondary antibodies 1 ∶ 100.

2.3. Protein Chip Assay. DaMSCs were incubated for 3 days
in DMEM without FBS and then conditioned media of
DaMSCs were harvested. After treatment of DaMSC-CM, a
growth factor antibody array kit (Growth factor array C1,
RayBio, USA) was accessed in according to the manufac-
turer’s instructions. Normal media (DMEM) was treated as
a negative control.

2.4. Cell Proliferation Assay. DaMSC-CM, ASC-CM, and
normal media were used to treat three different types of cells
including dermal papilla cells (DPCs), keratinocytes
(HaCaTs) and human dermal fibroblasts (HDFs). At 48h
post incubation, a CCK-8 assay (Dojindo Molecular Tech-
nologies, USA) was conducted and cell proliferation was
measured by absorbance at 450 nm using a microplate reader
(Bio-Rad, USA).

2.5. Quantitative RT-PCR (qRT-PCR) Analysis. After 72h
treatment with DMEM, ASC-CM, or DaMSC-CM, total
RNA extracts from three different types of cells (DPCs,
HaCaTs, and HDFs) were obtained using an RNeasy Mini
Kit (Qiagen, Germany). Each 1μg of total RNA was reverse
transcribed using the iScriptTM cDNA Synthesis Kit (Invi-
trogen, Korea), and 50ng of cDNA for each sample was
used for qRT-PCR analysis (StepOne Real-Time PCR sys-
tem, ABI) with the specific primers listed in Supplementary
Table S1.

2.6. In Vitro Wound Healing Assay. For the measurement of
cell migration, HDFs kept in serum-free media were placed
onto a 60mm dish to create a confluent monolayer and then
wounding was generated with a plastic micropipette tip.
After washing, the medium was replaced with control media
or DaMSC-CM in a time-dependent manner. Photographs of
wound spaces were taken by phase-contrast microscopy.

2.7. Isolation of Extracellular Vesicles (EVs) from DaMSC-
CM. To isolate vesicles secreted from DaMSCs, conditioned
media were collected. After collection of conditioned media,
cell debris and large membrane particles were removed by
sequential centrifugation at 500g for 30min and then
10,000g for 30min. Vesicles were collected after ultracentri-
fugation at 100,000g for 1 h and then resuspended in PBS
for further experiments.

2.8. Characterization of EVs Isolated from DaMSC-CM.
To analyze the size and morphology of EVs, nanoparticle
tracking analysis (NTA) and transmission electron micros-
copy (TEM) analysis were performed, respectively. For
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measurement of particle concentrations, a NanoSight LM 10
instrument (NanoSight Ltd, Amesbury, UK) was used. For
TEM images, vesicles fixed in 2% paraformaldehyde were
transferred onto Formvar-carbon-coated electron micros-
copy grids. Grids were washed with PBS several times and
covered with one drop of 1% glutaraldehyde for 5min. After
washing with distilled water, grids were negatively stained
with 2% uranyl acetate and analyzed with a transmission
electron microscope (JEM-1011, Germany).

3. Results

3.1. Identification of DaMSCs. To verify the presence of
MSCs, red deer antler-derived MSCs were isolated using a
sequential centrifugation approach. Immunohistochemistry
assays were used to detect stem cell markers including
STRO-1 and CD90 in DaMSCs (Figure 1). STRO-1-positive
or CD90-positive MSCs were visualized using fluorescence
microscopy (Figure 1(a)) and quantified by normalization
with DAPI-stained nuclei (Figure 1(b)). In three randomly
selected regions of a culture dish, >90% of observed cells were
STRO-1-positive and >95% were CD90-positive.

3.2. Detection of Active Biomolecules from Conditioned Media
of DaMSCs. Recently, active biomolecules secreted from
stem cells have been considered to have benefits in tissue

regeneration because secreted molecules such as cytokines,
growth factors, and extracellular matrix (ECM) molecules
can contribute to the host tissue’s microenvironment. Thus,
we tested the paracrine effects of stem cells using a growth
factor chip array. After treating media with DaMSCs, 26
secreting growth factors were detected in the conditioned
media (Figure 2 and Supplementary Table S2). Normal
media was used for a negative control for the chip array.
Among growth factors, basic fibroblast growth factor
(bFGF), insulin-like growth factor binding protein (IGFBP),
insulin-like growth factors (IGFs), granulocyte macrophage
colony-stimulating factor (GM-CSF), platelet-derived growth
factors (PDGFs), vascular endothelial growth factors
(VEGFs), and transforming growth factor-β2 (TGF-β2) were
discovered. In particular, PDGF, VEGF, and TGF-β2 were
significantly released from DaMSCs.

3.3. Effects of DaMSC-CM on PDC Proliferation. Mesen-
chyme-derived dermal papilla cells (DPCs), located at the
bottom of the hair follicle, play important roles in regulating
hair follicle generation [25, 26]. Hair follicle development is
deeply associated with signaling between epithelial keratino-
cytes and DPCs [27]. In particular, Wnt/β-catenin signaling
is required for the hair-inducing activity of dermal papillae,
which is crucial for the proliferation of DPCs [28]. Thus,
we first tested whether DaMSC-CM can induce DPC
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Figure 1: Immunolocalization of mesenchymal stem cell makers in deer antler-derived mesenchymal stem cells (DaMSCs).
Immunocytochemistry staining was conducted on DaMSCs with primary antibodies directed against STRO-1 (a, left, green), and CD90
(a, right, red) and stained by FITC- and Alexa 546-conjugated secondary antibodies, respectively. Nuclei were visualized with DAPI
(blue). (b) Graph indicates quantification of protein expression. Data represent the mean± s.d. (n = 3).
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Figure 2: Growth factor secretion profiles of DaMSC-conditioned media (DaMSC-CM). A human growth factor antibody array was used to
detect paracrine factors in DaMSC-CM. DMEM was used as a negative control.
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proliferation (Figure 3(a)). DaMSC-CM was used to treat
DPCs for 48h and then cell proliferation was evaluated using
a CCK-8 assay. We also used adipose tissue-derived stem
cell-conditioned media (ASC-CM) for comparison. Interest-
ingly, DaMSC-CM promoted significantly more cell growth
than ASC-CM. Additionally, DaMSC-CM showed almost
1.4-fold increase in cell number compared to normal media.
Next, Wnt signaling seems to play important roles in the
mechanisms of tissue repair and regeneration in both fetal
and adult wounds [29, 30]. The Wnt pathway also regulates
cell proliferation in wound healing. In particular, skin
wounds express various Wnt proteins with transcripts of
Wnt-1, -3a, -4, -5a, and -10b [31]. In addition, hair follicle
regeneration and MSC activation can be induced via acti-
vation of Wnt/β-catenin signaling pathway regarding to
Wnt-3a and Wnt-10b [32]. Thus, Wnt proteins such as
Wnt-3, Wnt-10a, and Wnt-10b play a key role in hair
follicle initiation, morphogenesis, and development [33].
To study the effect of Wnt signaling on hair growth,
expression of Wnt-3a and Wnt-10b was analyzed using
quantitative RT-PCR (Figures 3(b) and 3(c)).

Treatment with DaMSC-CM led to a 3.2-fold increase
in Wnt-3a mRNA and 1.5-fold increase in Wnt-10b
mRNA compared to normal media. Therefore, DaMSC-
CM promotes activation of Wnt signaling pathways for
hair regeneration.

3.4. Effects of DaMSC-CM on Skin Regeneration. Several
studies have revealed that stem cells closely contribute to
wound repair after damage, resulting in regeneration of dam-
aged skin [34, 35]. Thus, we tested the effects of DaMSC-CM
on wound healing. First, we investigated the proliferation of

skin-related cells including keratinocytes (HaCaTs) and
human dermal fibroblasts (HDFs) upon treatment with
DaMSCs (Figure 4(a)). Compared to normal media,
DaMSC-CM enhanced proliferation of both types of skin
cells. In addition, we investigated the expression of skin
regeneration-related genes after treatment with DaMSC-
CM (Figure 4(b)). Remarkably, DaMSC-CM treatment led
to high levels of collagen type 1 and bFGF mRNA compared
with normal media. Furthermore, to test the effects of
DaMSC-CM on cell migration, a time-dependent in vitro
wound healing assay was carried out (Figure 4(c)). Similar
to our findings of cell proliferation, we observed enhanced
migration of HDFs after artificial scratches of a confluent cell
monolayer when treated with DaMSC-CM, especially at 72 h
posttreatment, when the migration rate of cells treated with
DaMSC-CM was approximately 75%. Thus, DaMSC-CM
also has regenerative effects on skin wounds.

3.5. Isolation of Secretory Vesicles from DaMSC-CM as
Mediator of Paracrine Actions. Recent studies reported that
EVs from stem cells may contribute to paracrine signaling
[19, 36, 37]; therefore, we tried to purify secretory vesicles
from DaMSC-CM (Figure 5). Surprisingly, many vesicles
were detected when isolated from DaMSC-CM using an
ultracentrifugation approach. NTA analysis obtained EVs
with a size distribution of average 119.9 nm (Figure 5(a)),
and TEM images exhibited nano-sized vesicles with lipid
bilayers (Figure 5(b)). Next, to investigate the potential func-
tion of EVs isolated from DaMSC-CM on tissue regenera-
tion, gene expression related to Wnt signaling pathways
and hair follicle formation were evaluated after treatment
of DaMSC-CM with EVs (Figure 6). Interestingly, EVs alone
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Figure 3: Effects of hair cell development on treatment with DaMSC-CM. (a) Proliferation of dermal papilla cells (DPCs) treated with
control, adipose tissue-derived stem cell conditioned media (ASC-CM), or DaMSC-CM for 48 h. (b) Activation of Wnt signaling in DPCs
treated with control, ASC-CM, and DaMSC-CM. qRT-PCR analysis exhibits relative expression of Wnt-3a mRNA (b, left) and Wnt-10b
mRNA (b, right), normalized to expression of GAPDH mRNA. Data represent the mean± s.d. (n = 3). ∗∗P < 0 001 by one-way analysis of
variance with Tukey’s multiple comparison tests, as compared with the control.
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highly increased mRNA levels of Wnt-3a and Wnt-10b
~8-fold and ~4-fold, respectively. In contrast, our previ-
ous data showed that DaMSC-CM induced only 3.2-fold
and 1.5-fold increases in the mRNA levels of Wnt-3a
and Wnt-10b (Figure 3(b)). We assumed that EVs iso-
lated from DaMSCs are highly enriched with growth fac-
tors and other factors. In addition, the level of LEF1
mRNA, which is a major endpoint mediator of the Wnt
signaling pathway [38], was significantly increased under
the treatment with EVs 5.6-fold (Figure 6). Thus, DaMSCs

secrete extracellular vesicles that can act as mediators of
paracrine actions.

