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Tissue-derived stem cells (TDSCs) have proven to be a
feasible source of cells for tissue regeneration medicine in
recent experimental and clinical studies. TDSCs are pre-
sented in tissues such as bone marrow (BM), blood vessels,
adipose tissues, and placental and dental pulp for repairing
damaged areas by generation of new cells and tissues. Mes-
enchymal stem cells (MSCs) are multipotent stem cells,
reported to present plastic adherence and different abilities
in endodermal, mesodermal, and ectodermal cells and
immunoregulatory property potential in cell-based therapies
and regenerative medicine. To better understand TDSCs, we
opened up the special issue focused on TDSCs in 2016 and
pushed forward an annual issue in 2019 including recent
findings concerning TDSCs.

In the special issue, 16 selected papers including 13
research papers and 3 review papers were published. Nine
groups reported their studies in MSCs derived from BM,
adipose, placental, and valve. M. Alimandi et al. reported that
clonogenicity and human BM-MSC expansion are two
distinct biological events and quorum sensing may operate
in BM-MSC cultures and determine the potential growth of
clonal strains. H. Fabre et al. discussed the first comparison
of detailed immunophenotypic analysis and chondrogenic
differentiation potential of human BM, Wharton’s jelly,
dental pulp, and adipose tissue MSCs performed under the
same serum-free conditions. X. Wang et al. indicated that
fetal dermal MSC exosomes may promote wound healing
byactivating theadultdermalfibroblast cellmotility andsecre-
tion ability via the Notch signaling pathway. M. B. Avery et al.

reported that allogenic BM-MSCs had the ability to prevent
aneurysm formation in a known rabbit elastase aneurysm
model. W. Lu et al. reported that the mesenchymal charac-
teristics of skeletal progenitor cells within different regions
of long bones showed some differences. Periosteal mesen-
chymal progenitors showed a higher proliferative ability
and adipogenic differentiation potential. In contrast, endos-
teal mesenchymal progenitors were more prone to osteo-
genic differentiation. Y. Huang et al. reported that novel
rapidly proliferating valve-derived stroma cells with fibro-
blast morphology, which were found to express mesenchy-
mal and osteogenic markers, may contribute to aortic
valve calcification. P. Monsarrat et al.’s research showed
antibacterial effects of human adipose-derived stroma cells
by phagocytosis and secretion of oxygenated free radicals
and antibacterial molecules. D. Aboalola et al. indicated the
complex interactions between IGFBP-6 and IGFs in placental
MSC differentiation into the skeletal muscle and that the IGF
signaling axis, specifically involving IGFBP-6, is important in
muscle differentiation. M. E. Castro-Manrreza et al. dis-
cussed presence and biological characteristics of MSCs in
the epidermis and dermis of psoriasis patients.

Three groups reported their researches related to human
regulatory macrophage, Kupffer cells, and bulk composite
resins. L. Hummitzsch et al. reported that human regulatory
macrophages (Mreg) may prove to be beneficial as a cell
therapy-based treatment option for ischemia/reperfusion-
associated illnesses. However, donor characteristics seem to
crucially influence the effectiveness of Mreg treatment. D.
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Meng et al. discussed a critical role of Kupffer cells in the
maintenance and promotion of adult mouse liver hemato-
poiesis. S.-M. Lee et al. discussed a difference in depth of
cytotoxicity and antidifferentiation between the bulkfill
composite resins, which was mainly due to different cure
depths and ingredients. P. N. Rao et al. reported that
deceased donor-derived stem cells may be a viable alterna-
tive to living donor stem cells.

S. Liu et al. summarized the characteristic of spinal
cord endogenous neural stem cells, especially their proper-
ties after injury. L. Nevi et al. reviewed the new strategies
that have been adopted to improve cell grafting and track
cells after transplantation. F. Sallustio et al. analyzed many
different functions that the Toll-like receptors (TLRs)
assume in stem/progenitor cells, pointing out that they
can have different effects, depending on the background
and the kind of ligands that they recognize. They also dis-
cussed the TLR involvement in the response of stem cell
to specific tissue damage.

We hope that the annual special issue provided insights
into TDSCs such as MSCs and speeds up their clinical appli-
cation in regenerative trials in the near future.
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Psoriasis is a skin disease characterized by hyperproliferation of keratinocytes and chronic inflammation. Mesenchymal
stem/stromal cells (MSCs) exhibit an immunoregulatory function that can be altered in the skin of these patients. However, to
date, the presence and functional capacity of MSCs in the dermis and epidermis of patients with psoriasis have not been fully
established. In the present study, we evaluated the presence of MSCs in the skin of patients by obtaining adherent cells from the
dermis and epidermis of lesional and nonlesional areas and characterizing them in a comparative manner with corresponding
cells obtained from the dermis (HD-MSCs) and epidermis (HE-MSCs) of healthy donors. We determined whether the adherent
cells had immunophenotypic profiles and differentiation potentials that were characteristic of MSCs. In addition, we analyzed
their immunosuppression function by evaluating their capacity to decrease T cell proliferation. Our results indicate the presence
of MSCs in the dermis and epidermis of healthy donors and patients with psoriasis; adherent cells from all skin sources
exhibited MSC characteristics, such as expression of CD73, CD90, and CD105 markers and a lack of hematopoietic and
endothelial marker expression. However, the cell populations obtained showed differences in differentiation potential toward
adipogenic, osteogenic, and chondrogenic lineages. In addition, we observed a low MSC obtention frequency in nonlesional
epidermal samples (NLE-MSCs), which also showed alterations in morphology and proliferation rate. Interestingly, MSCs from
both the nonlesional dermis (NLD-MSCs) and lesional dermis (LD-MSCs) showed higher HLA class I antigen (HLA-I)
expression than HD-MSCs. Moreover, NLD-MSCs showed a low T cell proliferation suppression capacity. In summary, this
study demonstrates the presence of MSCs in the epidermis and dermis of patients with psoriasis and suggests that such cells
may favor the inflammatory process and thus psoriatic lesion development through high HLA-I expression and low
immunosuppression capacity.
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1. Introduction

Psoriasis is a skin disease characterized by chronic inflamma-
tion, neoangiogenesis, and keratinocyte hyperproliferation,
which causes thickening of the epidermis. The pathogenesis
of this disease is not yet known, but the disease is character-
ized by infiltration of immune system cells, such as neutro-
phils, macrophages, dendritic cells, and T cells, into the
dermis and epidermis, as well as hyperactivation of these cells
[1, 2]. In addition, proinflammatory cytokines, such as tumor
necrosis factor-α (TNF-α), interferon-γ (IFN-γ), interleukin-
(IL-) 2, IL-6, IL-8, IL-17A, IL-12, IL-22, and IL-23 are highly
concentrated in this disease [1–3]. Therefore, inflammation
has an important role in psoriasis development.

Mesenchymal stem/stromal cells (MSCs) are a popula-
tion of multipotent cells that were originally identified in
the bone marrow (BM) and have now been obtained from
different tissues. Because there is no specific marker for
these cells, certain guidelines have been established for their
characterization: they must be adherent; they must express
the markers CD90, CD105, CD73, CD13, and HLA-Ilow;
be negative for HLA-II, CD45, CD34, CD31, and CD14;
and they must have the potential for adipogenic, osteo-
genic, and chondrogenic differentiation [4, 5]. One of the
main properties of MSCs is their ability to regulate the
immune response; these cells migrate to sites of inflamma-
tion, where they are activated by proinflammatory cyto-
kines, such as IFN-γ, TNF-α, IL-1, and IL-17 [6–8]. Once
activated, MSCs begin to express and secrete various mole-
cules that generate an anti-inflammatory environment by
modulating the activation, proliferation, and differentiation
of immune cells. MSCs induce differentiation of T lympho-
cytes and dendritic cells, which have regulatory properties
[9, 10]. Additionally, they decrease NK cell activation and
proliferation and affect Th1 and Th17 lymphocyte differenti-
ation [8, 9, 11–13]. Because inflammation has an important
role in the course of psoriasis, some studies have proposed
the possible involvement of MSCs in the development of
this disease.

Previous studies have suggested that MSCs are present in
the skin of patients with psoriasis [14, 15]; however, this has
not been fully established. In fact, although the inflammatory
process is evident in the dermis and epidermis of patients
with this disease, no study has identified and characterized
the presence of MSCs in these skin layers and compared
the MSCs with those obtained from healthy donors. MSC
characterization is relevant because the immunoregulatory
function of these cells in the skin of patients with psoriasis
may be affected and therefore contribute to the pathogenesis
of the disease. To the best of our knowledge, this is the first
study to evaluate the presence of MSCs in the dermis and epi-
dermis of patients with psoriasis and identify biological dif-
ferences in MSC characteristics between psoriasis patients
and healthy donors. The cell populations that we obtained
were characterized in terms of their morphology, prolifera-
tion, immunophenotype, and differentiation potential. Fur-
thermore, we assessed their capacity to decrease T cell
proliferation to determine their immunosuppressive func-
tion. Throughout this study, we compare skin MSCs with

MSCs derived from normal bone marrow (BM-MSCs),
which are considered the MSC gold standard.

2. Methods

2.1. Isolation and Culture of BM-MSCs. BM samples were
obtained from 5 volunteer donors following the ethical
guidelines of the Villacoapa Hospital, Mexican Institute
for Social Security (IMSS). Mononuclear cells were isolated
from BM as previously described [16], after which the cells
were resuspended in low glucose Dulbecco’s modified
Eagle’s medium (DMEM/low glucose; Gibco BRL, Rockville,
MD) that was supplemented with 10% fetal bovine serum
(FBS; Gibco BRL), 4mM L-glutamine, 100U/mL penicillin,
100mg/mL streptomycin, and 100mg/mL gentamicin (all
reagents were obtained from Gibco BRL); the cells were
seeded at a density of 0:2 × 106 cells/cm2 in T-25 culture
flasks (Corning, Inc./Costar; New York, NY). After 4 days
of culture, the nonadherent cells were removed, and fresh
medium was added to the cultures. Once the cultures reached
80% confluence, the cells were harvested with trypsin (0.05%
trypsin, 0.53mM EDTA; Gibco BRL) and subcultured at a
density of 0:002 × 106 cells/cm2 in T-75 flasks (Corning,
Inc./Costar). At the second passage, the cells were harvested,
analyzed, and cryopreserved for future use.

2.2. Collection of Skin Samples and Isolation of MSCs. Skin
biopsies were obtained from patients with psoriasis who
came to the “Ladislao de la Pascua” dermatological center.
Control skin was obtained from individuals who were admit-
ted for gastrointestinal surgeries that were performed for rea-
sons other than autoimmune issues at the Centro Médico
Nacional Siglo XXI. In both cases, institutional ethical guide-
lines were followed, which included the written consent of
the donors. Only one biopsy was taken from the control indi-
viduals (n = 5), while two samples were taken from each of
the psoriasis patients (n = 30): one from lesional skin and
one from nonlesional skin. The nonlesional skin samples
were taken from a site at least 20 cm away from the lesion.
Skin samples were placed overnight in a tube with RPMI
1640 culture medium (HyClone, GE Healthcare Life Science,
Little Chalfont, UK) and dispase II (Protease grade II, Roche
Holding AG, Basel, Switzerland). The next day, the dermis
was mechanically separated from the epidermis, and both
were incubated for 72 hours at 37°C and 5% CO2 in DMEM/-
low glucose supplemented with 10% fetal bovine serum,
4mM L-glutamine, 100U/mL penicillin, 100mg/mL strep-
tomycin, and 100mg/mL gentamicin (all reagents were
obtained from Gibco BRL). The culture dishes with the
explants were maintained for approximately 20 days, with
medium changes every 3 days. Subsequently, the adherent
populations were detached with trypsin-EDTA (0.05% tryp-
sin, 0.53mM EDTA; Gibco BRL) and reseeded at a density
of 2 × 103 cells/cm2. The total number of cells and viability
of the cultures were determined with a hemocytometer using
trypan blue staining (Gibco). The cell populations obtained
from the second or third passage were used for characterization
of morphology, immunophenotypic profile, and differentiation
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capacity, and all of these characterizations were performed
according to previouslydescribed protocols [16].

2.3. Morphologic Analysis of MSCs. To identify morpho-
logical differences between MSCs obtained from different
sources, second-passage cells were grown in a Petri dish
(Corning) at a density of 4000 cells/cm2. After 4-5 days
of culture, the cells were stained with toluidine blue (Sigma-
Aldrich, St. Louis, MO, USA) and examined under a phase-
contrast microscope. Twenty random fields/Petri dish were
scored.

2.4. Cell Surface Antigen Analysis of MSCs. Immunophenoty-
pic characterization of MSCs was performed according to the
methodology described by Montesinos et al. [16]. Monoclo-
nal antibodies against surface markers characteristic of MSCs
were used: CD105-PE, CD90-APC, CD73-PE, HLA-I-FITC,
HLA-II-PE, and CD45-APC (BD Biosciences, San Diego,
CA); CD13-PE and CD14-PE (Caltag, Buckingham, United
Kingdom); and CD31-FITC and CD34-APC (Invitrogen,
Carlsbad, CA). A total of 1‐1:5 × 106 MSCs were resuspended
in 100mL of phosphate-buffered saline with 3% FBS and
1mM EDTA (cytometry buffer) and incubated for 20–
30min with the appropriate antibodies. Next, the cells were
washed with 1mL of buffer and fixed with FACS Lysing
Solution (BD Biosciences). The samples were analyzed on
a Coulter Epics Altra Flow Cytometer (Beckman Coulter,
Brea, CA), and at least 10,000 events were collected. The
percentages of positive cells and mean fluorescence intensity
(MFI) were obtained. The data were analyzed with FlowJo
7.6.1 software.

2.5. Characterization of MSC Differentiation. The differen-
tiation capacities of the MSCs were assessed according to
previously described protocols [16]. Briefly, adipogenic dif-
ferentiation was induced with a Stem Cell Kit TM (Stem Cell
Technologies, Inc., Vancouver, BC, Canada). The cells were
incubated for 14 days in adipogenic medium, and adipogenic
differentiation was determined by visualizing the presence of
oil red O-stained (Sigma-Aldrich, St. Louis, MO) lipid vacu-
oles. Osteogenic differentiation was also induced with the
Stem Cell Kit TM (Stem Cell Technologies). The cells were
incubated for 21 days in osteogenic medium, and osteogenic
differentiation was assessed by alkaline phosphatase staining.
For chondrogenic differentiation, 2:5 × 105 cells were centri-
fuged at 150 g for 5min to form a pelleted cell micromass in
the bottom of the tube. The precipitated cells were incubated
for 28 days in chondrogenic medium (Cambrex Bio Science,
Walkersville, Inc., Walkersville, MD) supplemented with
10 ng/mL transforming growth factor-β (Cambrex Bio Sci-
ence). The resulting cell micromasses were fixed, embedded,
and sliced. Cross sections were stained with Alcian blue dye
(Sigma-Aldrich).