4. Discussion

Stem cells have great potential to differentiate and regenerate
into all types of cells and are thus unique cells in the body.
Stem cell-based therapies have been conducted in auto- and
allogenic transplantation for reconstruction of tissues. Many
molecular components contribute to regenerative processes
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Figure 4: Effects of skin regeneration on treatment with DaMSC-CM. (a) Proliferation of human dermal fibroblasts (HDFs) and
keratinocytes (HaCaTs) under treatment of three different types of media for 48 h. (b) qRT-PCR analysis showing relative expression of
collagen type Ι mRNA (b, left) and basic fibroblast growth factor (bFGF) mRNA (b, right), normalized to expression of GAPDH mRNA.
(c) In vitro wound healing assay exhibiting HDF migration upon treatment with DaMSC-CM in a time-dependent manner. Red arrows
indicate cell migration. Black lines represent wound spaces created with plastic micropipette tips. Data represent the mean± s.d. (n = 3).
∗P < 0 01, ∗∗P < 0 001 by one-way analysis of variance with Tukey’s multiple comparison tests, as compared with the control.
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and have influences on engraftment [39, 40]. Stem cells with
the ability for homing and self-renewal play crucial roles in
mechanisms of tissue regeneration, but paracrine actions
are also essential for restoration of tissues. In addition to their
multipotent differentiation potential, stem cells can release
cytokines, chemokines, and growth factors after injury. These
paracrine factors can influence adjacent cells and their
microenvironments. Interestingly, paracrine mediators seem
to be expressed in response to injury. It had previously been
reported that intravenous and intracoronary injection of
MSCs-CM significantly restored ventricular performance in
an injury model [41]. Notably, nanovesicles in CM were

discovered with a range of 100–220nm in diameter, suggest-
ing that paracrine signaling may be affected by EVs acting as
mediators between cells. Several approaches, including prote-
omics, chip arrays, microarrays, and other high-throughput
analyses, have been performed to identify the content of ves-
icles [17]. Recently, many studies have discovered the func-
tion of MSC-derived exosomes on therapeutic effects [42].
Secretary vesicles including exosomes and microvesicles are
involved in direct or indirect cell-to-cell communication,
thereby altering tissue environment and metabolism. These
vesicles carry diverse cytokines and growth factors, lipids,
small RNAs, and so on, which can influence tissue responses
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Figure 5: Characterization of extracellular vesicles (EVs) derived from DaMSCs. (a) Nanoparticle tracking analysis (NTA) showed a size
distribution of EVs with an average of 119.9 nm. (b) Transmission electron microscopic (TEM) images revealed the morphology of the
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to injury, disease, and infection. Surprisingly, MSCs and
MSC-derived exosomes exhibit similar therapeutic effects in
sparing tissue or promoting regeneration from injury sites
[43, 44]. Thus, MSC-derived exosomes have great merit in
cell-free therapeutics.

In our study, we also revealed that DaMSCs released high
levels of soluble factors that may induce activation of canon-
ical Wnt/β-catenin signaling. The EVs that we found in this
study may also influence tissue regeneration as paracrine
mediators. Accordingly, it has been proposed that Wnts are
secreted on exosomes and contribute to tissue injury repair
[45, 46]. Thus, our investigation of DaMSC-derived EVs
acting in tissue regeneration gives rise to a new aspect of
regenerative medicine in which EVs may be a unique mate-
rial for rapid and complete tissue regeneration.

5. Conclusions

In this study, we demonstrated that DaMSC-CM can sig-
nificantly promote tissue regeneration such as hair follicle
formation and skin wound healing, which are both associated
with Wnt signaling pathways. DaMSCs can release bioactive
molecules including PDGF, VEGF, and TGF-β2 as paracrine
factors for cell-to-cell communication. Furthermore, we
identified nano-sized vesicles derived from DaMSC-CM
and investigated their ability to promote hair follicle forma-
tion via Wnt signaling. These results suggested that secretory
vesicles act as paracrine mediators for regulation of cellular
responses. Thus, our findings indicate great potential for
application in regenerative medicine.
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Human eyelid adipose-derived stem cells (HEASCs) are a new source of autologous mesenchymal stem cells, which are derived
from neuroectoderm and potentially applied in the tissue regeneration and cell therapies. Based on the prevalence of
blepharoplasty in Asia and the availability of HEASCs, we investigated the effect of donor age on their characteristics and
regenerative potential of HEASCs in vitro. The HEASCs were isolated from patients of three groups: (1) <20 years (n = 4),
(2) >20 years, <45 years (n = 5), and (3) >55 years (n = 4). For each group, the proliferative capacity, colony-forming ability,
surface markers, differentiation ability, wound healing function, and secreted protein were contrastively evaluated and quantified
for statistical analysis. It was found that HEASCs were successfully isolated and cultured by an explant culture method. The
proliferative rates, osteogenic and chondrogenic differentiation potentials, wound healing ability, and the expression of TGF-β1
and fibronectin protein of HEASCs significantly decreased as age increased. However, the expression of CD90 antigen and the
adipogenic differentiation showed an age-related increase in HEASCs. As many degenerative diseases increase in prevalence
with age, the age-related changes of the HEASCs proliferation potential, differentiation capacity, and wound healing ability
should be taken into account whenever they are intended for use in research or cytotherapy.

1. Introduction

Mesenchymal stem cells (MSCs) are one of the most promi-
nent stem cell types in the translational medicine due to their
regenerative potential and paracrine effect for treating differ-
ent kinds of diseases [1–3]. The use of MSCs in clinical trials
is more than 600 trials listed in the clinical trials database
(http://www.clinicaltrials.gov/, accessed on July 2017).
Although cell therapy with bone marrow-derived stem cells
(BMSCs) is under investigation in preclinical studies and
clinical trials, the use of adipose-derived stem cells (ASCs)
involves less religious and ethical concerns than using bone
marrow-derived stem cells because they are easily obtainable
from medical waste [4, 5]. Therefore, there has been the
growing interest in applying ASCs as a potential cell source
in stem cell-based therapy and tissue engineering.

Previous studies have reported the successful isolation
and culture of multipotent stem cells from eyelid adipose tis-
sue or orbital adipose tissues [6–8]. Human eyelid adipose-
derived stem cells (HEASCs) are novel MSCs and originated
from the neural crest source. In addition, HEASCs are also
similar to BMSCs in the growth potential and surface marker
expression [7, 9]. In addition, HEASCs lacked immunogenic-
ity and were safe and well-tolerated after intravenous injec-
tions and topical administration in previous studies [10, 11].
Thus, it is possible that HEASCs may be an excellent
candidate therapeutic adipose-derived stem cell type for
treating complicated diseases.

In a wide range of animal model studies, it has been
demonstrated that HEASCs can be successfully applied in
repairing neurological disorders [12, 13]. In general, cell-
based therapy involves the delivery of expanded cell
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populations to the degenerative tissues [14] or the mobiliza-
tion of endogenous progenitor cells capable of proliferating
and differentiating into required tissues through the para-
crine function [15]. The regenerative potential of host tissues
may be restricted by an age-related decline in progenitor
populations [16, 17]. In this case, an external source of neural
crest stem cells may meet the needs of regenerative damaged
tissue cells. Although HEASCs can be easily obtained during
blepharoplasty for an entropic and baggy lid and can be a
good source of isolating stem cells for tissue repair purposes,
more information concerning the effect of donor age on cell
properties is essential for clinical applications and cell-
based therapy. However, the research of the effect of donor
age on HEASCs was limited [18]. Therefore, the aim of the
study is to investigate how the morphology, cell surface
markers, proliferative potential, differentiation capacity,
wound healing ability, and secreted wound healing-related
factors of HEASCs were affected by donor age.

2. Materials and Methods

2.1. Study Design. This study was conducted from June in
2015 to December in 2016. Human eyelid adipose tissues
were obtained from 13 systematically healthy donors who
underwent blepharoplastic surgery. The eyelid adipose tissues
were divided into three groups based on the donor’s age:
Group A (age range, 7–18 and mean age, 14 25 ± 4 99, n = 4),
Group B (age range, 21–45 and mean age, 27 ± 10 04, n = 5),
and Group C (age range, 55–75 and mean age, 63 ± 8 64,
n = 4). The protocol for this study was approved by the
Research Committee of He Eye Hospital of He University
and conformed to the principles outlined in the Declara-
tion of Helsinki. All participants have provided their
written informed consent to participate in this study.

2.2. Isolation and Culture of HEASCs. All eyelid adipose tis-
sue samples were processed under the same conditions. After
surgical harvesting, redundant adipose tissues were placed in
Hanks’ Balanced Salt Solution (HBSS, Gibco) to rinse three
times and minced into pieces about 1 × 1mm2 after remov-
ing of the fibrous tissues and visible blood vessels. The piece
of tissue was adopted to explant culture and attached to 6 cm
culture dish and inverted for 1 h. After that, the tissues were
maintained in the human adipose-derived mesenchymal
stem cell growth medium (Cyagen Biosciences, China) at
37°C with 5% CO2, and the medium was changed every 2
days. After cell growth, the tissues were moved into a new
culture dish. Once adherent cells reach 90%–100% conflu-
ence, they were detached with 1 : 1 TrypLE Express (Invitro-
gen, China) and replated at 1 : 3 under the same culture
conditions.

Primary culture of HEASCs was designated as “passage
0.” To prepare cells for experiments, they were passaged five
times.

2.3. Cell Proliferation Assays. HEASCs at passage 5 were
plated in 96-well plates at a density of 3000 per well, and cell
proliferative rate was assayed using the Cell Counting Kit-8
(CCK-8) according to the manufacturer’s protocol. In brief,

10μl of CCK-8 solution was added to each well and the
samples were incubated for 3 h. The absorbance was mea-
sured at 490 nm. This experiment was repeated three times.