2.6. Coculture of MSCs and Peripheral Blood Mononuclear
Cells (PBMCs). Cocultures of MSCs and PBMCs with cell-
cell contact were prepared in 24-well plates. PBMCs were
obtained from peripheral blood samples from three volun-
teer donors via density gradient centrifugation with Ficoll-
Paque Plus (specific gravity < 1:077 g/mL; GE Healthcare

Bio-Sciences AB, Uppsala, Sweden). PBMCs (2 × 105 cells)
that had been previously stained with 5μM carboxyfluores-
cein succinimidyl ester (CFSE) were activated with 5μg/mL
phytohemagglutinin (PHA) in the absence or presence of
1 × 105 BM-MSCs, HD-MSCs, NLD-MSCs, LD-MSCs, HE-
MSCs, NLE-MSCs, or LE-MSCs. After 6 days of culture,
the cells were harvested to determine changes in CD3+ T cell
proliferation via flow cytometry. The cells were examined
using a FACSCanto II flow cytometer (Becton Dickinson).
At least 10,000 events were collected per sample, and the data
were analyzed with FlowJo 7.6.1 software.

2.7. Statistical Analysis. The data are expressed as the mean
and standard error of the mean. Statistical analyses were
performed using SPSS 20.0 software. Comparisons between
groups were performed with a Mann–Whitney U test or
paired t-test. A p value < 0.05 was considered significant.

3. Results

3.1. Presence of MSCs in the Epidermis and Dermis of the Skin
from Healthy Donors and Patients with Psoriasis. In the pres-
ent work, we obtained adherent cells from skin samples from
healthy donors and biopsies of patients with psoriasis and
analyzed their morphology, proliferation, and immunophe-
notype as well as their capacity for adipogenic, osteogenic,
and chondrogenic differentiation; all of these characteristics
are present in BM-MSCs, and thus, BM-MSCs are considered
the MSC gold standard and were used as a reference for
comparison with other skin samples. For this purpose,
skin samples were obtained from healthy donors who were
undergoing abdominal surgery, and two biopsies were col-
lected from each of the psoriasis patients: one corresponding
to the nonlesional area and the other to the lesional area. The
dermis and epidermis were isolated and individually proc-
essed to obtain adherent cells. Cells with a fibroblastoid mor-
phology were harvested and analyzed to determine whether
they had distinctive MSC characteristics (Figure 1).

The percentage of success in obtaining MSCs from all
skin sources was variable; in the case of healthy donors, it
was possible to obtain MSCs from the BM, epidermis (HE-
MSCs) and dermis (HD-MSCs) in all samples processed
(100%). In samples from patients with psoriasis, the MSC
obtention percentages were similar for NLD-MSCs (93%),
LD-MSCs (95%), and LE-MSCs (74%). However, the NLE-
MSC obtention percentage was only 14%, the lowest value
observed (Table 1).

3.2. Morphological and Proliferation Analyses of MSCs from
Healthy Donors and Patients with Psoriasis.After we detected
the presence of MSCs in both skin layers, we decided to ana-
lyze the biological characteristics of these MSCs that may
explain their possible involvement in psoriasis development.
Thus, we evaluated the morphology and proliferation rate of
the MSCs. In MSC cultures, we identified small cells (length
less than 70μm) with a fibroblastoid morphology (spindle-
shaped cells) and large cells (length greater than 70μm)
(Figure 2(a)). Interestingly, in the NLE-MSCs cultures, we
detected a significant increase in the percentage of large cells
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(10:6% ± 2:7%; p < 0:05) compared with that in the HE-
MSCs (1:6% ± 0:4%) and LE-MSCs cultures (1:8% ± 0:3%).
Similar results were observed in HD-MSCs, NLD-MSCs,
and LD-MSCs cultures (Figure 2(b)). Interestingly, large cells
were observed in the BM-MSCs cultures (10:0% ± 6:0%). We
also observed that the cell proliferation value (fold change)
in NLE-MSCs was significantly lower (4:5 ± 1:5, p < 0:05)
than that observed in HD-MSCs (14:0 ± 4:0), NLD-MSCs
(16:3 ± 2:1), LD-MSCs (10:6 ± 1:1), and HE-MSCs (9:8 ±
1:2). In contrast, the proliferation values of the LE-MSCs
(8:5 ± 1:2) and BM-MSCs (6:07 ± 0:62) were also low but
were not significantly different from that of NLE-MSCs
(Figure 2(c)). Notably, in one of the NLE-MSC cultures, pro-
liferation stopped in the fourth passage.

3.3. Skin MSCs from Healthy Donors and Patients with
Psoriasis Show Low Differentiation Capacity. The differentia-
tion capacity of MSCs from different sources was evaluated as
a percentage relative to that of BM-MSCs. Thus, the follow-
ing categories were assigned according to the adipogenic or
osteogenic differentiation potentials that we observed: (a)
high differentiation potential (50-80% of positive cells), (b)
intermediate differentiation potential (30-40% of positive
cells), and (c) low differentiation potential (lower than 10%
of positive cells). Figure 3 shows that the HD-MSCs,
NLD-MSCs, and LD-MSCs had an intermediate potential
for adipogenic and osteogenic differentiation. In contrast,
the HE-MSCs and NLE-MSCs showed low adipogenic and
osteogenic differentiation potentials. Interestingly, the LE-

Nonlesional epidermis
(NLE-MSCs)

Nonlesional dermis
(NLD-MSCs)

Lesional dermis
(LD-MSCs)

Lesional epidermis
(LE-MSCs)

Healthy dermis
(HD-MSCs)

Healthy epidermis
(HE-MSCs)

Nonlesional epidermis
(NLE)

Nonlesional dermis
(NLD) 

Lesional dermis
(LD)

Lesional epidermis
(LE)

Healthy dermis
(HD) 

Healthy epidermis
(HE) 20 days of culture 

Harvest and reseeding
of adherent cells

Healthy donors

Patients with psoriasis

Figure 1: Skin sample collection. One skin sample was obtained from healthy donors (n = 5), while two biopsies were collected from each
patient with psoriasis: one corresponding to a nonlesional area and the other to a lesional area (n = 30). The dermis and epidermis were
isolated and processed individually to obtain adherent cells. Cells with a fibroblastoid morphology were harvested and analyzed to
determine their distinctive MSC characteristics.

Table 1: The number of samples that were processed from bone marrow and the skin samples of healthy donors or patients with psoriasis, as
well as the number of samples from which it was possible to establish a cell culture (percentage of success in obtaining MSCs).

Donor Sample
Number of

processed samples
Number of established

MSC cultures
Percentage of success in

obtaining MSCs

Healthy donors

Bone marrow (BM) 5 5 100

Healthy dermis (HD) 5 5 100

Healthy epidermis (HE) 5 5 100

Patients with psoriasis

Nonlesional dermis (NLD) 30 28 93

Lesional dermis (LD) 20 19 95

Nonlesional epidermis (NLE) 21 3 14

Lesional epidermis (LE) 23 17 74
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MSCs showed an intermediate osteogenic differentiation
potential. Finally, chondrogenic differentiation capacity was
observed in MSCs obtained from all samples (Figure 3).

3.4. MSCs from the Skin of Patients with Psoriasis Show
Higher HLA-I Expression. Cell populations were analyzed
for the expression of markers that have previously been
reported for BM-MSCs and for the absence of hematopoietic
and endothelial markers. As shown in Figures 4(a) and 4(b),
the expression levels of CD13, CD90, CD73, and CD105
in the MSCs derived from healthy donors and patients
with psoriasis were similar. All the populations lacked
CD45, CD34, CD31, and CD14 expression. Interestingly,

we found differences in HLA-I expression; specifically, a
significant increase in the percentage of HLA-I+ cells was
observed (Figure 5(b)) in NLD-MSCs (96:0% ± 2:0%) and
LD-MSCs (92:2% ± 3:5%) compared with that in HD-MSCs
(46:6% ± 13:6%).

Similar changes were observed in the MFI of HLA-I
(Figure 5(c)) in the NLD-MSCs (8.7-fold increase) and
LD-MSCs (2.8-fold increase) compared with that in the
HD-MSCs (8.8-fold increase). By contrast, the HE-MSCs,
NLE-MSCs, and LE-MSCs showed low HLA-I expression
(29:7% ± 14:1%, 42:9% ± 20:5%, and 30:1% ± 13:6%, respec-
tively), and there were no significant differences between
these cell populations (Figure 5).
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NLE-MSCs LE-MSCs
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(a)
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Spindle-shaped

cells (%)
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(%)

BM-MSCs 90.0 ± 10 10.0 ± 6 &

HD-MSCs 97.8 ± 0.8 2.2 ± 0.8

NLD-MSCs 98.1 ± 0.9 1.9 ± 0.9 

LD-MSCs 97.2 ± 1.1  2.8 ± 1.1 

HE-MSCs 98.3 ± 0.4 1.7 ± 0.4

NLE-MSCs 89.4 ± 2.7 10.6 ± 2.7 ⁎

LE-MSCs 98.2 ± 0.3 1.8 ± 0.3
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Figure 2: Morphology and proliferation of the MSCs obtained. (a) Representative photos of the cell morphology observed in each sample are
shown (100x, scale bar = 100 μm), along with representative images of cells with a spindle-shaped or large morphology (400x, scale bar =
100μm). (b) The means ± SEM of the percentage of spindle-shaped cells and large cells in the MSC cultures. ∗Statistically significant
differences between NLE-MSCs vs. HD-, NLD-, LD-, HE-, and LE-MSCs. §Statistically significant differences between BM-MSCs vs. HD-,
NLD-, LD-, HE-, and LE-MSCs. (c) Cell proliferation (fold change) was measured after 100,000 cells were cultured for 6 days. After
culture, the cells were harvested and counted using trypan blue staining; the viability percentage in all cultures was greater than 98%.
∗Statistically significant differences with p < 0:05. §Statistically significant differences with p < 0:05 between BM-MSCs vs. HD-, NLD-,
LD-, and HE-MSCs.
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3.5. MSCs from the Skin of Patients with Psoriasis Showed
Low Immunoregulatory Capacity. T cell infiltration and over-
activation in the skin with psoriasis is a key element in the
pathology of the disease. Therefore, we analyzed the ability
of MSCs to decrease T cell proliferation. Figure 6 shows that
only HD-MSCs (95:6% ± 1:0%) and LD-MSCs (94% ± 1:3%)
decreased CD3+ T cell proliferation (100% positive prolifera-

tion control), although their effect was weaker than that
observed with BM-MSCs (73:9% ± 1:7%). MSCs that were
obtained from other sources did not have this capacity:
NLD-MSCs (96:7% ± 3:3%), HE-MSCs (90:8% ± 5:27%),
NLE-MSCs (94:2% ± 3:8%), and LE-MSCs (95:7% ± 2:8%).

4. Discussion

Previous studies have suggested the presence of MSCs in
the skin of patients with psoriasis; however, although the
dermis and epidermis are known to be involved in the
pathology of this disease [2], no study has analyzed the
presence of these cells in both skin layers or the biological
differences between MSCs derived from lesional versus non-
lesional areas. Therefore, in the present work, we obtained
MSCs from the dermis and epidermis of skin biopsies from
healthy donors and patients with psoriasis (lesional and non-
lesional areas). We performed a complete characterization of
these samples by analyzing their morphology, proliferation,
marker expression, trilineage differentiation capacity, and
immunoregulatory function.

In our cultures, we obtained populations of adherent cells
with a fibroblastic morphology that was similar to that
observed in BM-MSCs. We found MSC populations in prac-
tically all the dermis and epidermis samples from healthy
donors and in dermis from patients with psoriasis. However,
the percentage of NLE-MSCs was low (14%).

Interestingly, adherent cells were only obtained from
three nonlesional epidermis samples. A number of studies
have correlated MSC morphology with the MSC capacity
for proliferation [17, 18], differentiation [19, 20], immuno-
suppression [21], and cellular senescence [22]. Therefore,
we decided to determine possible differences in the morphol-
ogy of MSC populations obtained from the different sources
and observed that, in addition to the low frequency of MSCs
in the nonlesional epidermis, the cells that developed in these
cultures showed a significant increase in the percentage of
large cells and a low proliferation capacity. In the samples
with the greatest potential to expand in culture, spindle-
shaped cells predominated [17–22]. It is possible that in the
nonlesional epidermis samples, a microenvironment that
affects certain MSC characteristics is already present and that
this may contribute to the development of lesions.

We observed that MSCs from the skin showed an
immunophenotype that was similar to that of BM-MSCs
because there were no statistically significant differences in
the expression levels of the markers that were analyzed,
except in the expression of HLA-I, whose relevance will be
discussed later. Previous studies have described the presence
of MSCs in the dermis derived from healthy donors and
patients with psoriasis, although in some cases, a complete
characterization has not been performed [23]. For example,
a previous study reported the presence of multipotential mes-
enchymal stem cells in the foreskin but did not determine the
expression of CD73, HLA-I, or HLA-II or the chondrogenic
differentiation capacity of the cells [24]. Likewise, other stud-
ies have not analyzed differentiation potential [25, 26]. Simi-
larly, the presence of MSCs has been reported in nonlesional,
perilesional, and lesional areas of skin from patients with

BM-MSCs

HE-MSCs

LD-MSCs

NLD-MSCs

HD-MSCs

NLE-MSCs

LE-MSCs

Adipogenic Osteogenic Chondrogenic

Figure 3: Differentiation capacity of MSCs from the skin of
healthy donors and patients with psoriasis. MSCs from the
different sources were cultured in adipogenic, osteogenic, or
chondrogenic differentiation medium. Adipogenic differentiation
was indicated by the accumulation of lipid vacuoles stained with
oil red O. Osteogenic differentiation was indicated by alkaline
phosphatase positivity. Chondrogenic differentiation was indicated
by Alcian blue staining of glycosaminoglycans. The photos are at
100x magnification; scale bar = 100μm. A representative experiment
is shown.
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Figure 4: Continued.
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psoriasis, but the trilineage differentiation capacity was not
determined [27, 28]. In contrast, another study suggested
the presence of MSCs after observing the expression of
CD105, CD73, CD90, HLA-DR, and CD45 and cell adipo-
genic, osteogenic, and chondrogenic differentiation capaci-
ties. The authors concluded that skin-derived MSCs have
characteristics similar to those of BM-MSCs [29]. In our
study, we performed a complete characterization of MSCs
obtained from skin samples and found significant differences
in their differentiation capacity in comparison with MSCs
from the BM.