For the colony-forming unit (CFU) assay, HEASCs were
plated at a density of 100 cells in 60mm plates and allowed to
grow for 14 days. Cultures were terminated and stained with
crystal violet for colony visualization. For colony number
counting, only aggregates of >50 cells were scored as colo-
nies; colonies< 50 cells in number and/or faintly stained were
excluded. The colonies were counted manually under an
inverted microscope.

2.4. Flow Cytometry Analysis. After HEASCs were harvested,
nonspecific bindings were blocked and the cells were stained
with different fluorochrome-conjugated monoclonal anti-
bodies specific for CD105, CD44, CD73, CD90, CD31,
CD34, and CD45 (all antibodies purchased from BD Biosci-
ences). Isotype-matched antibodies were used as controls.
Samples were analyzed on a FACSCalibur, and data
acquisition and analysis were performed using CellQuest
(BD Biosciences).

2.5. Multilineage Differentiation

2.5.1. Adipogenic Differentiation. Adipogenic differentiation
was induced by culturing HEASCs for 2 weeks in the adipo-
genic differentiation medium (Gibco) and assessed by Oil
Red O (Sigma-Aldrich) staining as an indicator of intracellu-
lar lipid accumulation. Prior to staining, the cells were fixed
with 70% ethanol for 15min at room temperature and then
stained with fresh Oil Red O for 15min at room temperature.
Excess stain was removed by washing with 70% ethanol and
then distilled water to visualize lipid droplets. To elute the Oil
Red O solution, 100% isopropanol was added for 1 h on an
orbital shaker and the optical density of the solution was
measured at 490nm.

Table 1: Primers for reverse transcription-polymerase chain reaction.

Gene Primer 5′-3′ Amplicon
length (bp)

Aggrecan
F: GACTTCCGCTGGTCAGATGG 20

R: GTTTGTAGGTGGTGGCTGTG 20

Runx-2
F: TCGGAGAGGTACCAGATGGG 20

R: CATTCCGGAGCTCAGCAGAA 20

PPARγ
F: GCAGGAGCAGAGCAAAGAG 19

R: GAGGAGAGTTACTTGGTCGTTC 22

OPN
F: TGGGAGGGCTTGGTTGTC 18

R: TTCCTTGGTCGGCGTTTG 18

SOX9
F: AAAGGCTACGACTGGACG 18

R: CGGCTGGTACTTGTAATCC 19

COMP
F: CGAGTCCGCTGTATCAACACC 21

R: TCCGTGCAAACCTGCTTGT 19

COL2
F: GCTCCCAGAACATCACCTACC 21

R: TGAACCTGCTATTGCCCTCT 20
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2.5.2. Osteogenic Differentiation. Osteogenic differentiation
was induced by culturing HEASCs for 3 weeks in the
osteogenic differentiation medium (Gibco) followed by
examining extracellular matrix calcification by Alizarin Red
S (Sigma-Aldrich) staining. For Alizarin Red S staining, cells
were fixed with 70% ethanol and washed with distilled water,
then incubated in 2% Alizarin Red S solution for 15min at
room temperature. The cells were washed five times in PBS

and then fixed with ice-cold 70% ethanol for 1 h. The Alizarin
Red S solution was extracted by incubation of the cells in
cetylpyridinium chloride for 1 h. The optical density of the
solution was read at 550nm.

2.5.3. Chondrogenic Differentiation. HEASCs were trypsi-
nized, counted, and centrifuged into cell pellets (1 2 × 105
per pellet) in 15ml conical tubes (BD Falcon). Chondrogenic
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Figure 1: Proliferative activities of HEASCs in different groups. (a) Morphology of HEASCs. Scale bar = 200 μm. (b) HEASCs from all groups
showed increased proliferation over the time course. The effect of aging on the cellular proliferation of HEASCs showed the most significant
decline at 5 days. The values are the mean± SD. ∗P value < 0.05. ∗∗P value < 0.01.
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differentiation medium (Gibco) was gently overlaid so as to
not detach the cell nodules, and the culture was maintained
in the chondrogenic differentiation medium for 3 weeks.
Afterwards, the pellets were fixed and frozen in O.C.T.
(Tissue-Tek, Sakura, Zoeterwoude, Netherlands). The pel-
lets were sectioned, fixed with 4% polymethanol, stained
against Alcian blue stain, and further stained with
hematoxylin-eosin stain (Sigma-Aldrich).

2.6. Real-Time Polymerase Chain Reaction. Total cellular
RNA was isolated from the differentiated cells using a TRIzol
reagent (Invitrogen) at day 21 to determine the expression of
multilineage-associated genes. For each run, water was used
as a negative control. The reaction product was quantified
with a relative quantificative tool. The reactions were
performed under the following cycling conditions: 95°C for
10min, 45 cycles of 95°C for 15 s, and 60°C for 1min. All
experiments were conducted three times. For each sample,
copy numbers of target genewere divided by those ofGAPDH
tonormalize for target gene expression, thus avoiding sample-
to-sample differences in RNA quantity. Primers used for real-
time RT-polymerase chain reaction are listed in Table 1.

2.7. Condition Medium (CM) of HEASCs Collection. The
HEASCs were plated in 75 cm2

flasks. After getting conflu-
ence, the medium was changed to 10ml per flask of
DMEM/F12 and incubated for 48 hours. Then, supernatants
were collected to filter and centrifuge at 2000g for 30min.
The supernatant was developed as HEASCs-CM.

2.8. Human Corneal Epithelial Cell Wound Healing Assay. To
evaluate the function of HEASCs-CM, human corneal epi-
thelial cell line (Guangzhou, China) was seeded in 12-well
plates at 1 × 105 cells per well and incubated at 37°C with

5% CO2 until forming a confluent monolayer in the
DMEM/F12 medium containing 10% fetal bovine serum
(FBS) (Gibco). The confluent layer was scratched with a
100μl sterile pipette tip after washing with DPBS for 3 times.
Then the culture medium was replaced with HEASCs-CM.
Image (n = 3 per treatment) from the center of the wells
was taken with an IX51 Olympus microscope with a DPI
7.2 digital camera and time 0, 24 h, and 48 h after scratching.
The areas of wound healing were analyzed and compared
with the ImageJ software.

2.9. Measurement of SecretedWound Healing-Related Factors
in HEASCs-CM. The HEASCs-CM from all donor age group
was collected to evaluate the secreted protein using human
enzyme-linked immunosorbent assay (ELISA). ELISA was
performed using a human platelet-derived growth factor-
BB (PDGF-BB), human transforming growth factor β1
(TGF-β1), human vascular endothelial cell growth factor
(VEGF), human cellular fibronectin (cFn), human collagen
type I (Col I), human interleukin 8 (IL-8) ELISA kit (CUSA-
BIO, China), and their protocols. As a reference for quantifi-
cation, a standard curve was established by a serial dilution
for PDGF-BB protein (0.156 ng/ml–10 ng/ml), TGF-β1 pro-
tein (0.78 ng/ml–50ng/ml), VEGF protein (31.25 pg/ml–
2000 pg/ml), cFn protein (12.5 ng/ml–800ng/ml), Col-1 pro-
tein (1.56 ng/ml–100ng/ml), and IL-8 protein (31.25 pg/ml–
2000 pg/ml).

2.10. Statistical Analysis. All data collected were presented as
a mean± standard deviation (SD). One-way analysis of vari-
ance with Bonferroni post hoc multiple comparison test was
used to determine possible significant differences (P < 0 05)
between groups. Data analysis was performed using
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Figure 2: Comparison of colony-forming unit (CFU) efficiency of HEASCs. (a) Representative figures showed the colony numbers of
HEASCs from three groups (14 d, ×20). (b) The graph represented a statistical difference in the total colony number in donor age groups.
Results expressed as mean± SD.
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GraphPad Prism 5.0. All experiments were performed in
triplicate and repeated on at least three separate occasions.

3. Results

3.1. Proliferative Activities of HEASCs. The HEASCs success-
fully outgrew from all donor age eyelid adipose tissues after
6–20 days of explant culture. In culture, the cell populations
isolated from all eyelid tissues were capable of forming
adherent cells, a characteristic of other stromal stem cell pop-
ulations, and retaining their bipolar shape (Figure 1(a)). The
proliferative capacities of all cells were assessed at passage
five at the following time points: 1, 2, 3, 4, 5, 6, and 7 days.
The HEASCs from Group C demonstrated a significantly
lower proliferative rate at days 2, 3, 4, 5, and 6 (P < 0 05, or
P < 0 01) compared with the other groups (Figure 1(b)). To
further evaluate the proliferative potential, we measured the
numbers of CFUs as a function of donor age groups. On

the 14th day, we counted and found an age-related decrease
of CFU-forming cells in donor age groups (Figure 2).

3.2. Flow Cytometry Results. The expression of MSC markers
was observed in HEASCs from donors of various ages by flow
cytometry analysis. The HEASCs from three groups posi-
tively expressed CD105, CD44, CD73, and CD90, but little
expression of CD31, CD34, and CD45 antigens
(Figure 3(a)). There was a significant difference in the expres-
sion of CD90 compared to other MSCs. The expression level
of CD90 (57.98± 7.52) in the Group C appeared significantly
higher than the other groups (35.74± 4.87 and 39.23± 3.58,
resp.) (Figure 3(b)). Thus, the expression of CD90 in
HEASCs showed an age-related increase between the donor
age groups.

3.3. Differentiation Potential of HEASCs. In addition to pro-
liferative ability and the expression of specific antigens on
the cell surface of HEASCs, the capacity for differentiation
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Figure 3: Characterization of HEASCs. (a) Flow cytometry analysis of HEASCs positive (CD105, CD44, CD73, and CD90) and negative
(CD31, CD34, and CD45) surface markers. (b, c) The graph represented the percentage of specific markers in total analyzed HEASCs by
all groups. Quantity of markers reveals that the expression of CD90 marker has significant differences between groups. Results showed as
mean± SD, ∗∗P < 0 01.
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into different mesenchymal tissues is one of the key proper-
ties of any MSC. The differentiation potential of HEASCs
was evaluated by culturing them in adipogenic, osteogenic,
and chondrogenic media to stimulate multilineage differenti-
ation. After 14-day adipogenic induction in vitro, the
HEASCs from all groups exhibited adipogenic differentiation
potential, as determined by the presence of Oil Red-positive
lipid droplets. The amount of lipid droplets was significantly
increased along with the donor age (Figures 4(a) and 4(b)).
Meanwhile, the gene expression of PPARγ showed a higher
level than that of the A and B groups (Figure 4(c)).

Osteogenic differentiation was assessed by Alizarin Red S
staining and gene expression after 20 days in the osteogenic
differentiationmedium. Alizarin Red S staining showed a sig-
nificant decrease with aging (Figures 4(d) and 4(e)), while
RUNX2, an early transcription factor, has no differences.
OPN, a secreted phosphoprotein, has significantly lower
expression in the aged group (Figure 4(f)).

Chondrogenic differentiation was evaluated by Alcian
blue staining and gene expression. Visually, the chondrogenic
sections showed that the compact chondrocytes were circled
by extracellular matrix in the younger donors. Conversely,
the chondrocytes were loose and irregular in shape in the
elderly group (Figure 4(g)). The expression of chondrogenic-
related gene Aggrecan, Sox9, COMP, and COL 2A1 was
consistent with Alcian blue staining (Figure 4(h)).

3.4. Effect of HEASCs-CM-Derived Donor Age Groups on
Human Corneal Epithelial Cell Wound Healing In Vitro. To
investigate whether the donor age group of HEASCs-CM
impact corneal epithelial cell wound repair, we performed
an in vitro wound healing assay. The HEASCs-CM signifi-
cantly stimulated the rate of wound closure in Group A and
Group B over Group C after 24-hour incubation; the
percentage of wound closure in HEASCs-CM of these groups

was 85%, 88%, and 66%, respectively. The percentage of
wound closure in donor age groups was 100% after 48h
(Figures 5(a) and 5(b)). Thus, there was a significant decrease
in the wound healing potential of HEASCs in advanced age
group at 24h.

3.5. Proteins Secreted in HEASCs-CM Encourage Wound
Healing. For further analysis of the wound healing potential
of HEASCs of donors, we assessed the expression level of
secreted wound healing-related factors in HEASCs-CM in
all groups. These factors have been reported that they played
an important function in wound healing, which include
growth factors: PDGF-BB, TGF-β1, and VEGF; matrix
factors: cFn and Col-1; and inflammatory cytokine: IL-8. As
shown in Figure 6, the expression of TGF-β1 and cFn protein
in HEASCs-CMwas decreased with aging, while there was an
exception of producing higher concentration of VEGF in
the elderly group. The expression of PDGF-BB, Col-I,
and IL-8 in the conditioned medium has no significant
differences among these groups. These results suggested
that the differences of HEASCs-CM on modulating human
corneal epithelial cell wound repair might be due to the
variance of expression of wound healing-related factors
by HEASCs-CM.

4. Discussion

Adipose-derived stem cells (ASCs) are seen as useful autolo-
gous stem cells, which have gained increasing interest in the
field of regenerative medicine. However, ASC therapy cannot
yet be used reliably because these cells show different proper-
ties across patients and different tissue sites [19, 20]. Of note,
it is an advantage to use ASCs from young donor age and of
early passage culture for the clinical application of stem cell
therapy; some researchers have reported the effects of donor
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Figure 4: Characterization of age-related changes on the multilineage differentiation of HEASCs. (a) After 14 d in culture, the cells were
stained with Oil Red O. (b) The Oil Red O solution was eluted, and the optical density was measured. (c) Gene expression analysis of
PPRAγ. (d) After 21 d in culture, the cells were stained for calcium deposition with Alizarin Red S solution. (e) The staining solution was
removed, and the absorbance was red at 550 nm. (f) The examination of the osteogenic-related gene expression of an early transcription
factor (Runx2) and secreted phosphoprotein (OPN). (g) After 21 d in culture, the pellets were stained with Alcian blue and sections
(6 μm) were further stained with hematoxylin-eosin stain. (h) The gene expression was analyzed via Aggrecan, Sox9, COMP, and COL
2A1. Results expressed as mean± SD. ∗P < 0 05. ∗∗P value < 0.01. ∗∗∗P value < 0.001.
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age, long-term passage, and cryopreservation on ASC
characterization, as well as proliferation and differentiation
capacities in vitro [21–23]. Eyelid adipose-derived stem
cells (EASCs) represent a unique origin of ASCs, which are
derived from neural crest cells that differ from mesodermal-
origin ASCs [7, 9]. Previous studies have disclosed that
HEASCs from eyelid adipose tissue can differentiate into
insulin-secreting cells and normalize type I diabetes mice
[6]. In addition, the topical application of HEASCs can
promote corneal tissue regeneration through paracrine effects
and differentiation into corneal epithelial cells [11]. However,
there is limited study demonstrating the effect of donor age
on EASC properties [18].

In this study, we showed that HEASCs isolated from dif-
ferent donor age groups had a similar bipolar-shaped mor-
phology by an explant culture method. However, we
demonstrated that the proliferative rate of HEASCs was sig-
nificantly decreased in the elderly group. Meanwhile, there
was a difference in the number of CFUs in different donor
age groups. The donor age-related decline of CFU number
is consistent with the result that was observed in the prolifer-
ative ability of HEASCs. These results are consistent with the
results that were observed in BMSCs [24].

At the surface marker expression assessment, we
observed that HEASCs expressed a similar level of CD73,
CD44, and CD105. However, the expression level of CD90
differed among these groups, which increased with aging.
The similarity of lower expression of CD90 has been

demonstrated in the previous study that most eyelid
adipose-derived stem cells expressed CD90 at late passage
(P13–P15) [9]. Thus, we could propose that the higher
expression of CD90 in the elderly group is because of the lon-
ger time of growth in vitro in the elderly group compared to
younger groups. It is noted that CD90 is membrane-bound
glycoprotein, with the function related to angiogenic stimuli
[25]. Meanwhile, the result was in accordance with the
increase expression of VEGF in the HEASCs-CM of elderly
groups (Figure 6). As we know, degenerative eye diseases,
like age-related macular degeneration, are primarily a dis-
ease of old age, and VEGF (an endothelial specific growth
factor) plays a key role of promoting angiogenesis and
mainly influencing on eye diseases [26].

The effect of donor age on the differentiation ability of
MSCs remains controversial. We found an age-related
decrease in chondrogenic and osteogenic differentiations,
but contrary to adipogenic differentiation potential, which
was increased with aging in HEASCs. Ye et al. reported that
aged orbital adipose-derived stem cells showed decreases in
multilineage differentiation potential [18]. The decline of
the chondrogenic differentiation potential of HEASCs is
similar to that of ASC studies [27]. In contrast, we found that
the HEASCs from aging promoted the adipogenic differenti-
ation. The accumulation of adipocytes with increasing age is
noted. In addition, previous studies found that ASCs from
elderly donor favor the adipogenic differentiation. The
author postulated that the increase of the adipogenic
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Figure 5:Wound healing potential of HEASCs from donors of different ages. (a) Representative figures showed human corneal epithelial cells
migrated at 24 and 48 h after treatment with HEASCs-CM. (b) Changes in the wound closure area at 24 and 48 h. There was an aged-related
decline in the wound healing potential of HEASCs. Data are presented as the mean± SD. ∗P < 0 05.
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differentiation potential of MSCs might be negatively
affected by bone regeneration [27, 28]. Although Run X2,
an early transcription factor, has no differences, we
observed that the expression of OPN, the gene marker of
osteoblasts, declined with aging. In addition, the calcium
deposits and Alizarin Red S staining were faint and lower
in the aged group. Meanwhile, we clearly found an age-
related decrease in chondrogenic differentiation of
HEASCs (Figure 4).

Previous studies demonstrated that MSCs have gained a
prominent and promising role in restoring corneal transpar-
ency through the paracrine function [29]. Thus, we evaluated
the age-related effects on the wound healing potential of
HEASCs by the human corneal epithelial cell scratching
model in vitro. The result of this study demonstrated that
the wound healing potential of HEASCs-CM declined with
aging. Wound healing is a complicated process. When the
cornea is damaged, the secreted protein of MSCs can accu-
mulate at the site of injury and interact synergistically to ini-
tiate and coordinate wound healing. Therefore, we further
investigated the effect of donor age on the wound healing-
related protein expression in the HEASCs-CM. The results
showed that the secreted protein of TGF-β1 and fibronectin
was age related and downexpressed in the HEASCs-CM,

while the expression of VEGF is upregulated with aging.
TGF-β1 is involved in mediating the extracellular matrix for-
mation, stimulating cell proliferation, and reepithelization.
Fibronectin is involved in cell adhesion, cell motility, and
wound healing. VEGF can promote angiogenesis, induce
permeabilization of blood vessels, and play an essential role
in wound healing. The increased expression of VEGF is con-
sistent with the upregulation of CD90. VEGF may be
involved in the degenerative disease of the elderly patient.
There were no significant differences in the expression of
PDGF-BB, Col-I, and IL-8, all of which were involved in
the processes of wound healing [30, 31].

In conclusion, we have demonstrated that the prolifera-
tive rate, osteogenic and chondrogenic differentiation capac-
ity, and wound healing function of HEASCs were influenced
by age increase. A shift in favor of expression of CD90 surface
marker and adipogenic differentiation with increased age
were observed. In this study, we evaluated the effect of age
on the properties of HEASCs through the protein level. To
gain further insight into the molecular mechanisms, addi-
tional studies need to be performed. In particular, gene
expression in HEASCs as a function of age on a genome-
wide scale must be addressed to provide a comprehensive
understanding of molecular mechanisms of aging.
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Figure 6: ELISA analysis of secreted proteins in HEASCs-CM. The graph showed that the expression of TGF-β1 and cFn was decreased with
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Vasculopathy is one of the primary pathological changes in chronic rejection of vascularized allograft transplantation. Endometrial
regenerative cells (ERCs) are mesenchymal-like stromal cells with immunosuppressive effect. B7-H1 is a negative costimulator that
mediates active immune suppression. The aim of this study was to investigate the requirement of B7-H1 in the immunoregulation
of ERCs in preventing transplant vasculopathy of aorta allografts. The results showed that B7-H1 expression on ERCs was
upregulated by IFN-γ in a dose-dependent manner and it was required for ERCs to inhibit the proliferation of peripheral blood
mononuclear cells (PBMCs) in vitro. ERCs could alleviate transplant vasculopathy, as the intimal growth of transplanted aorta
was limited, and the preventive effects were correlated with an increase in the percentages of CD11c+MHC class IIlowCD86low

dendritic cells, CD68+CD206+ macrophages, and CD4+CD25+Foxp3+ T cells, as well as a decrease in the percentages of CD68+

macrophages, CD3+CD4+ T cells, CD3+CD8+ T cells, and donor-reactive IgM and IgG antibodies. Moreover, overexpression of
B7-H1 by IFN-γ can promote the immunosuppressive effect of ERCs. These results suggest that overexpression of B7-H1
stimulated by IFN-γ is required for ERCs to prevent the transplant vasculopathy, and this study provides a theoretical basis for
the future clinical use of human ERCs.