The analysis of the differentiation capacity of HD-MSCs,
NLD-MSCs, and LD-MSCs showed intermediate adipogenic
and osteogenic differentiation potential. This was most evi-
dent in the HE-MSCs and NLE-MSCs, in which these dif-
ferentiation potentials were low. These observations are
supported by previous studies of mammalian skin that report
a population of multipotent adult stem cells that can be
obtained only from the dermis; these cells express character-
istic MSCmarkers but have a lower adipogenic and chondro-
genic differentiation capacity than observed in MSCs derived
from adipose tissue [30]. Similar results have been obtained
in populations of mesenchymal progenitor cells from the
skin, whose differentiation potential was lower than that of
BM-MSCs [31]. Interestingly, LE-MSCs that were oil red O
positive and alkaline phosphatase positive were more fre-
quently observed in the lesional epidermis than in the nonle-
sional epidermis. This finding may indicate that the presence
of inflammatory stimuli stimulates migration or activation of
MSCs in the lesional epidermis. MSCs have been shown to
secrete trophic factors that favor tissue remodeling through
activation of resident stem cells in tissues [30, 32]. In this
sense, it is likely that MSCs contribute to the incomplete
expansion and differentiation of epidermal stem cells in
lesional epidermis, which would result in epidermis thicken-

ing [14]. In this regard, it has been demonstrated that MSCs
favor keratinocyte proliferation [33].

Finally, we observed that the HD-MSCs, NLD-MSCs,
and LD-MSCs did not present differences in differentiation
potential. These results are supported by previous studies
in which MSCs from the dermis of healthy donors and
patients with psoriasis were obtained; the authors reported
no differences in the MSC populations that were analyzed
[15, 34, 35]. Importantly, to the best of our knowledge, this
is the first study that analyzes the chondrogenic differentia-
tion capacity of MSCs obtained from skin with psoriasis
(NLD-MSCs, LD-MSCs, NLE-MSCs, and LE-MSCs), and
we observed chondrogenic differentiation in all the cell pop-
ulations that we examined.

The expression of HLA-I in the NLD-MSCs and LD-
MSCs was increased in comparison with that in HD-MSCs.
Because this outcome was observed even in NLD-MSCs, it
is possible that this alteration may contribute to the develop-
ment of lesions in patients with psoriasis. This hypothesis is
supported by previous studies that report high concentra-
tions of vascular endothelial growth factor (VEGF), even in
nonlesional skin, but this concentration was reduced after
12 weeks of treatment with TNF-α inhibitors [27, 36]. These
results suggest that in the dermis of patients with psoriasis,
even in areas where there are no obvious lesions, resident
MSCs are already in an activated state due to the presence
of proinflammatory cytokines, such as TNF-α.

The association between HLA-I and the pathogenesis of
psoriasis has been well established. However, in spite of this
close association, few studies have analyzed the patterns of
HLA-I expression in the lesions themselves or in the different
cell types that are present in the skin. To date, general mRNA
analyses, particularly those of HLA-C mRNA, do not indi-
cate differences between healthy skin and psoriatic skin
[37]. Moreover, Carlen et al. analyzed the HLA-C expression

BM-MSCs HD-MSCs NLD-MSCs LD-MSCs HE-MSCs NLE-MSCs LE-MSCs

CD105 93.4±3.3 97.2±2.2 99.8±0.2 99.8±0.1 98.6±0.5 96.8±3.1 98.5±1.0

CD90 99.0±0.6 97.9±1.1 99.9±0.1 99.6±0.3 99.3±0.4 99.7±0.3 99.7±0.1

CD73 99.3±0.1 87.8±8.5 98.8±1.1 99.6±0.4 75.7±9.2 47.3±45.6 79.2±12.6

CD13 100.0±0.0 97.4±2.0 100.0±0.0 100.0±0.0 97.8±0.8 99.7±0.4 99.8±0.1

HLA-II 2.0±1.0 0.4±0.2 1.9±0.8 1.0±0.4 1.7±1.4 0.5±0.1 0.6±0.1

CD45 0.5±0.1 0.9±0.3 1.4±0.4 1.3±0.3 0.5±0.2 0.9±0.6 0.8±0.1

CD34 1.7±1.1 1.2±0.5 8.6±2.0 4.2±1.7 2.2±0.8 2.4±0.8 0.9±0.3

CD31 0.5±0.1 1.0±0.3 1.2±0.4 1.2±0.4 2.5±1.8 1.2±0.1 0.8±0.1

CD14 2.2±1.0 0.6±0.3 6.4±2.5 1.9±0.6 0.6±0.2 1.7±1.2 1.1±0.2

(b)

Figure 4: Immunophenotypic profile of MSCs from dermal and epidermal samples of healthy skin or skin with psoriasis. (a) Representative
histograms of the expression of specific markers in MSCs obtained from all samples. (b) The means ± SEM of the expression percentage of
each of the analyzed markers in the MSCs.
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levels in total protein extract and found higher HLA-C
expression in lesional skin than in healthy or nonregional
skin. The highest HLA expression in the skin of patients with
psoriasis was primarily observed in infiltrated immune cells
and in the basement membrane [38]. This study supports
our results, which show an increase in HLA-I expression in

NLD-MSCs and LD-MSCs, and emphasizes the importance
of analyzing HLA-I expression in specific and isolated cell
populations.

In psoriasis, the primary role of HLA-I is to present anti-
gens to CD8+ T cells [39]. One of the proposed steps in the
development of this disease involves recognition of HLA-I
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Figure 5: MSCs from the skin of patients with psoriasis show high HLA-I expression. (a) Representative histograms of HLA-I
expression. (b) The means ± SEM of the HLA-I expression percentage. ∗Statistically significant differences with p < 0:05. §Statistically
significant differences between BM-MSCs vs. HD-, NLD-, HE-, and LE-MSCs; p < 0:05. (c) The fold increase in HLA-I expression; the
means ± SEM are shown. ∗Statistically significant differences with p < 0:05. §Statistically significant differences between BM-MSCs vs.
HD-, HE-, and LE-MSCs, p < 0:05.
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antigens by CD8+ T cells, not only in antigen-presenting cells
but also in keratinocytes and other stromal cells. In this sense,
the high HLA-I expression found in the NLD-MSCs that we
observed in this study is important because this event may
contribute to a greater recognition of antigens by CD8+ T

cells and thus initiate and exacerbate inflammation in
lesional skin. In addition, our results show that NLD-MSCs
have a decreased ability to affect T lymphocyte proliferation
compared with their healthy counterparts. Similar results
were reported in a previous study in which the authors
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Figure 6: MSCs from the skin of patients with psoriasis show low immunoregulatory capacity. Cocultures were performed with 2 × 105
PBMCs that were stained with CFSE and activated with PHA in the absence (proliferation positive control) or presence of MSCs that were
derived from the dermis or epidermis of healthy or psoriatic skin (lesional and nonlesional areas). BM-MSCs were used as a positive
control for immunoregulation. After 6 days of culture with cell-cell contact, CD3+ T cell proliferation was analyzed. (a) Representative
histograms are shown. (b) Proliferative response percentage; the means ± SEM of 6 independent cocultures are shown. ∗Statistically
significant differences with p < 0:05.
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observed that MSCs derived from the skin of patients with
psoriasis had a less evident effect on proliferation than acti-
vated PBMCs [15].

The skin is an organism’s first line of defense. Previous
reports have shown that the skin utilizes different mecha-
nisms to prevent pathogens from entering; in the case of
infection, the skin is responsible for mounting an adequate
immune response that preserves and/or restores tissue
homeostasis [40, 41]. Likely due to such protective mecha-
nisms, we observed a decreased immunosuppression capacity
in HD-MSCs compared with BM-MSCs, and we observed an
even greater number of MSCs in the epidermis that did not
show immunosuppressive capacity. Nevertheless, this dis-
crete immunosuppressive activity is necessary to maintain
healthy skin because, as was observed in our results, such
function is lost in NLD-MSCs, which together with the
increase in HLA-1 expression may induce development of
psoriatic lesions. Psoriatic skin lesions are characterized by
an exacerbated inflammatory process, which according to pre-
vious reports would favor the immunosuppressive activity of
MSCs [8]. Our results show that LD-MSCs recover their
immunosuppressive capacity to levels observed in HD-MSCs.

In summary, our study presents several findings that may
contribute to understanding of the pathophysiology of psori-
asis (Figure 7). We demonstrate that NLE-MSCs show alter-
ations in morphology and low proliferation capacity, which
are two characteristics that have been associated with cellular
senescence. In addition, NLD-MSCs present high HLA-I
expression and do not have immunosuppression capacity
against T lymphocytes; both of these aspects may be associ-

ated with an increase in antigen presentation, and therefore,
such MSCs may be the initial stimulus for hyperactivation
of T cells and favor the development of psoriatic lesions.

Psoriatic skin lesions are characterized by an exacerbated
inflammatory reaction [1–3]. In this type of microenviron-
ment, MSC recruitment could be induced [8, 42], thereby
promoting an increase in the percentage of MSCs, as we
observed in the lesional epidermis, and the MSCs may
even show osteogenic differentiation potential. In contrast,
in LD-MSCs, HLA-I expression is maintained at high levels
and immunosuppressive capacity is recovered to the levels
observed in healthy dermis but do not increase. Therefore,
such capacity could be insufficient to resolve psoriatic lesions.
IL-17 is currently known as the primary cytokine involved in
development of psoriatic skin lesions [43, 44] and was
recently shown to decrease the immunosuppressive capacity
of MSCs [45]. Moreover the presence of proinflammatory
cytokines has been shown to stimulate the secretion of tro-
phic factors in MSCs that favor tissue remodeling [30]. Thus,
the presence of MSCs in lesional dermis could contribute to
incomplete expansion and differentiation of epidermal stem
cells; in addition to their low immunosuppressive capacity,
these MSCs might favor maintenance of psoriatic lesions
(Figure 7).

5. Conclusion

To the best of our knowledge, this is the first study that ana-
lyzes the presence and biological characteristics of MSCs in
dermis and epidermis from lesional and nonlesional skin.
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Figure 7: MSCs derived from the skin of patients with psoriasis show biological alterations. The nonlesional skin of patients with psoriasis
already has a microenvironment that affects some characteristics of MSCs. The NLE-MSCs show alterations in their morphology and low
proliferation. In addition, NLD-MSCs present a high HLA-I expression and do not have immunosuppression capacity against T
lymphocytes; both of these aspects may be associated with an increase in antigen presentation, and therefore, such MSCs may be the
initial stimuli for the overactivation of T cells and favor the development of psoriatic lesions. The exacerbated inflammation in lesional
areas could favor the recruitment of MSCs and their activation. Several studies have shown that an inflammatory environment stimulates
the secretion of trophic factors and immunosuppressive capacity by MSCs. Thus, the presence of MSCs in the lesional dermis and
epidermis could contribute to the incomplete expansion and differentiation of epidermal stem cells; in addition, to their low
immunosuppressive capacity, they would also favor the maintenance of these lesions.
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We observed a lower frequency of MSCs in the nonlesional
epidermis, and the cells that developed in these cultures
showed morphology alterations and low proliferation capac-
ity. The differences that we found in the HLA-I expression
levels in NLD-MSCs and LD-MSCs suggest that these cells
are involved in pathogenesis of the disease and may be the
initial stimulus for overactivation of T cells. This idea is
supported by the high HLA-I expression observed in
NLD-MSCs and their low immunoregulatory capacity
against CD3+ T cells. Overall, our results indicate that in
the dermis and epidermis of nonlesional areas, there is
already a microenvironment that modifies the biological
properties of MSCs and that may favor lesion development
in patients with psoriasis.
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Stem cells can be isolated from various human tissues including bone marrow (BM) and adipose tissue (AT). Our study outlines a
process to isolate adult stem cells from deceased donors. We have shown that cell counts obtained from deceased donor BM were
within established living donor parameters. Evaluation of demographic information exhibited a higher percentage of hematopoietic
stem cells (HSC) in males versus females, as well as a higher percentage of HSC in the age bracket of 25 years and under. For the first
time, we show that deceased donor femur BM grew cell colonies. Our introduction of new technology for nonenzymatic AT
processing significantly increased cell recovery over the traditional enzymatic processing method. Cell counts from the deceased
donor AT exceeded living donor parameters. Furthermore, our data illustrated that AT from female donors yielded a much
higher number of total nucleated cells (TNC) than males. Together, our data demonstrates that our approach to isolate stem
cells from deceased donors could be a routine practice to provide a viable alternative to living donor stem cells. This will offer
increased accessibility for patients awaiting stem cell therapies.

1. Introduction

Stem cells are an integral part of regenerative medicinal
applications [1]. In order to be a viable therapeutic alterna-
tive, stem cells should be available in abundant quantities
capable of being harvested by minimally invasive procedures,
easily transplanted to either an autologous or allogeneic host,
and be differentiated along multiple cell lineage pathways in a
regulated and reproducible manner [2].

Adult stem cells, found in a host of tissues throughout the
body, are a viable option for clinical use due to their flexibility
in their differentiating capacity. They can be categorically
divided into hematopoietic stem cells (HSC), mesenchymal
stem cells (MSCs), and tissue-specific stem cells. The three
most common sources for adult stem cells are the bone
marrow, peripheral blood, and adipose tissue [3].

There are many patients awaiting a life-saving stem cell
transplant who do not have a suitable donor. Suitability of

HSC donors is determined by the matching of a genetically
inherited tissue type. Matching tends to occur most within
donors and patients who have similar racial/ethnic back-
grounds. This can make finding a suitable stem cell donor
difficult, if not impossible, for patients whose racial/ethnic
background is currently underrepresented in the national
donor registry [4].

Bone marrow has been considered the common source of
adult stem cells procured from living donors and is primarily
used for hematopoietic reconstitution after myeloablative
therapy to treat cancers, leukemia, strong anemias, and some
genetic disorders [5, 6]. HSC can also be mobilized from the
bonemarrow and harvested from peripheral blood. The pres-
ence of MSC in bone marrow has also been observed at a very
low percentage [7].

Adipose tissue is a rich source of MSC which reside in the
stromal vascular fraction (SVF) during the isolation process
[8–10]. The low-morbidity extraction procedure through
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liposuction and high yield of MSC make human adipose
tissue a readily available source of stem cells [11].

Stem cells for clinical use are currently only procured
from living donors, limiting the number of available prod-
ucts. The extraction of stem cells from living donors is subject
to limited volumes, cell counts, and discomfort to the donor.
HSC transplants, in addition to being compatible, need to
have a high enough cell yield in order to be considered suffi-
cient for transplantation. This yield is based on a minimum
cell dose per patient weight.

The procurement of stem cells from other sources beside
living donors is a true possibility that needs to be explored
[12]. Obtaining organs and tissues for transplantation from
deceased donors is a widely accepted strategy; however, dur-
ing the routine deceased donor process, procuring the bone
marrow and adipose tissue is not performed. Deceased donor
bone marrow and adipose tissue can be procured, substan-
tially increasing the supply and access to stem cells without
the pain, morbidity, and mortality associated with living
donor stem cell collections [13].