1. Introduction

With the rapid development of surgical procedures, organ
and cell isolation, and preservation techniques, as well as
the advance of transplant immunology, organ transplanta-
tion has become an effective and routine treatment for
end-stage diseases. Moreover, due to the progression of
allograft immunology, some new types of immunosuppres-
sive agents and therapy are used and that have prevented
or reversed acute allograft rejection effectively in the past
20 years, which lead to the short-term (1-year) allograft
survival time of 88–95% [1]. However, these immunosup-
pressive therapies are not effective for the prevention and

treatment of chronic rejection caused by transplant vascu-
lopathy. Therefore, chronic rejection with the vascularized
allografts causing late allograft failure remains a clinical chal-
lenge [2]. Vasculopathy is the basic pathological change in
chronic rejection and caused by complex interplay between
immune and nonimmune factors, which can lead to tissue
ischemia of transplanted organs and subsequently organ
failure [3]. Thus, the transplant vasculopathy in chronic
rejection has become a major obstacle to long-term survival
of transplanted organs, and an effective treatment is urgently
needed [4].

Endometrial regenerative cells (ERCs) obtained from
human menstrual blood are present as a kind of attractive
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mesenchymal-like stromal cells and have been demonstrated
to show high immunosuppressive activities in mouse models
of organ transplantation and other inflammation [5–8].
Compared to mesenchymal stromal cells (MSCs), ERCs have
the advantages of noninvasively obtained method, body
waste reused, abundant resources, highly proliferative rate,
pluripotent differentiation activity, expandability to great
quantities without karyotypic abnormalities, or the loss of
differentiation ability, and without oncogenesis [9]. Recently,
our group had demonstrated that ERCs could suppress B cell
proliferation and further suppress the humoral response to
allogenic cardiac transplants in mice [8]. As transplant
vasculopathy is a kind of allograft rejection, there is a need
to investigate the effect of ERCs on the treatment of it.

B7-H1, also known as programmed cell death-1 ligand
(PD-L1), as a member of the B7 family, has been well
identified to link to the active immunosuppression [10]. It
has been demonstrated that B7-H1 on MSCs can be upreg-
ulated in response to the stimulation of proinflammatory
interferon- (IFN-) γ and it is required in MSC-based ther-
apy for inducing immune tolerance to cardiac allografts
by inducing the generation of regulatory immune cells such
as tolerogenic dendritic cells (Tol-DCs), regulatory T cells
(Tregs), and regulatory B cells (Bregs), and inhibiting the
generation of B cells and allogenic antibodies [11], suggest-
ing that B7-H1 plays a critical role in the maintenance of
peripheral tolerance.

However, the role of B7-H1 on ERC-mediated immuno-
regulation has not been investigated. Thus, the objective
of this study was to determine whether the expression
of B7-H1 on ERCs can be upregulated by the stimulation
of IFN-γ and to determine the role of ERC-expressing B7-H1
in preventing transplant vasculopathy in aorta allografts by
using neutralizing anti-B7-H1 monoclonal antibody (mAb).

2. Materials and Methods

2.1. Animals. Male adult C57BL/6 (B6) (H-2b) and BALB/c
(H-2d) mice (10–12 weeks old and 18–22 g in weight) were
purchased from China Food and Drug Inspection Institute
(Beijing, China). The animals were housed under a conven-
tional experimental environment at Tianjin General Surgery
Institute (Tianjin, China) and provided with water and chow
ad libitum. All the experiments were performed on the
basis of protocols approved by the Animal Care and Use
Committee of Tianjin Medical University (Tianjin, China),
according to the Chinese Council on Animal Care guidelines,
with IRB number IRM-201405-071.

2.2. Isolation, Culture, and Pretreatment of ERCs. The men-
strual blood samples from one 30-year-old healthy woman
were collected by using a sterilized menstrual cup on the first
day of menstruation for isolation of ERCs under ethical
approval of Tianjin Medical University (Tianjin, China),
with IRB number IRB2017-YX-094. The ERC culture and
expansion were the same as described previously [8]. In
brief, after being collected, the mononuclear cells in the
menstrual blood samples were isolated using standard
Ficoll (Solarbio, Beijing, http://www.solarbio.net.cn), then

transferred to a culture dish with Dulbecco’s modified Eagle’s
medium (DMEM) high glucose containing 1% penicillin/
streptomycin and 10% FBS, and cultured in a 37°C 5% CO2
incubator. The morphology and growth of the cultured cells
were observed under inverted microscope. After about 14
days of incubation, the cells displayed a spindle-shaped mor-
phology and the estimated adherent cell number at the start
of culture was approximately 1× 107. Typical cell surface
markers of ERCs were analyzed by using a fluorescence-
activated cell sorting (FACS) analysis as previously described
[9]. In order to investigate the effect of IFN-γ on the
expression of B7-H1 on the surface of ERCs in vitro.
The ERCs of passage four were harvested, counted, and
adjusted to 1× 105/ml cell concentration, then added to a
4-well plate and incubated with 1ml of the culture medium
containing recombinant human IFN-γ (PeproTech, Jiangsu,
China; https://www.peprotech.com) at different concentra-
tions (0.05 ng/ml, 0.5 ng/ml or 5 ng/ml). After 72 hours of
incubation, ERCs were collected and labeled with anti-
human B7-H1 antibody for the FACS analysis. For the
in vivo use, the fourth generation of ERCs was either cultured
in the culture medium with IFN-γ (5 ng/ml) and anti-B7-
H1mAb (Clone M1H2, Thermo Fisher Scientific, Shanghai,
China; https://www.thermofisher.com/cn/zh/home.html) or
untreated for 72 hours. After that, the ERCs were collected
and washed for further in vivo using.

2.3. Cocultures of ERCs with Allogeneic Peripheral Blood
Mononuclear Cells (PBMCs). In order to examine the func-
tion of B7-H1 expressed on ERCs, the coculture experiments
were performed between the fourth generation of ERCs
pretreated with either IFN-γ and anti-B7-H1 mAb or noth-
ing and B6 PBMCs. ERCs (5× 104 cells) as stimulators were
then pretreated with mitomycin C (50μg/ml) (Solarbio,
Beijing, China, http://www.solarbio.net.cn), and PBMCs
(5× 105 cells) were responders. After 72-hour incubation,
the proliferative response of PBMCs to the ERCs was exam-
ined assessed by Cell Counting Kit-8 (CCK-8) (Dojindo,
Shanghai, China, http://www.dojindo.cn) through theMicro-
plate Reader. The optical density (OD) value at 450nm
was recorded.

2.4. Aorta Transplantation and Experimental Groups. A
3-4mm segment of the descending abdominal aorta was col-
lected from male BALB/c(H-2d) donors and was trans-
planted to the same location of fully MHC mismatched
male C57BL/6 (B6) (H-2b) recipients with the embedded
sleeve method using 11–0 monofilament nylon sutures [12].
The success of the graft was determined by the presence of
both the hind legs working well without paralysis, which
was monitored and evaluated daily in double-blind fashion.
After the surgery, the recipients were randomly assigned to
four groups (n = 6, each group): group 1, untreated group
(untreated); group 2, anti-B7-H1 antibody-pretreated ERC
group; group 3, ERC-treated group; group 4, IFN-γ-pre-
treated ERC group. The ERCs pretreated with different
reagents or not were intravenously injected into B6 recipients
through the tail vein with a single dose of 1× 106 cells/mouse
24 hours after aorta transplantation.
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2.5. Graft Histology. Transplanted aorta allografts were col-
lected at the posttransplantation day 40, followed by formalin
(10%) fixation and paraffin embedding. Sections (4μm) of
graft tissues were stained with hematoxylin and eosin
(H&E) and examined in a blinded fashion for severity of
rejection by a pathologist. The intimal thickness of the grafts
was measured by the ImageJ software (National Institutes of
Health, Bethesda, MD, USA).

2.6. FACS Analysis. The spleens from mice in each group
were collected at posttransplantation day 8, after being
grinded and filtered; and after lysing of the red blood, the
splenocytes were washed and dispensed for using. FACS
analysis was performed to determine splenocyte phenotypes
and donor-reactive antibodies as previously described [11].
All the fluorescent-labeled antibodies against CD3, CD4,
CD8, CD11c, CD25, CD68, CD86, CD206, Foxp3, IgM,
IgG, and MHC class II were purchased from either
eBioscience (eBioscience, San Diego, CA, http://www.
eBioscience.com) or BioLegend (BioLegend, San Diego, CA,
http://www.biolegend.com).

2.7. Mixed Lymphocyte Reaction (MLR). In order to assess the
function of DCs in each group, T cell proliferation response
to alloantigen was assessed in a one-way MLR in 96-well
plates. Alloreactive CD3+ T cells (5× 105 cells/well) from
the spleen of BALB/c mice were used as responders, and
splenic CD11c+ DCs (5× 104 cells/well) from B6 recipients
were used as stimulators. Both DCs and T cells were iso-
lated from the spleens using a positive microbead-based
selection (Miltenyi Biotec Inc., Shanghai, China; http://
www.miltenyibiotec.com.cn/) by either CD11c or CD3
MicroBeads. After being selected, the DCs were treated
with mitomycin C (50μg/ml) to inhibit their proliferative
function. The proliferative response of T cells to the stimula-
tor of DCs was examined after 96 hours of incubation and
compared to those without DCs and then was assessed by
CCK-8 through the microplate reader. The OD value at
450nm was recorded.

2.8. Statistical Analysis. The enumeration data were pre-
sented as mean± standard deviation (SD). The differences
among multiple groups were analyzed using one-way analy-
sis of variance (ANOVA) followed by post hoc analysis with
the least significant difference (LSD) test. A p value< 0.05 was
considered statistically significant.

3. Results

3.1. B7-H1 Expression on the ERCs Is Upregulated by IFN-γ In
Vitro. In order to confirm the effect of IFN-γ on the
expression of B7-H1 on ERCs, cultured ERCs in response
to different concentrations of recombination human IFN-γ
were examined. As shown in Figure 1, a basal level of B7-
H1 expression on ERCs (35.9%) was recorded. In addition,
with the increased level of IFN-γ concentration, the level of
B7-H1 expression was upregulated in a dose-dependent
manner (64.6% with 0.05 ng/ml IFN-γ and 81.4% with
0.5 ng/ml IFN-γ) and was at the highest level when stimu-
lated with 5ng/ml IFN-γ (90.4%). As the result showed that

much more B7-H1 expression on the ERCs was presented
by the treatment with IFN-γ at the dose of 5 ng/ml, the ERCs
pretreated with 5ng/ml IFN-γ were used as an “upregulated
B7-H1” group in the follow-up in vivo experiment.

3.2. B7-H1 Is Required for ERCs to Inhibit the Proliferation of
PBMCs In Vitro. In order to further explore the function of
B7-H1 expressed on the ERCs, the coculture experiment
was performed and measured by the proliferation of PBMCs
through OD value. As shown in Figure 2, same as the previ-
ous study [13], compared to the PBMCs alone, ERCs could
significantly inhibit the proliferation of PBMCs (p < 0 001)
and the IFN-γ-pretreated ERCs could further inhibit the
proliferation of PBMCs (p < 0 001). However, when the
function of B7-H1 was inhibited by anti-B7-H1 mAb, the
proliferation of PBMCs significantly increased compared
to that of the ERC groups without inhibition by anti-B7-
H1 mAb (p < 0 001). The results demonstrated that B7-
H1 participated in the ERC-mediated suppression of the
PBMCs’ proliferation.

3.3. B7-H1 Is Required for ERCs to Alleviate Transplant
Vasculopathy. The typical character of transplant vasculopa-
thy is shown by the diffused concentric intimal expansion of
the arteries in grafts. The effects of B7-H1 expression on
ERCs in the development of transplant vasculopathy were
assessed by observing the intimal growth of the transplanted
aorta by H&E staining at posttransplantation day 40. As
shown in Figure 3, the thickest intimal (204.11± 8.53μm)
was developed in the untreated group with significant
immune cell infiltration, which was similar to that of the
anti-B7-H1 mAb-pretreated ERC group (174.15± 4.47μm).
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Figure 1: B7-H1 expression on the ERCs is upregulated by IFN-γ
in vitro. The fourth generation of ERCs was digested, counted, and
adjusted to 1× 105/ml cell concentration and then stimulated in
the presence or absence of 0.05 ng/ml, 0.5 ng/ml, or 5 ng/ml of
recombinant human IFN-γ for 72 hours. B7-H1 expression was
analyzed by FACS analysis. The intensity of fluorescence-labeled
B7-H1 on the surface of ERCs was shown.
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The ERC treatment markedly decreased the intimal thick-
ness (127.09± 5.25μm, p < 0 001 versus the untreated and
anti-B7-H1 mAb-pretreated ERC groups), and the IFN-γ-
pretreated ERC group had the thinnest intimal thickness
(94.65± 4.88μm, p < 0 001 versus the untreated, anti-B7-
H1 mAb-pretreated ERC, and ERC alone groups). The
results may suggest that ERCs can reduce the severity of
transplant vasculopathy, and the higher B7-H1 expression,
the stronger reduction effect of ERCs was observed.

3.4. B7-H1 Is Required for Human ERCs to Increase the
Population of Tol-DCs in Mice. We have recently demon-
strated that ERCs could suppress the maturation of DCs
and induce the generation of Tol-DCs [6]. In order to under-
stand the role of B7-H1 on the effect of ERCs, we measured
the population of Tol-DCs with double staining using anti-
mouse CD11c antibody in combination with anti-mouse
MHC class II or CD86 antibody in the splenocytes of each
group through FACS analysis. As shown in Figure 4,
compared to the untreated group and the anti-B7-H1 mAb-
pretreated ERC group, the ERC alone group showed signifi-
cant low expressions of antigen presenting molecule MHC
class II and costimulatory molecule CD86 on CD11c+ DCs
(p < 0 001). The CD11c+MHC class II+ and CD11c+CD86+

populations were further decreased in the IFN-γ-pretreated
ERC group (p < 0 001 versus the untreated, anti-B7-H1
mAb-pretreated ERC, and ERC alone groups), indicating
that human ERCs increase the population of Tol-DCs in
mice and B7-H1 expression is required for this process.

At the same time, one-way MLR was performed through
measuring the index of antigen-stimulated CD3+ T cell
proliferation from splenocytes of BALB/c mouse, in order
to confirm the function of CD11c+ DC populations from
B6 recipients of each group. As shown in Figure 4(c), T cell
proliferation was significantly reduced in the ERC-treated
group (p < 0 001 versus the untreated and anti-B7-H1
mAb-pretreated ERC groups) and was further inhibited

in the IFN-γ-pretreated ERC group (p < 0 001 versus the
untreated, anti-B7-H1 mAb-pretreated ERC, and ERC alone
groups). However, the inhibitory effect of ERCs was impaired
when ERCs were pretreated with anti-B7-H1 mAb and the T
cell proliferation was indistinguishable from that of the
untreated group. Taken together, the data showed that
B7-H1 is required for ERCs in enhancing the population
and function of Tol-DCs.

3.5. B7-H1 Is Required for Human ERCs to Decrease
the Population of Total Macrophages and Increase the
Percentage of M2 in Mice. The populations of total macro-
phages and M2 in the recipient splenocytes were compared
between groups by FACS analysis. The total macrophages
were single stained with anti-mouse CD68 antibody, and
the M2 were considered as CD206 positive cells in total
macrophages. As shown in Figure 5, ERCs, either unmodi-
fied or stimulated by IFN-γ, expressed high level of B7-H1
and significantly reduced the population of total macro-
phages and increased the percentage of M2 as compared
to the untreated group (total macrophages: p < 0 001; M2:
p < 0 001). However, the effect of ERCs was abolished when
B7-H1 expression was blocked by anti-B7-H1 mAb, as
compared to the unmodified ERC-treated group and IFN-
γ-pretreated ERC group (total macrophages: p < 0 001; M2:
p < 0 001). These results mean that B7-H1 is required for
ERCs to induce the macrophage development towards
immune tolerance.

3.6. B7-H1 Is Required for Human ERCs to Decrease the
Population of T Cells and Increase the Percentage of
Tregs in Mice. In our previous studies, we have demon-
strated that ERCs could inhibit the generation of both
CD4+ T cells and CD8+ T cells, as well as promote the
generation of Tregs [6, 7]. In this study, the same results
were presented and the role of B7-H1 on ERCs in T cell
development was explored. The CD3+ T cells were isolated
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Figure 2: B7-H1 is required for ERCs to inhibit the proliferation of PBMCs in vitro. The ERCs pretreated with either IFN-γ and anti-B7-H1
mAb or nothing were pretreated with mitomycin C and cocultured with B6 PBMCs for 72 hours. The proliferation of PBMCs was measured
by CCK-8, and the OD values of each group were showed. Values were presented as mean± SEM; statistical analysis was done by one-way
ANOVA followed by the LSD test, n = 6.
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Figure 3: B7-H1 is required for ERCs to alleviate transplant vasculopathy. (a) Histology of the transplanted aorta in B6 recipients. Grafts were
collected at posttransplant day 40 and evaluated by H&E staining of paraffin sections. Pathological changes from the (A) untreated group,
(B) anti-B7-H1 mAb-pretreated ERC group, (C) ERC-treated group, and (D) IFN-γ-pretreated group were presented (n = 6). The black
arrows indicated the intimal limits (100x magnification). (b) The intimal thickness of the grafts in each group. Values were presented
as mean± SEM; statistical analysis was done by one-way ANOVA followed by the LSD test, n = 6.
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Figure 4: B7-H1 is required for ERCs to increase the percentage of Tol-DCs in splenocytes. Splenocytes were collected from B6 recipients at
posttransplant day 8, followed by double staining of anti-mouse CD11c antibody in combination with anti-mouse MHC class II or CD86
antibody for the FACS analysis. (a) Dot plots of (A) CD11c+MHC class II+DC and (B) CD11c+CD86+DC in each group. (b) Percentages
of CD11c+MHC class II+DC and CD11c+CD86+DC in each group. (c) One-way MLR was used to measure the function of CD11c+ DCs
(stimulator) from B6 recipients in each group. The proliferation index of CD3+ T cell (responders) was performed by the OD value.
Values were presented as mean± SEM; statistical analysis was done by one-way ANOVA followed by the LSD test, n = 6.