The NJ Sharing Network is a nonprofit, federally desig-
nated organ procurement organization responsible for the
recovery of organs and tissues for patients awaiting transplan-
tation and is uniquely positioned to obtain both bonemarrow
and adipose tissue from research-consented deceased donors.
In this study, we describe the process of obtaining and charac-
terizing stem cells from deceased donors that can be routinely
recovered for regenerative medicine procedures. These cells
can be cryopreserved and/or ex vivo expanded for current or
future therapeutic applications [14–17]. In addition, we have
developed a new technique for nonenzymatic isolations of
MSC from deceased donor adipose tissue, thus significantly
increasing the number of viable cells obtained.

2. Materials and Methods

2.1. Patient Demographics. We identified 33 research-
consented deceased donors from our local service area
(19 males; 14 females) prior to their organ procurement
workup. Their ages ranged from 13 to 69 years with races
broadly distributed among the local population (13 Caucasians,
6 Black, 13 Hispanic, and 1 South Asian). The determination
of tissue collection was based on clinical and/or technical
reasons during the deceased donor workup. Causes of death
include stroke, drug intoxication, motor vehicle accident
(MVA), suicide, head trauma, cardiac arrest, homicide, and
other natural causes (Table 1).

2.2. Bone Marrow. Extraction of iliac crest bone marrow from
the deceased donors was performed using a Fenwal™ Bone
Marrow Collection Kit (Fenwal Inc., Lake Zurich, IL, USA),
an aspiration needle, and a heparinized syringe. The bone
marrow was expelled into the collection bag portion of the
bone marrow collection kit. The aspiration needle was then
moved to a different site on the iliac crest for further
collection. Bone fragments were filtered out via the gravity
filtration system of the bone marrow collection kit. The
collected bone marrow unit was shipped to the laboratory
on wet ice.

Extraction of femur bone marrow from the deceased
donor was performed using a bone saw, a Fenwal™ Bone
Marrow Collection Kit, and a heparinized syringe. The femur
was removed and the shaft was cut at both ends to reveal the
bone marrow. Heparin was flushed into the shaft, and the
bone marrow was expelled into the collection bag portion
of the bone marrow collection kit. Bone fragments were fil-
tered out via the gravity filtration system of the bone marrow
collection kit. The collected bone marrow unit was shipped to
the laboratory on wet ice.

In the laboratory, the collection was divided into aliquots
and centrifuged at 800 x g for 10 minutes at room tempera-
ture. The buffy coat layer, containing the mononuclear cells
including HSC, was carefully extracted. A portion of the
well-mixed buffy coat cell suspension was used for immuno-
staining to detect the expression of cell surface markers CD34
and CD45.

The cell surface markers were detected on a BD FACS-
Canto™ II (BD Biosciences, San Jose, CA, USA) using a
BD™ Stem Cell Enumeration Kit (BD™ SCE kit) containing
process controls. The BD™ SCE kit provides a single tube
assay for the detection of viable CD34+ cells in fresh bone
marrow. Briefly, the reagent was combined with test samples
(buffy coat) in individual BD Trucount™ Tubes to obtain
absolute cell counts. The sample was added to the reagent
according to the manufacturer’s instructions, thus allow-
ing the fluorochrome-labeled antibodies in the reagent
to bind specifically to the surface of the HSC. The dye
7-aminoactinomycin D (7-AAD) was added to assess the
viability of the cells. Erythrocytes were lysed using ammo-
nium chloride before the sample was acquired on the
flow cytometer. The concentration of viable CD34+ cells,
viable CD45+ cells, and the percentage of viable CD34+
cells in the viable CD45+ cell population in the sample was
identified [18].

2.3. Colony-Forming Unit (CFU) Assay. The CFU assay for
the bone marrow HSC from the iliac crest and femur was car-
ried out by first determining the volume of bone marrow
buffy coat required to plate cells at a density of 1:25 × 104
cells per well. Contamination of red blood cells was
minimized by sedimentation over HetaSep™ (Stemcell
Technologies Inc., Vancouver, BC, Canada). A 1ml working
solution containing 10x cell suspension was prepared using
Iscove’s Modified Dulbecco’s Media (IMDM) (Stemcell
Technologies Inc., Vancouver, BC, Canada). To setup the
CFU assay, 400 μl of the 10x working cell suspension was
added to 4ml of prealiquoted and thawed MethoCult™
media (Stemcell Technologies Inc., Vancouver, BC, Canada).
The MethoCult™/cell mixture was dispensed in 1ml aliquots
into the prelabeled SmartDish™ (Stemcell Technologies Inc.,
Vancouver, BC, Canada) in triplicate. Sterile water was added
to the space between the wells to help maintain humid-
ity during incubation. The SmartDish™ containing the
MethoCult™/cell mixture and water was incubated in a
CO2 incubator set at 37

°C and 5% CO2 for 14-16 days. After
the incubation period, each distinct colony was counted and
identified by its specific morphological characteristics using
an inverted phase contrast microscope.
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2.4. Adipose Tissue. Adipose tissue was excised from the
abdomen of the deceased donor and placed in a sterile
transport container. The container was transported to the
laboratory on wet ice.

In the laboratory, two equal mass fractions of adipose
tissue were collected, minced, and processed in individual
one-time use, disposable AC:Px® Systems (AuxoCell
Laboratories, Inc., Cambridge, MA, USA). The finely minced
tissue was washed with 0.9% sodium chloride (B. Braun,
Bethlehem, PA, USA) saline. The minced tissue product from
Fraction 1 was treated with Collagenase Type II (Thermo
Fisher Scientific, Waltham, MA, USA) enzyme at a concen-
tration of 150 μg/ml and agitated in a 37°C incubator for 1
hour. The minced tissue from Fraction 2 was processed in a
similar manner to Fraction 1 except that no enzyme was
added to Fraction 2. After 1 hour of incubation, both frac-
tions were filtered and processed through the series of bags

of the AC:Px® System and centrifuged at 430 x g for 30
minutes. The cell pellet for each fraction was resuspended
in PBS (Phosphate Buffered Saline; Thermo Fisher Scientific,
Waltham, MA, USA) to a final volume of 20ml and repre-
sented the SVF for Fraction 1 (enzyme treated) and Fraction
2 (nonenzyme treated).

The minimal criteria for the phenotyping of MSC are the
expression of cell surface markers CD73, CD90, CD29,
CD44, and CD105 accompanied by the lack of expression
of CD11b, CD34, CD45, CD79a, and HLA-DR [19]. Litera-
ture suggests that the expression of CD34 on adipose-
derived MSC is controversial and may show up in varying
degrees [20–24]. A cell count for the SVF was performed
on a Guava easyCyte™ HTS flow cytometer (Luminex,
Austin, TX, USA) using the ViaCount™ assay reagent as
per manufacturer’s instructions. Well-mixed samples were
taken and aliquoted in separate tubes for antibody staining.

Table 1: Patient demographics.

Patient # Age Gender Race Cause of death Iliac crest bone marrow Adipose tissue Femur bone marrow

1 41 F Hispanic Stroke X X

2 39 M Black Homicide X

3 25 M Caucasian Stroke X X

4 13 F Black Motor vehicle accident X

5 26 M Caucasian Stroke X X

6 64 M Hispanic Stroke X

7 35 F Caucasian Natural causes X X

8 21 M Caucasian Suicide X

9 43 M Hispanic Stroke X

10 35 F Black Motor vehicle accident X

11 40 F Hispanic Motor vehicle accident X

12 19 F Hispanic Suicide X

13 62 M Caucasian Stroke X

14 51 F Black Cardiac arrest X

15 38 M Hispanic Head trauma X

16 24 M Caucasian Suicide X

17 52 F Caucasian Head trauma X

18 69 F Caucasian Stroke X

19 32 M South Asian Natural causes X

20 43 M Caucasian Cardiac arrest X

21 52 F Hispanic Natural causes X

22 39 M Hispanic Head trauma X

23 42 M Caucasian Suicide X

24 49 F Black Stroke X X

25 51 M Hispanic Head trauma X X X

26 31 M Caucasian Drug intoxication X X

27 46 M Black Cardiac arrest X

28 25 M Hispanic Homicide X

29 64 F Caucasian Stroke X

30 50 M Hispanic Natural causes X

31 26 M Caucasian Natural causes X

32 44 F Hispanic Natural causes X

33 62 F Hispanic Stroke X
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Antibodies used in our study were APC-conjugated mouse
anti-human CD73, PerCP-Cy™5.5-conjugated mouse anti-
human CD105, PE-conjugated mouse anti-human CD44
(BD Stemflow™ Human MSC Analysis Kit; BD Biosciences,
San Jose, CA, USA), APC-conjugated mouse anti-human
CD90, PE-conjugated mouse anti-human CD29, FITC-
conjugated mouse anti-human CD45, and FITC-conjugated
mouse anti-human CD11b/MAC-1 (BD Pharmingen; BD
Biosciences, San Jose, CA, USA). All the above antibodies
were added to the aliquoted samples and incubated in the
dark for 30 minutes at room temperature. The cells were
washed twice with wash buffer (PBS containing 1% Fetal
Bovine Serum) and resuspended in wash buffer for analysis
on the flow cytometer. The samples were gated on cells
negative for FITC (CD11b/MAC-1, CD45) and positive
for APC (CD73, CD90), PerCP-Cy™5.5 (CD105), and PE
(CD44, CD29).

2.5. Cell Growth and Proliferation. MSCs from the
nonenzyme-treated Fraction 2 SVF were grown in a
CELLstart™ CTS™ (Thermo Fisher Scientific, Waltham,
MA, USA) coated flask as follows. CELLstart™ CTS™ was
diluted 1 : 100 in 10ml PBS and added to a 75 cm2 tissue cul-
ture flask (Falcon®, Corning, Corning, NY, USA) gently
swirled to ensure complete surface coverage. The flask was
incubated in a humidified CO2 incubator set at 37°C and
5% CO2 for 60 minutes, then placed in a laminar floor hood
until use. Before adding the cells, the CELLstart™CTS™ solu-
tion was aspirated and replaced with a StemPro® MSC SFM
CTS™ complete growth medium (Thermo Fisher Scientific,
Waltham, MA, USA) containing 2% L-glutamine (Sigma-
Aldrich, St. Louis, MO, USA) and 1% antibiotic (Penicillin-
Streptomycin; Thermo Fisher Scientific, Waltham, MA,
USA). The volume of SVF containing 2 × 106 cells/ml was
calculated and added to the complete growth medium. The
cells were incubated in a CO2 incubator for a total of 14 days
or until the cell confluency reached 60-80%, with replace-
ment of the complete growth medium in the flask every 2-3
days. For subculturing the cells, the medium was aspirated
and cells were washed once with prewarmed PBS. Cells were
detached from the flask by adding 5ml of TrypLE™ Select
CTS™ (Thermo Fisher Scientific, Waltham, MA, USA) and
incubated at 37°C for 5 minutes. Upon detachment, 5ml of
PBS was added to the flask and the cell suspension was trans-
ferred to a 15ml conical tube, followed by centrifugation at
200 x g for 5 minutes. The cell pellet was resuspended in a
minimal volume of complete growth medium for cell count-
ing. A total of 4 × 105 viable cells were added to a CELLstart™
CTS™ precoated 75 cm2 tissue culture flask containing a
StemPro® MSC SFM CTS™ complete growth medium, 2%
L-glutamine and 1% antibiotics. The cells were incubated
in a humidified CO2 incubator as above with medium
replacement carried out every 2-3 days for optimal cell
growth and proliferation.

2.6. Multilineage Cell Differentiation. Differentiation of MSC
into the adipogenic, chondrogenic, and osteogenic lineages
was examined in a representative case. MSCs from passage
2 were harvested using TrypLE™ Select CTS™ and plated in

CELLstart™ CTS™ precoated plates in triplicate. Cells plated
in 6-well culture plates at 3 × 105 cells/well were used for
lineage-specific gene expression studies. Cells plated in
12-well culture plates at 1 × 105 cells/well were used to stain
the differentiated cells. The cells were grown in a StemPro®
MSCSFMCTS™ complete growthmediumuntil they reached
80% confluency.

2.6.1. Adipogenic Differentiation. The complete growth
medium was replaced with DMEM (high glucose, Gluta-
MAX™ supplement; Thermo Fisher Scientific, Waltham,
MA, USA), containing 10% Fetal Bovine Serum, 200 μM
indomethacin, 1μM dexamethasone, 10μM insulin, and
0.5mM isobutyl-methyl xanthine (Sigma-Aldrich, St. Louis,
MO, USA). This medium was replaced every 2-3 days for
optimal differentiation. The plates were incubated in a
humidified CO2 incubator for 1 week until RNA extraction
(6-well plates) and 2 weeks until evaluation for lipid-
droplet formation (12-well plates). For visualizing the forma-
tion of lipid droplets, cells were fixed in 10% formaldehyde
(v/v) for 10 minutes at room temperature. The fixed cells
were washed with 60% isopropanol followed by staining with
Oil Red O (Sigma-Aldrich, St. Louis, MO, USA). The stained
cells were again washed with 60% isopropanol and counter
stained with hematoxylin (Sigma-Aldrich, St. Louis, MO,
USA) for staining cell nuclei. The stained cells were washed
with distilled water and observed under the light microscope.
Images were captured at 40x magnification. Control cells
were maintained in a complete growth medium and stained
in parallel along with the differentiated cells.

2.6.2. Osteogenic Differentiation. MSCs at 80% confluency
were induced to differentiate into osteocytes by replacing
the complete growth media with DMEM (high glucose,
GlutaMAX™ supplement, Thermo Fisher Scientific,
Waltham, MA, USA), containing 10% Fetal Bovine Serum,
50 μM L-ascorbic acid 2-phosphate sesquimagnesium salt
hydrate, 0.1μM dexamethasone, and 10mM β-glycero-
phosphate (Sigma-Aldrich, St. Louis, MO, USA). The
plates were incubated in a humidified CO2 incubator with
medium replacement every 2-3 days. RNA was extracted
from the 6-well plates after 1 week. After 2 weeks of incuba-
tion, the cells in the 12-well plates were fixed in 10% formal-
dehyde (v/v) for 10 minutes at room temperature. The cells
were washed twice with PBS and stained with 2% Alizarin
red S solution for 15 minutes at room temperature. The
excess stain was removed by washing the cells with distilled
water. The stained monolayer was observed under the light
microscope, and images were captured at 10x magnification.
Control cells were maintained in a complete growth medium
and stained in parallel along with the differentiated cells.