6 Stem Cells International



from the splenocytes of recipients by the anti-mouse CD3
antibody, and combination with either anti-mouse CD4
antibody or anti-mouse CD8 antibody was used to measure
CD4+ or CD8+ T cells. The Tregs were double staining with
anti-mouse CD25 and Foxp3 antibodies after being gated
by anti-mouse CD4 antibody. The results were shown in
Figure 6; compared to the unmodified ERC-treated group,

the IFN-γ-pretreated ERC group showed less populations
of both CD4+ and CD8+ T cells and more percentage of
Tregs (CD4+ T cells: p < 0 001; CD8+ T cells: p < 0 001;
Tregs: p < 0 001). When B7-H1 on ERCs was blocked by
anti-B7-H1 mAb, the opposite results showing increased
population of CD4+ and CD8+ T cells, but a decreased level
of Tregs, were found in mouse recipients (CD4+ T cells:
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Figure 5: B7-H1 is required for ERCs to regulate the percentages of total macrophages andM2. Splenocytes were collected from B6 recipients
at posttransplant day 8, followed by single staining with anti-mouse CD68 antibody to measure the percentage of total macrophages, and
together with anti-mouse CD206 antibody gating by CD68 to measure the percentage of M2, the FACS analysis was used. (a) Histograms
of CD68+ total macrophages and dot plots of CD68+CD206+ M2. (b) Percentages of CD68+ total macrophages and CD68+CD206+ M2 in
each group. Values were presented as mean± SEM; statistical analysis was done by one-way ANOVA followed by the LSD test, n = 6.
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Figure 6: B7-H1 is required for ERCs to regulate the percentages of T cells and Tregs. Splenocytes were collected from B6 recipients at
posttransplant day 8, after being stained by fluorescence-labeled antibodies (for T cells were anti-mouse CD3, CD4, and CD8 antibodies;
for Tregs were anti-mouse CD4, CD25, and Foxp3 antibodies); the FACS analysis was used. (a) Dot plots of CD3+CD4+ T cells,
CD3+CD8+ T cells, and CD4+CD25+Foxp3+ T cells in each group. (b) Percentage of CD3+CD4+ T cells, CD3+CD8+ T cells, and
CD4+CD25+Foxp3+ T cells in each group. Values were presented as mean± SEM; statistical analysis was done by one-way ANOVA
followed by the LSD test, n = 6.
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p < 0 001; CD8+ T cells: p < 0 01; Tregs: p < 0 001). These
data suggested that B7-H1 is required for ERCs in inhibition
of T cells and promotion of Treg expansion.

3.7. B7-H1 Is Required for ERCs to Decrease the Serum Levels
of Donor-Reactive IgM and IgG in Mice. Circulating donor-
reactive IgM and IgG are antibodies produced by B cells
and associated with antibody-mediated rejection (AMR) in
transplant rejection. These antibody levels in the sera were
measured by double staining with either anti-mouse CD4
and IgM antibodies or anti-mouse CD4 and IgG antibodies

and analyzed by FACS as described previously [11]. As
shown in Figure 7, percentages of circulating anti-donor
IgM and IgG antibodies were reduced in the ERC-treated
group compared with anti-B7-H1 mAb-pretreated group
(IgM: p < 0 001; IgG: p < 0 001). In the IFN-γ-pretreated
ERC group, percentages of circulating anti-donor IgM and
IgG antibodies were further reduced compared with the
unmodified ERC-treated group (IgM: p < 0 001; IgG: p =
0 016). The results indicated that ERCs could decrease the
generation of circulation antidonor antibodies and B7-H1
expressed on ERCs was critical in this process.
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Figure 7: B7-H1 is required for ERCs to decrease the percentage of donor-reactive antibodies in sera. The sera were collected from B6
recipients at posttransplant day 8, 1 : 20 dilution in PBS, then incubated with splenocytes of BALB/c mouse for 30min at 37°C, and
followed by double staining with either anti-mouse CD4 and IgM antibodies or anti-mouse CD4 and IgG antibodies for the FACS
analysis. (a) Dot plots of CD4+IgM+ antibodies and CD4+IgG+ antibodies in each group. (b) Percentage of CD4+IgM+ antibodies and
CD4+IgG+ in each group. Values were presented as mean± SEM; statistical analysis was done by one-way ANOVA followed by the LSD
test, n = 6.
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4. Discussion

Chronic rejection is a major factor affecting long-term
survival of the transplanted organs, and the transplant
vasculopathy is the typical manifestation. Although the
pathogenesis of vasculopathy is complicated, endothelial
injury and dysfunction and inflammatory cell infiltration
are common pathological features [3]. Both cellular immu-
nity and humoral immunity are involved in this process.

ERCs were first identified in 2007 [14]. They are
mesenchymal-like stromal cells with the immunoregulatory
function and have been demonstrated to play protective
roles in murine inflammatory and transplantation models
[5–8, 15, 16]. However, the mechanism of its function
needs to be further clarified. B7-H1 was first identified in
1999 and supposed to be a negative costimulator, which
could stimulate T cells to release interleukin- (IL-) 0, sup-
press T cell proliferation, and activate immune suppression
in the immune response [10], with its receptor being pro-
grammed cell death receptor 1 (PD-1). The B7-H1/PD-1
pathway commonly plays an immune suppressive effect
which has been well demonstrated in tumor and inflamma-
tory immunity [17–19]. Some cytokines can induce the
higher expression of B7-H1, such as IFN-γ, IL-10, and
vascular endothelial growth factor (VEGF), of which IFN-γ
is the most potent one [20–23]. In the related study of MSCs,
IFN-γ can act directly and upregulate B7-H1 on MSCs
and further trigger the immunosuppressive effect of MSCs
[24, 25]. ERCs and MSCs have many similarities in their
character; thus, we carried out this study to investigate
the role of B7-H1 on the surface of ERCs in an aorta trans-
plant model. On the basis of previous studies of ERCs,
through upregulating B7-H1 by IFN-γ and neutralization of
B7-H1 by anti-B7-H1 mAb, the present study has demon-
strated that B7-H1 plays a critical role in enhancing the
immunosuppressive effects of ERCs both in vitro coculture
cell proliferation and in vivo transplant vasculopathy. We
have also demonstrated that ERCs attenuated the pathologi-
cal changes in transplant vasculopathy, which was further
alleviated by the IFN-γ-pretreated ERCs. The immuno-
suppressive effect of ERCs with upregulated expression
of B7-H1 is related to the increase of tolerogenic cells
(Tol-DCs, M2, and Tregs), the decrease of invasive cells
(total macrophages, CD4+ T cells, and CD8+ T cells), and
the downregulation of serum donor-reactive antibodies
(IgM and IgG antibodies).

DCs are the main antigen-presenting cells (APCs), which
come into effect through high-expressing antigen-presenting
molecule MHC class II and costimulatory molecule CD86 on
their surface [26]. On the contrary, Tol-DCs are defined as
low expression of these molecules which represents low
antigen presenting capability and strong immunosuppressive
capability [26]. Macrophages are the most plastic cells in the
innate immune system; its differentiation is affected by the
surrounding environment [27]. M2 is a small group of the
macrophages; they often contribute to the immunoregulatory
function [28]. T cells play roles in cellular immunity, and B
cells play roles in humoral immunity mainly by secreting
antibodies. As the other solid organ transplantation, most

of the rejection pathological processes begin with the damage
of the endothelial cells caused by immune cells and donor-
reactive antibodies. As the foreign antigens were expressed
on the endothelial cells of the allografts, the innate and
adaptive immune cells of recipients would recognize and
attract them directly by secreting cytokines, such as IL-2,
IL-6, IFN-α, and TNF-α [3]. At the same time, donor-
reactive antibodies can bind to the antigens on the surface
of endothelial cells; then some immune reactions will happen
[29]. They can activate the complement system and eventu-
ally lead to the formation of the membrane attack complex
(MAC) or bind to and activate the innate immune cells
like macrophages and lead to the happening of antibody-
dependent cell-mediated cytotoxicity (ADCC) or promote
exocytosis of the Weibel-Palade bodies, activate the coagula-
tion cascade, and increase the expression of adhesion mole-
cules and growth factors [30]. In a word, both cellular and
humoral immunity could lead to the damage of endothelial
cells, and then the smooth muscle cells from the media
migrate to the intima with the phenotype change; finally,
the intimal fibroproliferative growth is initiated, accompa-
nied by immune cell infiltration [31–33].

The key point of alleviating the severity of transplant
vasculopathy is to regulate these immune cells and antibod-
ies. Our study presented that ERCs came into an immuno-
suppressive effect in the transplant vasculopathy, mainly
through regulating the percentage of these immune cells
and antibodies. At the same time, all of these immune cells
express PD-1, the receptor of B7-H1 [21, 34–39]. When the
function of B7-H1 on the ERCs was inhibited by the anti-
B7-H1 mAb, the effect of ERCs was attenuated. This suggests
that B7-H1 plays an essential role in mediating ERC function,
and upregulation of B7-H1 on the ERCs may direct immune
cell generation and function to the immunoregulatory types.
Thus, we upregulated the expression of B7-H1 on the ERCs
by being stimulated with IFN-γ; the results were the same
as what we assumed that B7-H1 expressed on the surface of
ERCs could increase the ERC immunoregulatory effect and
further alleviated the transplanted vasculopathy.

Although the immunoregulatory mechanisms of ERCs
are complex, our results have demonstrated that B7-H1, at
least in part, plays an important role in ERC-mediated
immunosuppressive effect.

5. Conclusions

In conclusion, ERCs can prevent the transplant vasculopathy
as the intimal growth of transplanted aorta is inhibited. This
effect is achieved via increasing the populations of tolero-
genic cells, as well as decreasing the percentage of invasive
cells and serum levels of donor-reactive antibodies. More-
over, B7-H1 plays a critical role in the effect of ERCs and
heightening the expression of B7-H1 by IFN-γ can promote
the immunosuppressive effect of ERCs. Previous clinical
studies have shown that ERCs are safe to be used without
the happening of immunological reactions [16, 40, 41]. This
study explores the initial role and mechanism of ERCs
in attenuating transplant vasculopathy following aorta
allotransplantation, and it may provide a theoretical basis
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for the future clinical use of ERCs in preventing chronic
allograft rejection.

Conflicts of Interest

The authors have no conflict of interests to anyone or
any organization.

Authors’ Contributions

Kui Ye, Xu Lan, and Grace Wang conceived, designed, and
performed the research, analyzed and interpreted the data,
and wrote the manuscript. Baoren Zhang, Xiaoxi Xu, Xiang
Li, and Yiming Zhao performed the research and analyzed
and interpreted the data. Hao Wang conceived and designed
the study, provided financial support and administrative
support, wrote the manuscript, and gave final approval of
the manuscript. Kui Ye and Xu Lan contributed equally to
this work and are co-first author.

Acknowledgments

This work was supported by grants to Hao Wang
from the National Natural Science Foundation of
China (nos. 81273257 and 81471584), Tianjin Application
Basis and Cutting-Edge Technology Research (Grant no.
14JCZDJC35700), Li Jieshou Intestinal Barrier Research
Special Fund (no. LJS_201412), and Tianjin Medical
University Talent Fund.

References

[1] R. B. Colvin and R. N. Smith, “Antibody-mediated organ-
allograft rejection,” Nature Reviews Immunology, vol. 5,
no. 10, pp. 807–817, 2005.