2.6.3. Chondrogenic Differentiation. MSCs were induced to
differentiate into chondrocytes by replacing the StemPro®
MSC SFM CTS™ complete growth medium with the com-
plete StemPro® Chondrogenesis Differentiation medium in
6-well and 12-well culture plates. The medium was replaced
every 2-3 days for optimal differentiation. Cells were har-
vested for RNA extraction after 1 week from the 6-well plates.
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After 14 days, the cells in the 12-well plates were fixed in 10%
formaldehyde (v/v) for 10 minutes at room temperature.
Cells were washed with PBS and stained with 1% Alcian blue
solution for 30 minutes at room temperature. The stain was
washed off using 3% acetic acid solution followed by rinsing
in water. The stained cells were observed under the light
microscope, and images were captured at 10x magnification.
Control cells were maintained in a complete growth medium
and stained in parallel along with the differentiated cells.

2.7. Gene Expression: qRT-PCR. Cells were resuspended in
TRIzol® Reagent (Sigma-Aldrich, St. Louis, MO, USA), and
total RNA was extracted by the phase separation procedure
[25]. 1 μg of total RNA was reverse transcribed to cDNA
using the qScript™ cDNA SuperMix first-strand synthesis
system kit (Quanta Biosciences, Gaithersburg, MD, USA).
The cDNA was added to SsoAdvanced™ Universal SYBR®
Green Supermix and overlaid onto custom 96-well PCR
plates (Bio-Rad Laboratories, Hercules, CA, USA). qRT-PCR
was performed using the CFX96™ Real-Time PCR Detection
System (Bio-Rad Laboratories, Hercules, CA, USA).
Transcripts of the following genes were customized on the
96-well PCR plate to determine the lineage-specific gene
expression profile: peroxisome proliferator-activated recep-
tor γ (PPARγ), fatty acid desaturase 2 (FADS2), and
lipoprotein lipase (LPL) for adipogenic differentiation;
integrin-binding sialoprotein (IBSP), runt-related transcrip-
tion factor (RUNX2), osterix/Sp7 transcription factor (SP7),
and beta catenin 1 (CTNNB1) for osteogenic differentiation;
and sterol-C4-methyl oxidase-like protein (SC4MOL) and
cartilage oligomeric matrix protein (COMP) for chondro-
genic differentiation. Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) transcript for each sample was used as an
internal control.

2.8. Colony-Forming Unit-Fibroblast (CFU-F) Assay. The
MesenCult™ Proliferation Kit (Human) (Stemcell Technolo-
gies Inc., Vancouver, BC, Canada) was used for the CFU-F

assay of adipose tissue MSC. The volume of SVF containing
1 × 107 cells/ml was calculated and added to 15ml of the
prepared MesenCult™ medium containing 1% antibiotic
(Penicillin-Streptomycin;ThermoFisher Scientific,Waltham,
MA, USA) and 0.1% blood group “AB” human serum
(Corning, Corning, NY, USA) in a 75 cm2 tissue culture
flask (Falcon®, Corning, Corning, NY, USA). The cells
were incubated in a CO2 incubator at 37°C for 30 days,
with 2 changes in the media during the incubation period,
and the growth was evaluated for confluence.

2.9. Statistical Analysis. Analysis of the data for both HSC
and MSC variables was performed using the means and the
standard error of means. Deceased donor data was compared
to established living donor ranges. Student’s t-test (Microsoft
Excel) was used to determine the statistical confidence of
observed differences. Differences were considered statistically
significant at p < 0:05.

3. Results

3.1. Identification of HSC from Deceased Donor Bone
Marrow. Iliac crest bone marrow from 12 research-
consented deceased donors was procured as per the
procedure described in Materials and Methods. The mean
collection was 69ml of liquid bone marrow. Using the
BD™SCE single tube assay, we were able to identify the per-
centage of viable HSC (CD34+ cells) in the iliac crest bone
marrow from deceased donors.

We further investigated the distribution of HSC from
iliac crest bone marrow based on the gender and age group
in our cohort of deceased donors. As shown in Figure 1, we
observed that the TNC/ml was slightly higher in females;
however, the percentage of CD34+ cells was lower than
in males.

Age of the deceased donor appears to play an important
role in the ability to procure viable HSC for regenerative ther-
apy. Table 2 shows that donors 25 years and younger had the

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Average TNC/ml

Average CD34+/ml

Average % CD34+/CD45+

Gender distribution of HSC in bone marrow

Female
Male

0.24

0.35

62,780

89,787

26,805,543

20,987,983

Figure 1: Distribution of hematopoietic stem cells (HSC) (CD34+/CD45+) in deceased donor iliac crest bonemarrow based on gender (n = 7).
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largest number of TNC/ml (CD45+) and the highest percent-
age of CD34+ cells to CD45+ cells.

3.2. Average Percent of HSC. We used published ranges of
bone marrow-derived HSC that were isolated from the iliac
crest of living donors to compare results. Table 3 shows the
established ranges for living donors and our observed
deceased donor means. We observed that the mean values
of HSC that we procured from deceased donor iliac crest
bone marrow were well within the range of the correspond-
ing values from living donors. This suggests that HSC
obtained from deceased donor iliac crest bone marrow are a
viable option to living donor HSC.

3.3. Colony Formation from Deceased Donor Bone Marrow
HSC. We performed the CFU assay using the buffy coat iso-
lated from the iliac crest bone marrow of 5 research-
consented donors and femur bone marrow of 2 of the
research-consented donors to evaluate the colony-forming
ability of the HSC. We observed growth of cell colonies after
14 days of incubation (Figures 2). These colonies had a char-
acteristic growth pattern that was identical to the colonies
observed from similar samples obtained from living donors.

The number of colonies formed by the HSC from
deceased donor iliac crest bone marrow is within the range
of established values for HSC from living donor bone mar-
row. The number of colonies formed by the HSC from the
deceased donor femur bone marrow was also observed. As
shown in Table 4, we observed that the number of colonies
formed by the iliac crest bone marrow was within the range
of corresponding values from living donors. We also
observed that the number of colonies formed by the femur
bone marrow was higher. Furthermore, we observed that
the mean number of colonies was higher in male deceased
donors and also in deceased donors less than 45 years old.
In addition, we observed that the distribution of colonies
from the different hematopoietic lineages was similar in bone
marrow isolated from the iliac crest and femur.

3.4. Timing of Extracting Bone Marrow from Deceased
Donors. While performing the extraction of the iliac crest
bone marrow from deceased donors, we observed that,
although the deceased donors had been heparinized for organ
procurement, the timing of extracting the bonemarrowwas of
utmost importance.We found that the bonemarrow has to be

Table 2: Distribution of HSC in deceased donor iliac crest bone marrow based on age (n = 7).

Age group Ave TNC (ml) Ave CD34+ (ml) Ave %CD34+ of CD45+

Age ≤ 25 years (n = 2) 3:08 × 107 1:75 × 105 0.50

Age 26-45 years (n = 4) 1:92 × 107 0:50 × 105 0.27

Age > 45 years (n = 1) 2:03 × 107 0:27 × 105 0.13

Table 3: Comparison of the HSC procured from living and deceased donor iliac crest bone marrow.

Bone marrow: iliac crest (n = 7) Living donor Deceased donor (mean) Standard error of mean

TNC (ml) 11 × 106–34 × 106 [59] 23 × 106 3:3 × 106

CD34+ (ml) 0:05 × 106–0:46 × 106 [59] 0:09 × 106 0:03 × 106

(a) (b) (c)

Figure 2: Stem cell colonies grown from the bone marrow from research-consented deceased donors: (a) CFU-GEMM (10x), (b) CFU-GM
(10x), and (c) BFU-E (10x).
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extracted within 2 hours after pronouncement of death since
the bone marrow begins to coagulate and solidify within the
iliac crest bone. It may be for this reason that the volume of
bone marrow obtained from deceased donors was less than
that obtained from living donors. In living donor extraction,
there is continuous circulation of blood through the bone
marrow and the bone marrow remains in a liquid form.

The bone marrow located within the femur is in a solid
state and can be scooped out or flushed out using heparin.
We did not notice any time constraints for femur bone
marrow procurement.

3.5. Adipose Tissue-Derived MSC from Deceased Donors. We
procured adipose tissue from 27 research-consented donors
obtaining between 45 and 876 grams of adipose tissue from
each donor. This volume can be significantly higher based
on the body mass index of the donor. Of the 27 donors, 11
donor samples were processed using enzymatic digestion
(collagenase), 9 donor samples were processed using the
AC:Px® System (without collagenase treatment), 6 donor
samples were processed using both methods, and 1 donor
sample was not processed. Figure 3 shows the mean values
of TNC in the SVF/g of adipose tissue from samples proc-
essed both with and without enzymatic digestion. We
observed that we could procure a significantly larger number
of TNC in the SVF/g of adipose tissue from samples proc-
essed using the AC:Px® System with no enzyme treatment
as compared to enzymatic digestion.

Interestingly, we also observed that adipose tissue from
female deceased donors yielded a much greater number of
TNC in the SVF/g of adipose tissue as compared to males
as shown in Figure 4. Both the male and female groups had
a similar mean body mass index (BMI). The average age for
the female cohort was higher than the average age for the
male cohort in our study.

We analyzed the presence of MSC in the SVF using the
established cell surface markers for MSC. The fraction of cells
exhibiting a CD29, CD44, CD73, CD90, and CD105 pheno-
type accompanied with a lack of expression of CD45 and
CD11b was assessed using flow cytometry. We observed
that the cell surface marker CD105 was minimally expressed
in the native, primary cell suspension of deceased donor
MSC [20, 26]. The percentage of MSC/TNC was higher in
adipose tissue that was processed without enzymatic diges-
tion (Figure 5); however, it was not statistically different.

The mean TNC in the SVF/g of adipose tissue obtained
from the deceased donor samples was compared to estab-
lished values observed in living donors. We observed that
the mean TNC in the SVF/g of adipose tissue of samples
processed with and without collagenase fell above the living
donor value ranges (Table 5). The mean %MSC/TNC value
fell within the living donor value range.

We performed the CFU assay as described in Materials
and Methods. We used 4 samples of SVF isolated from the
research-consented deceased donor adipose tissues that were
processedwithout enzymatic digestion to evaluate the colony-

Table 4: Colony-forming units of HSC procured from living and deceased donor bone marrow.

Living donor Deceased donor (mean) Standard error of mean

Bone marrow: iliac crest (n = 5)
CFU (per 2 × 105) 49–722 [60] 400 119

<45 years (n = 3) 512

>45 years (n = 2) 232

Male (n = 3) 443

Female (n = 2) 336

Hematopoietic lineages: 26% CFU-GM, 6% CFU-GEMM, 68% BFU-E

Bone marrow: femur (n = 2)
CFU (per 2 × 105) N/A 1,152 136

Hematopoietic lineages: 29% CFU-GM, 5% CFU-GEMM, 66% BFU-E

1,517,661

816,824

0 500,000 1,000,000 1,500,000 2,000,000 2,500,000

Without collagenase

With collagenase

TNC/g of AT Mean ± SEM  

Figure 3: Comparison of mean total nucleated cells in the SVF per gram (TNC/g) of adipose tissue when treated with and without collagenase
(n = 6, p value = 0.025).
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forming ability of the MSC. We observed growth from all
4 samples. A representative image of the growth confluence
of the deceased donor adipose-derived MSC is shown in
Figure 6.

3.6. In Vitro Differentiation of MSC from Deceased Donors.
The functionality of the MSC isolated from one of the non-
enzyme-treated SVF fraction was analyzed by examining
their multilineage differentiation potential using standard
in vitro tissue culture techniques. MSCs were induced to
differentiate into adipocytes, osteocytes, and chondrocytes
by replacing the growth medium with a lineage-specific
medium. We observed that induction of adipocyte differenti-
ation led to the morphological conversion of MSC to form
lipid droplets, a characteristic of mature white adipocytes
(Figure 7(a)). This was further confirmed by analyzing the
increased expression of specific genes related to adipocyte
differentiation such as peroxisome proliferator-activated
receptor γ (PPARγ), fatty acid desaturase 2 (FADS2), and
lipoprotein lipase (LPL) (Figure 7(b)). Similarly, induction
under osteogenic conditions led to the successful differentia-
tion of MSC into osteocytes (Figure 7(c)). We also observed
increased expression of specific osteogenic lineage genes
such as integrin-binding sialoprotein (IBSP), runt-related
transcription factor (RUNX2), osterix/Sp7 transcription
factor (SP7), and beta catenin 1 (CTNNB1) (Figure 7(d)).
In addition, MSC differentiated into chondrocytes when
exposed to a specific chondrocyte differentiation medium

562,021

2,117,923

0.E+00 5.E+05 1.E+06 2.E+06 2.E+06 3.E+06 3.E+06

Males

Females

TNC/g of AT (without collagenase) Mean ± SEM  

Figure 4: Comparison of mean total nucleated cells in the SVF per gram (TNC/g) of adipose tissue when treated without collagenase between
females (n = 5, mean age 58, mean BMI 30) and males (n = 8, mean age 40, mean BMI 32) (p value = 0.00006).

4.5%

3.3%

0.0% 1.0% 2.0% 3.0% 4.0% 5.0% 6.0%

Without collagenase

With collagenase

% MSC/TNC            Mean± SEM  

Figure 5: Percentage of mesenchymal stem cells per total nucleated cells (MSC/TNC) in the SVF of adipose tissue when treated with or
without collagenase (n = 11).

Table 5: MSC from adipose tissue: comparison of MSC isolated from living and deceased donors.

Adipose Living donor SVF
Deceased donor SVF

With collagenase Without collagenase
Mean Standard error of mean Mean Standard error of mean

TNC/g 1:8 × 105–5:4 × 105 [61] 8:2 × 105 2:4 × 105 15:2 × 105 5:8 × 105

%MSC/TNC 1-10% [62] 3.3% 1% 4.5% 1%

Figure 6: Growth to confluency of deceased donor adipose-derived
MSC (CFU-F).
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(Figure 7(e)). This was accompanied with the increased
expression of specific genes associated with chondrocyte dif-
ferentiation such as sterol-C4-mehtyl oxidase-like protein
(SC4MOL) and cartilage oligomeric matrix protein (COMP)
(Figure 7(f)). In all cases, the undifferentiated cells did not
exhibit any changes at either the morphological or the gene
expression level.

4. Discussion

Living donor HSC is currently used to treat patients with dis-
orders affecting the hematopoietic system that are inherited,
acquired, or result from myeloablative treatment. According
to the United States Institute for Justice, at any time, approx-
imately 7,500 Americans are searching for an unrelated HSC
donor [27]. This is made more challenging due to a large
racial/ethnic disparity in available HSC donors, making it
difficult for minority and mixed-race patients awaiting a
HSC transplant to find a suitable match.

In addition, MSCs are being evaluated in clinical studies
for their use to repair, replace, restore, or regenerate cells in
the body. Both HSC and MSC are restricted by the number
of available living donors and quantity of tissue procured.

The acceptance of deceased donor stem cells as a putative
cell source for therapeutic applications would be advanta-
geous to patients awaiting stem cell therapies. The routine
process of organ/tissue procurement from deceased donors

could be expanded to include collection of HSC and MSC.
Deceased donors are routinely phenotyped for human leuko-
cyte antigens and evaluated for the presence of any potential
infectious diseases, thus making them a safe, accessible, and
an economically viable source of stem cells. These stem cells
could be expanded and/or cryopreserved and banked for
future application [28].

Our initial efforts in procuring and characterizing the
HSC from deceased donor bone marrow have been very
promising. It is well known that the quantity of the CD34+
cells is an important dosage indicator for the clinical success
of HSC cell therapy [29]. In particular, cell count parameters
such as TNC/ml and %CD34+/CD45+ cells in the bone mar-
row are acceptable indicators for the suitability of the pro-
cured bone marrow from living donors for HSC therapy.
After analyzing these same parameters in the bone marrow
procured from research-consented deceased donors, we
observed that the mean values for these same parameters
were well within the published living donor ranges. Our data
suggest that HSC from deceased donor bone marrow may be
suited for the same application as living donor HSC since
they have the same clinically acceptable quantities for cell-
based therapy. In addition, we observed that the colony-
forming ability of deceased donor iliac crest-derived bone
marrow HSC was similar to living donors. Interestingly, the
deceased donor femur-derived bone marrow HSC grew a
greater number of colonies than the iliac crest-derived bone
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Figure 7: Differentiation of MSC isolated from non-enzyme-treated SVF. Light microscopic images are representative of three separate
experiments. (a) Adipocyte differentiation. (c) Osteocyte differentiation. (e) Chondrocyte differentiation. (b, d, f) Semiquantitative
qRT-PCR analysis showing lineage-specific gene expression.
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marrow. In addition, our observations suggest that younger
deceased donor bone marrow and bone marrow from males
yield a higher number of colonies than older deceased donor
bone marrow and bone marrow from females. Our studies
suggest that the deceased donor HSC are functionally viable
and suitable for regenerative therapy applications. Addition-
ally, femur-derived bone marrow may be an alternative to
iliac crest-derived bone marrow. Furthermore, studies evalu-
ating vertebrae from cadaveric donors suggest additional
sources for obtaining bone marrow [30]. These additional
solid bonemarrow sources may have the advantage of obtain-
ing viable stem cells after an extended period of storage.

There is a caveat to procuring deceased donor liquid
bone marrow. We observed that there was a limitation
on the timing of extraction of the iliac crest bone marrow
from deceased donors. Since there is no circulation of
blood through the bone marrow in deceased donors, the
bone marrow begins to coagulate within 2 hours of death.
This leaves only a small window of opportunity to procure
a significant volume of bone marrow after pronouncement
of death. In addition, the volume of iliac crest bone mar-
row obtained from deceased donors is also smaller than
living donors.

The yield and percentage of HSC from bone marrow are
also dependent on the donor characteristics [31, 32]. The
influence of variables such as gender and age on the clinical
parameters of HSC has been observed [33, 34]. It has been
reported that the number of CD34+ cells from bone marrow
derived from vertebral bodies is lower in females [33]. Fur-
ther, the median CD34+ cell concentration in male infants
was higher than female infants [35]. It has also been sug-
gested that sex hormones may have an effect on HSC and
hematopoiesis [35]. Our observations that the number of
CD34+ cells in iliac crest bone marrow from deceased donor
females was less than that of males are in agreement with
published results. The lower CD34+ HSC in females might
be due to the influence of female sex hormones that have a
pronounced effect on hematopoiesis in the bone marrow of
females as suggested by Ray et al. [36].

We have assessed the influence of age on the quantity and
viability of CD34+ HSC in deceased donors. We observed
that donors 25 years and younger had a higher percentage
of CD34+ cells, suggesting that bone marrow from younger
deceased donors would be a preferred source of functionally
relevant HSC. In addition, Stolzing et al. suggest that there is
a notable decrease in bone marrow-derived MSCs with age
[37]. There are conflicting reports in the literature on the
influence of age on CD34+ cell count. Some of the reports
suggest that there is indeed a decrease in the CD34+ cell
count with increasing age [38, 39], while others suggest that
although there is not much difference in the HSC number
with increasing age, the functionality decreases as age
increases [40, 41]. Overall, our observation related to the
influence of age on the number and functionality of HSC
procured from deceased donors is in accordance with the
published literature.

Adipose tissue provides a rich source of MSC which can
be easily isolated from the SVF. These MSCs are a readily
available source for use in tissue engineering and regener-

ative medicine therapies. Adipose tissue is present in large
quantities and is obtained from living donors using the inva-
sive procedure of liposuction [42]. In addition to the pain and
associated discomfort to the living donor, the liposuction
procedure can potentially damage the SVF cells, resulting in
lower frequencies of viable cells [43]. Standard processing
of lipoaspirate from living donors utilizes enzymatic diges-
tion to isolate the SVF. Published yields of the total viable
nucleated cell count in the SVF using the enzymatic isolation
technique range from 1:0 × 105 to 1:3 × 106 cells/cc of lipoas-
pirate [44, 45]. Of these, only 5% of cells were found to be
MSC [46]. Mechanical nonenzymatic methods for SVF isola-
tion from living donor lipoaspirates have shown significant
lower yields of TNC, ranging from 1:0 × 104 to 2:4 × 105
cells/cc of lipoaspirate [47] with 5% of these being MSC
[48]. The lower yield of cells from the mechanical nonenzy-
matic isolation techniques has been attributed to the location
of MSC in the perivascular space of adipose tissue. Mechan-
ical shearing of adipose tissue does not disrupt the extracellu-
lar matrix as compared to the enzymatic method, leaving the
MSC trapped within the vascular endothelial layer and con-
nective tissue fragments in the lipoaspirate [49, 50].

Recently published literature demonstrates isolation of
MSC from abdomen-derived, solid adipose tissue [51–53].
Studies have also shown that cadaveric adipose tissue can
be used as a source of MSC [54]. We have used solid adipose
tissue that was excised from the abdomen of research-
consented deceased donors. We compared two techniques
to isolate the SVF from this tissue. The first technique used
a combination of mechanical mincing (using the AC:Px®
System) and enzymatic digestion method. The second tech-
nique utilized only mechanical mincing of adipose tissue
using the AC:Px® System without enzymatic digestion.
We observed that the nonenzymatic method had a greater
number of total viable nucleated cells per gram of solid
adipose tissue (15:2 × 105 cells/g) and a higher yield of
MSC (4.5%) as compared to the enzymatic digestion method
(8:2 × 105 cells/g) with only 3.3% of these cells as MSC. Our
observations suggest that nonenzymatic mechanical mincing
of solid adipose tissue using the AC:Px® System released a
greater number of TNC and a higher percentage of MSC as
compared to earlier studies. Further, enzymatic treatment
of the minced tissue reduced the number of TNC and MSC.
Similar results have been observed with other solid tissues,
including umbilical cord tissue. One possible rationale for
this observation is that enzymatic digestion of the adipose tis-
sue possibly induces cell death leading to fewer cells being
isolated [55]. Numerous investigators have detected MSC in
the SVF of adipose tissue by using a series of antibodies that
bind to MSC surface epitopes [7, 23]. There is considerable
heterogeneity in the different cell surface markers reported
for MSC. Some of this heterogeneity might be due to the
presence of a mixed population of cells or the modulation
of cell surface proteins during cell culture. Identification of
MSC immediately after isolation of SVF from adipose tissue
would help discriminate between markers that are expressed
in vivo from those that are expressed only after in vitro
manipulation. We have used antibodies against the most
commonly expressed epitopes on MSC to identify them in
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the SVF immediately after isolation from the adipose tissue.
Our observations suggest that nonenzymatic isolation of
SVF from adipose tissue would be the most advantageous
method to get the highest yield of MSC. In addition, we also
observed that adipose tissue from deceased donor females
was a better source for MSC as it resulted in a higher yield
of TNC in the SVF/g of adipose tissue compared to deceased
donor males.

An important aspect of MSC for their clinical application
in regenerative medicine is their multipotent differentiation
capacity [56]. MSCs derived from adipose tissue have the
capacity to differentiate into adipocytes, chondrocytes [57],
and osteoblasts [58]. We confirmed the versatile trilineage
differentiation potential of deceased donor-derived MSC iso-
lated from the nonenzymatic SVF fraction by exposing them
to differentiation media specific for each cell type. Adipocyte
differentiation led to the production of abundant lipid
vacuoles along with the elevated expression of adipocyte-
associated genes (LPL, PPARγ, and FADS2). Staining of cells
with Alizarin red, an early stage marker of matrix mineraliza-
tion and indicator of calcific deposition, was observed when
MSCs were induced to differentiate into osteocytes. Genes
representing early phase of osteogenesis differentiation
(IBSP, RUNX2, SP7, and CTNNB1) showed an increase in
expression over undifferentiated cells. Similarly, we observed
chondrogenic differentiation of MSC indicated by Alcian
blue staining of cartilage matrix in the differentiated cells
and associated increase in the expression of SC4MOL and
COMP genes that are indicators of chondrogenesis.

5. Conclusion

We have established that deceased donor stem cells are sim-
ilar in number and function to living donor stem cells. Our
results show that deceased donor stem cells have the same
functional ability to form colonies and retain their multiline-
age differentiation potential as living donor stem cells. The
deceased donor stem cells can be routinely procured and
potentially supplement the current available living donor
stem cell sources.

We have recently equipped our laboratory to process and
produce cells in agreement with good manufacturing
practice-compliant (GMP) standards in preparation for
future clinical scale expansion and banking. We plan to
evaluate the bone marrow and adipose tissue procured from
a larger number of deceased donors that range in age, race,
and cause of death. In addition, we plan to examine other
deceased donor tissue sources for MSC presence and differ-
entiation potential. Evaluation of a wider pool of deceased
donors will help us understand the variations in the number
and functionality of HSC and MSC. This information will
help us identify a population of potential deceased donors
from whom we could obtain the maximum number of viable,
functional HSC and MSC.
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Introduction. Many pathological conditions may benefit from cell therapy using mesenchymal stromal cells, particularly from
adipose tissue (ASCs). Cells may be grafted in an environment with a remnant polymicrobial component. The aim is to
investigate the behavior of ASCs when brought in contact with a large panel of bacteria. Materials and Methods.
Carboxyfluorescein-labelled bacterial interaction with ASCs was followed by confocal time-lapse microscopy. Costaining with
LAMP-1 was also analyzed. Viability of 4 gram-negative and 4 gram-positive bacterial strains after 6 h of coculture with ASCs
was assessed by agar colony counting and by flow cytometry using SYTO-62®/propidium iodide (PI) for membrane
permeabilization and DiOC6 for depolarization. A murine model of periodontitis was used to assess in vivo antibacterial
capacities of ASCs. Results. A significant increase of PI-positive events for all bacterial strains and an increase of the DiOC6
signal were obtained after contact with ASCs. The number of CFU was also significantly decreased for several bacterial strains.
0.4 μm transwell systems illustrated the necessary direct contact to induce maximal bacterial membrane damages. Some bacteria
were observed into phagolysosomes, confirming macrophage-like properties of ASCs. In vivo, the bacterial load was significantly
lower in the ASC-grafted side compared to the control. Conclusion. Our results highlight for the first time a broad range of
antibacterial actions of ASCs, by phagocytosis, secretion of oxygenated free radicals and antibacterial molecules. These data are
in line with the development of new therapeutic strategies based on ASC transplantation, appropriated in immune-dysbiotic
tissue context such as periodontitis or chronic wounds.

1. Introduction

Bacterial infections are a major public health issue of our
society with a significant impact in terms of direct and
indirect costs, and the increased resistance of bacteria to
antibiotics also requires reflection on new therapeutic
strategies [1]. Human polymicrobial infections are involved
in burn or diabetic foot wound, in chronic lung infection,
or in periodontal diseases [2]. It is also estimated that two-
third of infections involved biofilm formation, constituted
of bacterial communities embedded into a matrix of extracel-
lular polymeric saccharides, leading to particular resistance
to antibiotics [1].

Oral pathologies, in particular, periodontitis, are
considered as the archetype of bacterial diseases involving
biofilms, and several hundred bacterial species could be
identified into an oral ecosystem [1]. Periodontitis is a
dysbiotic chronic inflammatory disease of the soft and hard
tissues supporting the teeth, affecting 15-50% of adults in
developed countries [3]. This is even more important than
periodontitis affecting general health and overall quality of
life [3]. If untreated, this could lead to the formation of deep
infrabony defects and soft tissue crevices called “periodontal
pockets” between the tooth and its bony socket [4]. Bacterial
ecology undergoes complex spatial and temporal changes [5];
the establishment of primary colonizers (e.g., Streptococcus
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spp.), offering attachment sites to other bacteria, allows a
shift of a gram-positive aerobic into a gram-negative anaero-
bic flora (e.g., Fusobacterium nucleatum, Porphyromonas gin-
givalis). In this context, the regeneration of a bone, cement,
and functional periodontal ligament remains a challenge.
The objective of complete periodontal apparatus regeneration
is rarely achieved, and current periodontal therapies give
poor predictability [4]. Current therapies fail to address
simultaneously the need for ad integrum regeneration of all
periodontal tissues, the persistence of a low-noise residual
inflammatory context, and a residual bacterial component
inherent in any treatment of the tooth-supporting tissues [4].
Moreover, some genetic features, physiological parameters
(e.g., age, sex), local contexts (e.g., infection, scars), and sys-
temic diseases may also compromise the regenerative poten-
tial [6]. It seems obvious to develop new strategies to reverse
dysbiosis at the same time as promoting tissue regeneration.

Mesenchymal stromal cells (MSCs) as effector of a cell
therapy approach provide alternative options as demon-
strated by the wide current diversification of the fields of
applications [7]. Among their broad range of action, antibac-
terial capacities of MSCs against some pathogens have
recently been revealed [8]. Adipose-derived mesenchymal
stromal cells (ASCs) are particularly good candidates for
tissue engineering. The angiogenic properties of ASCs gave
promising results in skin ulcers with severe vascular disease,
in part by their differentiation into endothelial-like cells, a
secretion of proangiogenic factors [9, 10], and their immuno-
modulation capacities [7]. Furthermore, the use of ASCs in
the context of periodontal regeneration is currently investi-
gated in animal models [4]. Thus, the provision of ASCs
within an environment that remains a bacterial component
such as periodontitis or chronic wounds requires studying
their potential behavior. Transcriptional analyses reveal that
ASCs share the expression of a great number of genes with
macrophages, in particular, related to endocytosis, actin
remodeling, and vesicle trafficking [11]. Moreover, ASCs
are able to internalize yeast Candida albicans and to exhibit
some microbicide activities [12].