[2] S. A. Lodhi, K. E. Lamb, and H. U. Meier-Kriesche, “Solid
organ allograft survival improvement in the United States:
the long-term does not mirror the dramatic short-term
success,” American Journal of Transplantation, vol. 11, no. 6,
pp. 1226–1235, 2011.

[3] S. Chih, A. Y. Chong, L. M. Mielniczuk, D. L. Bhatt, and
R. S. B. Beanlands, “Allograft vasculopathy: the Achilles’
heel of heart transplantation,” Journal of the American College
of Cardiology, vol. 68, no. 1, pp. 80–91, 2016.

[4] C. Söderlund and G. Rådegran, “Immunosuppressive thera-
pies after heart transplantation — the balance between
under- and over-immunosuppression,” Transplantation
Reviews, vol. 29, no. 3, pp. 181–189, 2015.

[5] Y. Lv, X. Xu, B. Zhang et al., “Endometrial regenerative cells
as a novel cell therapy attenuate experimental colitis in
mice,” Journal of Translational Medicine, vol. 12, no. 1,
p. 344, 2014.

[6] S. Lu, G. Shi, X. Xu et al., “Human endometrial regenerative
cells alleviate carbon tetrachloride-induced acute liver injury
in mice,” Journal of Translational Medicine, vol. 14, no. 1,
p. 300, 2016.

[7] P. Sun, J. Liu, W. Li et al., “Human endometrial regenera-
tive cells attenuate renal ischemia reperfusion injury in
mice,” Journal of Translational Medicine, vol. 14, no. 1,
p. 28, 2016.

[8] X. Xu, X. Li, X. Gu et al., “Prolongation of cardiac allograft
survival by endometrial regenerative cells: focusing on B-cell
responses,” Stem Cells Translational Medicine, vol. 6, no. 3,
pp. 778–787, 2017.

[9] X. Meng, T. E. Ichim, J. Zhong et al., “Endometrial regenera-
tive cells: a novel stem cell population,” Journal of Transla-
tional Medicine, vol. 5, no. 1, p. 57, 2007.

[10] H. Dong, G. Zhu, K. Tamada, and L. Chen, “B7-H1, a
third member of the B7 family, co-stimulates T-cell prolifera-
tion and interleukin-10 secretion,” Nature Medicine, vol. 5,
no. 12, pp. 1365–1369, 1999.

[11] H. Wang, F. Qi, X. Dai et al., “Requirement of B7-H1 in
mesenchymal stem cells for immune tolerance to cardiac allo-
grafts in combination therapy with rapamycin,” Transplant
Immunology, vol. 31, no. 2, pp. 65–74, 2014.

[12] A. Labat, D. Calise, J. C. Thiers et al., “Simultaneous orthotopic
transplantation of carotid and aorta in the rat by the sleeve
technique,” Laboratory Animals, vol. 36, no. 4, pp. 426–
431, 2002.

[13] M. P. Murphy, H. Wang, A. N. Patel et al., “Allogeneic
endometrial regenerative cells: an “off the shelf solution” for
critical limb ischemia?,” Journal of Translational Medicine,
vol. 6, no. 1, p. 45, 2008.

[14] C. H. Cui, T. Uyama, K. Miyado et al., “Menstrual blood-
derived cells confer human dystrophin expression in the
murine model of Duchenne muscular dystrophy via cell fusion
and myogenic transdifferentiation,” Molecular Biology of the
Cell, vol. 18, no. 5, pp. 1586–1594, 2007.

[15] N. Angle, “Regenerative medicine with endometrial regenera-
tive cells for critical ischemia: limb salvage from the cradle of
life?,” Future Cardiology, vol. 4, no. 6, pp. 547–550, 2008.

[16] T. E. Ichim, D. T. Alexandrescu, F. Solano et al., “Mes-
enchymal stem cells as anti-inflammatories: implications
for treatment of Duchenne muscular dystrophy,” Cellular
Immunology, vol. 260, no. 2, pp. 75–82, 2010.

[17] W. Zou, J. D. Wolchok, and L. Chen, “PD-L1 (B7-H1) and
PD-1 pathway blockade for cancer therapy: mechanisms,
response biomarkers, and combinations,” Science Transla-
tional Medicine, vol. 8, no. 328, article 328rv4, 2016.

[18] S. L. Topalian, C. G. Drake, and D. M. Pardoll, “Targeting
the PD-1/B7-H1(PD-L1) pathway to activate anti-tumor
immunity,” Current Opinion in Immunology, vol. 24, no. 2,
pp. 207–212, 2012.

[19] H. Dong and X. Chen, “Immunoregulatory role of B7-H1 in
chronicity of inflammatory responses,” Cellular & Molecular
Immunology, vol. 3, no. 3, pp. 179–187, 2006.

[20] T. J. Curiel, S. Wei, H. Dong et al., “Blockade of B7-H1
improves myeloid dendritic cell–mediated antitumor immu-
nity,” Nature Medicine, vol. 9, no. 5, pp. 562–567, 2003.

[21] H. Dong, S. E. Strome, D. R. Salomao et al., “Tumor-associated
B7-H1 promotes T-cell apoptosis: a potential mechanism of
immune evasion,” Nature Medicine, vol. 8, no. 8, pp. 793–
800, 2002.

[22] J. A. Brown, D. M. Dorfman, F. R. Ma et al., “Blockade of
programmed death-1 ligands on dendritic cells enhances T cell
activation and cytokine production,” The Journal of Immunol-
ogy, vol. 170, no. 3, pp. 1257–1266, 2003.

[23] I. Kryczek, S. Wei, W. Gong et al., “Cutting edge: IFN-γ
enables APC to promote memory Th17 and abate Th1 cell
development,” The Journal of Immunology, vol. 181, no. 9,
pp. 5842–5846, 2008.

11Stem Cells International



[24] H. Sheng, Y. Wang, Y. Jin et al., “A critical role of IFNγ in
priming MSC-mediated suppression of T cell proliferation
through up-regulation of B7-H1,” Cell Research, vol. 18,
no. 8, pp. 846–857, 2008.

[25] K. N. Sivanathan, S. Gronthos, D. Rojas-Canales, B. Thierry,
and P. T. Coates, “Interferon-gamma modification of mesen-
chymal stem cells: implications of autologous and allogeneic
mesenchymal stem cell therapy in allotransplantation,” Stem
Cell Reviews, vol. 10, no. 3, pp. 351–375, 2014.

[26] J. Banchereau and R. M. Steinman, “Dendritic cells and the
control of immunity,” Nature, vol. 392, no. 6673, pp. 245–
252, 1998.

[27] M. Locati, A. Mantovani, and A. Sica, “Macrophage activa-
tion and polarization as an adaptive component of innate
immunity,” Advances in Immunology, vol. 120, pp. 163–
184, 2013.

[28] S. K. Biswas and A. Mantovani, “Macrophage plasticity and
interaction with lymphocyte subsets: cancer as a paradigm,”
Nature Immunology, vol. 11, no. 10, pp. 889–896, 2010.

[29] E. Pouliquen, A. Koenig, C. C. Chen et al., “Recent advances
in renal transplantation: antibody-mediated rejection takes
center stage,” F1000Prime Reports, vol. 7, p. 51, 2015.

[30] X. Zhang and E. F. Reed, “Effect of antibodies on endothe-
lium,” American Journal of Transplantation, vol. 9, no. 11,
pp. 2459–2465, 2009.

[31] M. C. Deng, T. D. T. Tjan, B. Asfour, N. Roeder, and H. H.
Scheld, “Transplant vasculopathy,” Herz, vol. 23, no. 3,
pp. 197–201, 1998.

[32] J. Wehner, C. N. Morrell, T. Reynolds, E. R. Rodriguez,
and W. M. Baldwin, “Antibody and complement in trans-
plant vasculopathy,” Circulation Research, vol. 100, no. 2,
pp. 191–203, 2007.

[33] J. M. Aranda Jr and J. Hill, “Cardiac transplant vasculopathy,”
Chest, vol. 118, no. 6, pp. 1792–1800, 2000.

[34] T. S. Lim, V. Chew, J. L. Sieow et al., “PD-1 expression on
dendritic cells suppresses CD8+ T cell function and antitu-
mor immunity,” Oncoimmunology, vol. 5, no. 3, article
e1085146, 2016.

[35] H. C. Probst, K. McCoy, T. Okazaki, T. Honjo, and M. van den
Broek, “Resting dendritic cells induce peripheral CD8+ T cell
tolerance through PD-1 and CTLA-4,” Nature Immunology,
vol. 6, no. 3, pp. 280–286, 2005.

[36] B. Yuan, S. Huang, S. Gong et al., “Programmed death (PD)-1
attenuates macrophage activation and brain inflammation via
regulation of fibrinogen-like protein 2 (Fgl-2) after intracere-
bral hemorrhage in mice,” Immunology Letters, vol. 179,
pp. 114–121, 2016.

[37] S. Roy, P. Gupta, S. Palit, M. Basu, A. Ukil, and P. K. Das, “The
role of PD-1 in regulation of macrophage apoptosis and its
subversion by Leishmania donovani,” Clinical & Translational
Immunology, vol. 6, no. 5, article e137, 2017.

[38] A. Buermann, D. Römermann, W. Baars, J. Hundrieser,
J. Klempnauer, and R. Schwinzer, “Inhibition of B-cell acti-
vation and antibody production by triggering inhibitory sig-
nals via the PD-1/PD-ligand pathway,” Xenotransplantation,
vol. 23, no. 5, pp. 347–356, 2016.

[39] Y. Agata, A. Kawasaki, H. Nishimura et al., “Expression of
the PD-1 antigen on the surface of stimulated mouse T
and B lymphocytes,” International Immunology, vol. 8,
no. 5, pp. 765–772, 1996.

[40] Z. Zhong, A. N. Patel, T. E. Ichim et al., “Feasibility investiga-
tion of allogeneic endometrial regenerative cells,” Journal of
Translational Medicine, vol. 7, no. 1, p. 15, 2009.

[41] T. E. Ichim, F. Solano, F. Lara et al., “Combination stem cell
therapy for heart failure,” Internal Archives of Medicine,
vol. 3, no. 1, p. 5, 2010.

12 Stem Cells International