Although the antibacterial effect has been reported on a
limited number of bacterial strains from bone marrow-
derived MSCs, very few data are available for ASCs. Thus,
a better understanding of the interaction of ASCs with
bacteria is required to better anticipate the benefits of
these cells in dysbiotic environments. In this study, we
therefore adopted an original and comprehensive approach
to investigate the behavior of ASCs when they were brought
in contact with gram-negative and gram-positive bacteria.
The ASC antibacterial effect was studied on 8 bacterial
strains, representative of a wide range of gram-negative and
gram-positive bacteria, some of which are pathogens found
in chronic wounds or periodontitis. We also considered sev-
eral mechanisms and explored both a possible direct and
indirect antibacterial action.

2. Materials and Methods

2.1. Bacterial Culturing and Preparation. Table S1 presented
all tested strains, either from ATCC or from CIP collection.

The three periopathogens (Fusobacterium nucleatum (Fn),
Porphyromonas gingivalis (Pg), and Prevotella intermedia
(Pi)) were cultured onto trypticase soy agar plates
supplemented with 10% sheep blood, hemin (5 μg/mL),
and menadione (1μg/mL) and maintained into anaerobic
atmosphere (GENbox anaer, Biomérieux, Marcy l’Etoile,
France). Streptococcus sanguinis (Sg), cultivated onto blood
agar, was maintained into aerobic atmosphere. Enterococcus
faecalis (Ef) was anaerobically kept onto brain heart
infusion agar plates (BHI). Indeed, Lactobacillus casei (Lc),
Staphylococcus aureus (Sa), and Escherichia coli (Ec) were
cultured onto BHI agar aerobically. Incubation was
performed at 37°C.

For cell infection, bacteria were cultured overnight in a
Wilkins-Chalgren broth. Bacteria were centrifuged 10
minutes at 1750 g, then washed into phosphate saline buffer
(PBS). Optical density at 600nm (OD600) was measured,
and strains were appropriately diluted in culture medium
α-minimum essential medium (α-MEM, Life Technologies)
containing 10% decomplemented fetal calf serum (FCS).
The initial dose of bacteria was previously calculated to
obtain a 6 to 7 × 106 colony-forming units (CFUs) at the
end of experiments (after 6 hours of incubation at 37°C in cell
culture medium).

For wild flora, human subgingival dental plaque was
sampled using a paper point inserted behind the gingiva of
patients with periodontitis for 10 seconds. Samples were
transported at room temperature to the laboratory in the
semisolid Amies Transport Medium with charcoal and proc-
essed. After serial dilution, bacteria were cultured anaerobi-
cally for 6 hours, with and without ASCs. Anaerobic
bacterial colonies were then counted, as detailed below.

2.2. ASC Culturing. Inguinal subcutaneous adipose tissue
samples were obtained from donors undergoing elective
abdominal dermolipectomy with no objection certificate
according to the bioethic law no. 2004-800 of August 6,
2004, and were processed as previously described to isolate
ASCs [10]. Briefly, adipose tissues were digested at 37°C
for 45 minutes in phosphate-buffered saline (PBS) contain-
ing 2% fetal calf serum (FCS) and 0.8U/mL collagenase
NB4 (Serva, Heidelberg, Germany), filtrated at 25 μm,
and then centrifuged at 600 g for 8 minutes, to remove
mature adipocytes. Red blood cells were lysed into buffer
containing 140mM NH4Cl and 20mM Tris for 5 minutes
at 4°C. Cells were centrifuged at 600g for 5 minutes, and
this vascular stromal fraction was seeded at 4000 cells/cm2

in α-MEM with 10% FCS, 0.25 μg/mL amphotericin,
100μg/mL streptomycin, and 100UI/mL penicillin and
maintained in 5% CO2 atmosphere. To be sure to have no
effect of a possible gradual release of these antibiotics or
antifungals [13], cells were washed the next day with PBS,
maintained, and subcultured in culture medium without
antifungal and antibacterial products. Similarly, to prevent
from a direct antibacterial effect of the serum complement
system, the fetal calf serum used was decomplemented. The
medium was renewed every 2 to 3 days. Cells were used from
passages 1 to 3. Characteristics of donors used in this study
were described in Table S2.
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2.3. Assessment of Bacterial Recovery on Agar. To enumerate
bacterial colonies, we used a 6 × 6 drop plate procedure.
Samples were serially diluted using a multichannel pipette
in a 96-well plate, and 10 μL drops were deposited by
inverted pipetting onto appropriate agar. Plates were allowed
to dry, then placed into an incubator. After adequate incuba-
tion time, bacterial CFUs were counted, taking into account
the dilution factor, and expressed as logarithm base 10.

2.4. Assessment of Bacterial Membrane Properties by Flow
Cytometry. After incubation time, supernatants were flushed
several times and 50 μL was collected for staining in 200μL
PBS containing propidium iodide (Sigma-Aldrich) and Syto-
62© (Life Technologies) at final concentration of, respec-
tively, 20 μM and 1 μM. For assessing membrane potential,
supernatants were stained with 3,3′-dihexyloxacarbocyanine
iodide (DiOC6(3), 1μm, Sigma-Aldrich) [14] and Syto-62©.
All experiments were analyzed by flow cytometry using
FACSCalibur (BD Biosciences, Le Pont de Claix, France).

2.5. Scanning Electron Microscopy. Cells were cultured onto
sterile plastic 18mm × 18mm coverslips until they reached
60-70% confluence and incubated with bacteria for 6 hours.
Cells or bacteria were fixed in Sorenson’s buffer containing
2% glutaraldehyde for at least 4 h at 4°C. After 12-hour wash
in 0.1M sodium cacodylate buffer, samples were dehydrated
in a graded ethanol series, dried by critical point drying with
EMSCOPE CPD 750, and coated with a thin layer of plati-
nium of 2 nm in a sputter coater (Leica, Nanterre, France).
Samples were then observed with the ESEM Quanta 250
FEG (FEI, Hillsboro, Oregon, USA) at an accelerating voltage
of 5 kV.

2.6. Transmission Electron Microscopy. Fixed samples, as
described above, were postfixed with 1% OsO4 in Sorensen’s
buffer for 1 hour followed by dehydration in ethanol and pro-
pylene oxide, then embedded in epoxy resin (Epon 812).
Ultrathin sections (70 nm) were mounted on 100 mesh
collodion-coated copper grids and counterstained with 3%
uranyl acetate in 50% ethanol and with 8.5% lead citrate
before being examined on an HT 7700 Hitachi at an acceler-
ating voltage of 80 kV.

2.7. Assessment of Necessary Contact between Bacteria and
ASCs. After 6 hours of incubation, culture medium (with or
without cells, with or without bacteria) was collected and fil-
tered at 0.22 μm and frozen at -20°C to eliminate residual
bacteria. Aliquots of 90 μL of medium were transferred to a
96-well plate and infected with 10 μL of culture medium to
reach the required concentration of bacteria. Plates with 12
wells and 0.4μm PET membrane inserts (Merck Millipore,
Darmstadt, Germany) were used for transwell assays. Either
the inner or the outer part of the transwell assay was infected,
with or without ASCs (Figure S1). We compared bacteria
from the inner part with cells versus without cells (indirect
contact) and bacteria from the outer part with cells versus
without cells (direct contact). After 6 hours of incubation,
membrane permeability was assessed by flow cytometry as
described above.

2.8. ROSMeasurements. Cells at 80% confluence were stained
with 4 μm diacetoxymethyl ester 6-carboxy-2′,7′-dichloro-
dihydrofluorescein diacetate (H2DCFDA, Life Technologies)
for 30 minutes in PBS at 37°C. Cells were then recovered in
culture medium for 30 minutes before being exposed to bac-
terial solution or the control. Bacteria were added at a 1 : 100
MOI for 45 minutes or at different time points. For inhibi-
tors, they were added 15 minutes after cell recovering has
begun for a total of 45 minutes, then during totality of incu-
bation time. Cells were trypsinized, and green fluorescence
was immediately recorded by flow cytometry. The following
inhibitors were tested: the antioxidant N-acetyl cysteine
(4mM, Sigma-Aldrich, Lyon, France), the SOD mimetic
and peroxynitrite scavenger with catalase-like activity
MnTBAP (50 μM, Calbiochem, Merck Millipore), and the
actin polymerization inhibitor cytochalasin D (0.4μM,
Sigma-Aldrich).

2.9. Confocal Visualization. Before use, bacteria were
stained by carboxyfluorescein diacetate succinimidyl ester
(CFDA-SE, Sigma-Aldrich). After centrifugation, bacteria
were incubated for 1 hour in PBS containing 20 μM
CFDA-SE at RT in the dark. After washing twice in PBS,
bacteria were incubated for further 30 minutes to allow
the efflux of the staining solution not covalently fixed, then
washed twice. Counting was performed by flow cytometry
using microbeads (AbC® Anti-Mouse Bead Kit, Invitrogen)
as reference. For phagocytosis assessment, 8-well PCA slide
chambers (Sarstedt, Marnay, France) were coated with 0.1%
gelatin solution. Cells were seeded and cultured as indicated
to reach 70% confluence. Infection by Fn and Sg was per-
formed at a 1 : 100 multiplicity of infection (MOI) for 1 hour.
Cells were fixed in 3.7% paraformaldehyde for 15 minutes,
then permeabilized by 0.3% Triton X100 for 20 minutes.
Slides were blocked with 1% bovine serum albumin (BSA)
solution in PBS for 30 minutes at room temperature (RT).
Primary antibodies mouse anti-LAMP-1 (H4A3, DSHB)
were incubated at 1 : 100, 1-hour RT and washed 3 times
for 5 minutes with PBS. In negative controls, primary anti-
bodies were replaced by mouse IgG1 isotype antibody. Sec-
ondary antibodies anti-mouse DyLight 650 (1 : 200) were
incubated 1-hour RT and washed 3 times for 5 minutes with
PBS. Cell nuclei were stained by Hoechst 33342 (5mg/mL)
for 30 minutes, washed, and mounted with Dako fluores-
cence mounting medium (Dako, Glostrup, Denmark). Fluo-
rescence staining was visualized by confocal microscopy
(ApoTome, Zeiss). For time-lapse analyses, 8-well PCA slide
chambers were seeded with ASCs cultivated until 70% con-
fluence. Cells were previously stained with CellTrace® Far
Red (Life Technologies, Saint-Aubin, France) at 2 μM then
infected by CFDA-SE conjugated Sg at a 1 : 100 MOI. Cells
were monitored for 14 hours by spinning disk (Nikon,
Champigny-sur-Marne, France).

2.10. Phagocytosis Assay. Bacteria were previously labelled
with 1mM pHrodo® Green STP Ester (Molecular Probes,
Life Technologies) according to the manufacturer’s recom-
mendations (including methanol washing steps). As the
negative control (isotype), exactly the same procedure was
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followed for noninoculated WC broth. Cells were cultivated
until 80% confluence onto 6-well plates and then infected at
1 : 100 MOI for 1 hour. To demonstrate phagocytosis, com-
parison was performed versus cells treated with 0.4 μM
cytochalasin D for 45 minutes before and during the time
of infection. Cells were then trypsinized, recovered in PBS
with 2% BSA, and the percentage of positive cells for green
fluorescence was immediately measured by flow cytometry.

2.11. Periodontitis Mouse Model. An original model of
periodontal lesion in mice induced by oral gavage of peri-
odontal pathogenic bacteria was used as previously described
[4, 15]. A mixture of periodontopathogenic bacteria (Por-
phyromonas gingivalis, Fusobacterium nucleatum, and Prevo-
tella intermedia) was brought repeatedly for 1 month to the
molar regions to induce periodontal lesions. The ASCs were
brought in a collagen solution on one molar side or only
the collagen solution in the contralateral molar side. Six mice
were sacrificed at time 0 then at 1 and 6 weeks.

2.12. Statistical Analyses. Results were expressed as the
mean ± SEM of at least five human donors of ASCs during
at least three experiments. Comparisons between conditions
with and without ASCs were performed by the nonparamet-
ric Wilcoxon test. For multiple comparisons (multiple time
points or doses), statistics were corrected by multiple com-
parisons using Bonferroni adjustment. Correlation was
analyzed by Spearman’s test. The level of significance was
set to .05. Multivariate analysis was performed using multi-
level mixed-effects linear regression. Graphics and statistics
were performed using Stata 13.1 (StataCorp, College Station,
TX, http://www.stata.com). For bacterial growth modeling,
the Gompertz model was used via the R software to estimate
the parameters.

3. Results

3.1. ASCs Exhibited a Rapid Antibacterial Effect. For the four
strains tested (Lc, Ec, Sg, and Sa), we consistently observed a
significant decrease in the number of CFUs when bacteria
were brought into contact with ASCs. This effect was found
to be maximal at 6 hours, whereas a trend can be seen at 4
and 9 hours (Figure S2). Proportion of propidium iodide-
(PI-) positive bacteria also suggested a maximum of
permeabilized bacteria at 24,000 to 48,000 cells by well in
12-well plates (Figure S3), allowing us to define the working
condition at 80% confluence and 6-hour incubation.

3.2. Broad-Spectrum Antibacterial Effect of ASCs Was
Dependent on the Initial Bacterial Load. For all strains, the
proportion of PI-positive bacteria was significantly increased
after contact with ASCs (Figure 1(a) and Figure S4). The
number of CFUs for Ec, Sa, Sg, and Lc was also significantly
decreased after 6 hours of contact with ASCs (Figure 1(b)).
When plotted, we observed a significant correlation
(r = 0:1, p < :001) between the decrease of CFUs and
proportion of PI-positive bacteria (Figure 1(c)). Thus,
most experiments were assessed using PI-positive bacteria
as an outcome. Figure S5 demonstrated that the initial dose
of bacteria influenced the capacity of ASCs to induce

antibacterial action, revealing a more bactericide than
bacteriostatic action. The decrease in the red/green ratio for
DiOC6(3) staining of bacteria (independently of their size
and shape change (Figure S6, Table S3)) revealed that ASCs
could be able to induce a significant modification of
bacterial membrane polarization (Figure 1(d)). Considering
ASC characteristics, a multivariate analysis showed that the
percentage of PI-positive events of Fn were significantly
increased when the body mass index increased, regardless
of age, number of bacteria, and its percentage of PI-positive
events in the control group (coefficient of 2.18 with a 95%
confidence interval of [0.78; 3.57] and a number of 135
observations for 37 patients).

3.3. ASCs Could Disturb Bacterial Division. Taking microbe-
ads as FSC/SSC reference, we observed significant changes in
size and granularity of bacteria after contact with ASCs. For
example, FSC and SSC were increased for Sg and Fn and
decreased for Sa (Figure S6). After 6-hour contact with
cells, we measured kinetic growth of bacteria by optical
density change using the modified Gompertz equation. For
three strains Ec, Sa, and Sg, we recorded a significant
decrease in the growth rate (μ parameter) after contact with
ASCs whereas other parameters were not significantly
modified (Table 1). We observed no apparent morphological
changes of bacteria (Figures 2(a) and 2(b), Figure S7), both
in SEM or TEM (such as visible holes or blebs). We
confirmed that there was no bacterial wall disruption on
Ec to allow the passage of β-galactosidase (Table S4).
Bacterial wall thickness of Sa was not significantly modified
(Figure 2). Nevertheless, we encountered abnormalities of
Sa division after ASC contact, with the presence of several
focal planes of division by bacteria, leading to pseudo
multicellular formations (Figures 2(a) and 2(b)).

3.4. A Direct Contact with ASCs Was Necessary to Induce
Bacterial Permeabilization. After 6 hours of bacterial incuba-
tion with ASCs, naïve medium (without bacteria) or condi-
tioned media (with bacteria) were recovered. Bacteria were
incubated with these media again for 6 hours, but no signifi-
cant difference in bacterial permeabilization was pointed out,
suggesting that ASC-conditioned media were not sufficient
to trigger such antibacterial effect (Figure 3(a)). Since the lack
of difference could be due to the way the supernatants were
processed, we performed a 0.4 μm transwell assay to test indi-
rect and direct actions of ASCs on bacteria (Figure S1).
Comparing outer parts of transwell, we confirmed the
direct action of ASCs on bacterial permeabilization of the
three tested strains. Comparing inner parts of transwell, we
demonstrated a significant increase in the proportion of PI-
positive bacteria for Fn and Sg; however, this proportion
was significantly lower than for direct action (Figure 3(b)).
Six hours with different doses of antibiotics ampicillin or
metronidazole, ASCs significantly decreased the number of
Fn CFUs compared to controls (Figure 3(c)). Furthermore,
our data also suggested an action of ASCs to potentiate
ciprofloxacin on Ec (Figure S8). Together, these results
demonstrate that contact is important for ASC antibacterial
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effects leading to bacteria growth reduction, membrane
permeabilization, and sensitization to antibiotics.

3.5. ASC ROS Production after Coculture with Bacteria.
Reactive oxygen species (ROS) production is known to play
a major role in antimicrobial host defense mechanisms.
ROS generated by ASCs were then measured over time after
contact with bacteria. While no difference was detected after
15 minutes, there was a significant increase in ROS
production 30 and 60 minutes after contact with Sg and Fn

(Figure 4(a)). For Ec, the ROS production was lower than
the other strains (Figure 4(a)). As Sg infection provided the
strongest ROS production, this strain was used for further
analyses. The antioxidants NAC and MnTBAP significantly
inhibited the Sg ROS production after 6 hours of incubation
with ASCs. A tendency to reduce ROS was also observed
using cytochalasin D, a potent inhibitor of actin polymeriza-
tion, classically used to inhibit phagocytosis (Figure 4(b)).
The use of antioxidants tended to decrease the bacterial
membrane permeability of Sg and Fn even if no effect on
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Figure 1: ASCs exhibited broad-spectrum antibacterial activity for both gram-positive and gram-negative strains. Several bacterial strains
were brought in contact for 6 hours without (blank bars) or with (black bars) ASCs aerobically or anaerobically. (a) Bacteria were stained
Syto-62® and propidium iodide (PI), then analyzed by flow cytometry. Changes in the proportion of PI-positive bacteria reflected changes
in bacterial wall permeability (N = 10). (b) After serial dilutions, bacteria were incubated onto agar for CFU counting with or without
ASCs (N = 10). (c) Scatter graph represented changes in CFU number versus proportion of PI-positive bacteria. A linear regression was
represented with the corresponding correlation coefficient. (d) After labelling with DiOC6(3), the green/red ratio was used to analyze
modification of bacterial membrane polarization independently from the change of bacterial size and shape (N = 12). ∗p < :05, ∗∗p < :01,
and ∗∗∗p < :001 between conditions with and without ASCs.
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bacterial CFUs was found. These results show that depending
on bacteria strain, the ROS production by ASCs may partic-
ipate in bacterial membrane permeabilization.

3.6. ASCs Displayed Bacterial Internalization and Phagocytic
Activities. Using ASC membrane staining and CFSE-labelled
Sg, time-lapse acquisitions suggested ability of ASCs to cap-
ture and to internalize bacteria (Movies S1 and S2). In the
presence of ASCs, we observed a decrease in the number
of bacteria from about 6 hours in comparison to bacteria alone
(Figures 5(a) and 5(b), A). From about 15-30 minutes, bacte-
rial interaction with the membrane remained constant over
time (Figure 5(b), B). SEM acquisitions also suggested that
Fn may be internalized by ASCs (Figure 5(c)) and that ASCs
exhibited preferential attachment areas, including some cel-
lular extensions (Figure 5(d)). Intracellular colocalization
between bacteria and LAMP-1 (ubiquitously expressed in
lysosomes and late endosomes and involved in lysosomal
stability and integrity [16]) staining suggested that Sg and
Fn were included inside phagolysosomes (Figure 5(e);
Figure S9). When bacteria were labelled with a pH-sensitive
dye (whose intensity of fluorescence increased dramatically
when the pH decreased), we observed after incubation with
Sg and Fn a significant increase of fluorescent-positive cells
and mean fluorescence. This increase was almost abolished
when the inhibitor of actin polymerization cytochalasin D
was used (Figure 5(f)). Thus, ASCs can elicit phagocytosis
events to further address bacteria to lysosomal degradation.

3.7. Relevance of the Broad-Spectrum Antibacterial Effect of
ASCs on Periodontal Disease. This antibacterial activity of
ASCs was confirmed using human subgingival samples. After
incubation with these “wild” periopathogenic samples,
culture medium from ASCs significantly decreased the CFU
formation (Figures 6(a) and 6(b)). In a mouse model of
pathogen-induced periodontitis [15], the number of CFUs
was significantly decreased (Figure 6(c)) on the ASC-
grafted side compared to the control side (3:53 ± 0:37 versus
3:86 ± 0:24, p = :002). Two main bacterial species, gram-
positive and catalase-negative, had been identified as Staphy-

lococcus xylosus and Streptococcus sciuri. All together, these
data suggest an ability of ASCs to reduce bacterial load in
periodontal disease contexts.

4. Discussion

We have highlighted antibacterial effects of ASCs on
several strains of bacteria. Our data suggest that multiple
mechanisms are involved including bacterial membrane
permeability, ROS production, and phagocytosis. This
effect is positively correlated with the number of cells, neg-
atively correlated with the number of initial bacteria, and
maximum at 6 hours under the culture conditions used
for these experiments.

Changes in bacterial permeability induce changes in the
bacteria functions [17]. The depolarization of gram-positive
thus mimics the phenomena observed during contact with
some antibiotics [17]. Although surprising, the hyperpolari-
zation observed for Ec is also a marker of the loss of bacterial
viability as previously reported, for example, during alkaline
stress, proton capture, and ATP hyperconsumption [18].
Increasing bacterial permeability may be a strategy to
promote antibiotic action on resistant strains [19, 20].
Indeed, we demonstrated that ASCs enhanced the action of
ampicillin and metronidazole on Fn. This is in favor of the
presence of ASC-secreted molecules able to bind the bacterial
outer lipid double layer thus disrupting the membrane orga-
nization [21]. This action could be highly relevant for tissue
regeneration taking place in an environment where residual
bacteria can be resistant or few sensitive to antibiotics (e.g.,
Staphylococcus spp. resistant to methicillin in skin ulcera-
tions in diabetic patients). Many cationic peptides, such as
defensins, have been shown to be potentially involved in this
action [22]. Nevertheless, the increase in bacterial permeabil-
ity does not necessarily lead to the loss of bacterial viability
[23], a paradigm different to that observed in eukaryotic cells.
Propidium iodide highlights bacterial permeability and is
therefore a sensitive marker of cell damage, but it is not an
indicator of cell death in stressed bacteria—although we
showed that both events correlate [23]. The absence of mod-
ification of the parameter λ during the reculture phase of bac-
teria exposed to ASCs supports the fact that ASC effect is
bactericidal rather than bacteriostatic.

ASCs can generate oxygenated free radicals, such as
macrophages, via a NADPH-dependent mechanism [24].
The production of oxygenated free radicals may be involved
in bacterial permeabilization. Their production could be
related to bacterial internalization since the noninvasive
strain Ec (ATCC25922) does not show an increase in the
signal of H2DCFDA or pHrodo, compared to Fn and Sg
strains. The use of cytoskeleton inhibitor cytochalasin D also
decreased them. Hydrogen peroxide could be involved in
this effect since strains expressing catalase only were less
sensitive to ASC action (Table S1). H2O2 is responsible for
direct oxidative damages to many pathogens and acts as a
substrate for many oxidative molecules [25]. As we
suggested by multivariate analysis, an increase in body mass
index increased the bactericidal effect of ASCs. Our results
are in line with the increase in phagocytic activity reported

Table 1: ASCs modified growth rate of bacteria. Parameters were
estimated using bacterial growth modeling with the modified
Gompertz equation for three bacterial strains (Ec, Sg, and Sa).
Bacterial growth was measured by monitoring optical density at
600 nm for 12 hours. DO600 = Aexpð−exp ðμe/Aðλ − tÞ + 1ÞÞ.
Parameters: t was the time, μ the growth rate, A the maximum
optical density, and λ the lag time. We observed no significant
difference in A and λ parameters.

Strain Group N
μ

Mean ± SD p value

Ec
Without ASCs

7
0:82 ± 0:13

.03
With ASCs 0:74 ± 0:14

Sa
Without ASCs

6
0:63 ± 0:25

.04
With ASCs 0:58 ± 0:23

Sg
Without ASCs

6
0:59 ± 0:24

.04
With ASCs 0:45 ± 0:17
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for stromal vascular fraction of adipose tissue from obese
compared to lean mice [26]. Moreover, ASCs from obese
patients exhibit significantly higher levels of ROS compared
to ASCs from a nonobese subject [27]. ROS activities are
however pleiotropic. They can also act as a second
messenger in intracellular signal transduction and interfere
with cellular processes, including proliferation, migration,
lineage commitment, and paracrine secretions [28]. They are
also reported to enhance the regenerative potential of ASCs,
by supporting angiogenesis through VEGF production [29]
and to induce ASC differentiation into adipocytes [30].

Although phagocytosis may have lower impact than the
indirect cell effects of ASCs, bacterial internalization may
act as a trigger event. Kriebel et al. reported in an anaerobic
model that Fn is able to invade bone marrow MSCs and to
stimulate interleukin 8 secretion [31]. Properties of Candida
parapsilosis ingestion and killing were previously demon-
strated on 3T3-L1 preadipocyte cells using acridine orange
and crystal violet as indicators of viability [32]. We showed
in this study that both gram-negative and positive bacteria
were internalized by ASCs into their phagolysosomes. ASCs
share the expression of a great number of genes with macro-
phages [11]. SEM acquisitions suggested preferential cell
membrane fixation sites for Fn. ASCs were shown to express
pattern recognition receptors, the Toll-like receptor family
(TLRs), involved in detecting bacterial components and acti-
vating immune cells [33]. ASCs express TLR-1 to TLR-6 and
TLR-9 [34]. Lipopolysaccharides from Ec and peptidoglycans
from Sa increase osteogenic differentiation of ASCs, and
hypoxic culture conditions increased expression of TLR-1,
2, 5, and 9. TLR-1 recognizes a broad range of pathogens,

TLR-2 gram-positive bacterial components as peptidogly-
cans, TLR-5 bacterial flagellin, and TLR-9 the CpG motif of
bacterial DNA [34]. Taken together, the beneficial effects of
ASCs could be modulated according to the partial oxygen
pressure and the microbiome of the environment.

Data reporting antibacterial effects of ASCs are sparse
[20, 35], and mechanisms of action may be inferred from
those reported for other types of MSCs [35]. Literature
reports that the antibacterial effects of MSCs may be linked
to cell phagocytosis [32], antibacterial peptide LL-37 produc-
tion [36, 37], hepcidin [35], β-defensin 2/TLR-4 [38],
lipocalin-2 [39], and iNOS and IDO system involvement with
tryptophan depletion in the environment [40]. The anti-
bacterial effects of MSCs may be reinforced by the autopara-
crine secretion of proinflammatory cytokines such as IL-17
[41] or IFN-γ [40]. Recent works identify the antimicrobial
peptide of the cathelicidin family, LL-37, as responsible for
the anti-Sa activity of adipocytes [37] and partly responsible
for an antibacterial effect of ASCs, reinforced by inflamma-
tory cytokines [20]. In addition to antimicrobial peptide
production, our study reveals that ASCs act through multiple
and combined actions depending on the context and bacte-
rial strain. ASCsmay alter bacterial membrane integrity lead-
ing to reduction of cell growth and viability, abnormality in
cell division, and sensitization to antibiotics. ASCs may also
use ROS production and phagocytosis to trigger their anti-
bacterial effects. Optimized effects require contact between
ASCs and bacteria.

MSCs are able to protect against sepsis by stimulating
the activity of circulating monocytes, increasing bacterial
clearance, and thus protecting against septic shock [8].

500 nm 500 nm 500 nm

(a)

1 𝜇m 500 nm 500 nm

Without ASCs With ASCs

(b)

Figure 2: ASCs modified bacterial growth kinetics by targeting the membrane. (a) Transmission electron microscopy highlighted multiple
bacterial division planes when bacteria Sa were brought into contact with ASCs. No difference in membrane thickness was detected
(without ASC: 45:7 nm ± 7:2 and with ASC: 51:5 nm ± 13:6). (b) Scanning electron microscopy confirmed pseudo multicellular formations
of Sa when incubated with ASCs.
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We showed here that ASCs induced the decrease in the
number of bacterial colonies from the sulcus sample in
an in vivo model of mouse periodontitis. However, inter-
action with the actors of the immunity system is
undoubtedly a mechanism that remains to be explored [8].

5. Conclusions

Taken together, our results highlight for the first time a
broad range of antibacterial action of ASCs by phagocyto-
sis, secretion of oxygenated free radicals and antibacterial
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Figure 3: A direct contact with ASCs was needed to induce bacterial permeabilization, which can be used to potentiate the antibiotic effects.
(a) Medium without ASCs (white bars) or with ASCs (grey bars) was obtained after 6 hours of incubation without bacteria (naïve medium) or
with bacteria (bacterial conditioned medium). After adequate preparation, the culture medium was reinfected with bacteria to the required
concentration again for 6 hours (N = 5). (b) Either the inner (white) or the outer (black) part of 12 0.4μm well inserts were infected
with 3 strains (Ec, Fn, and Sg). ∗p < :05, ∗∗p < :01, and ∗∗∗p < :001 significantly increased membrane permeability; #p < :05 between the internal
and external parts (N = 7). (c) The Fn strain, chosen because there was no inhibitory effect of ASCs on agar, was exposed to different
concentrations of two antibiotics (ampicillin or metronidazole), with or without ASCs for 6 hours. #p < :05 shows a significant difference
between -ASCs and +ASCs for a given time, after adjustment for multiple comparisons (N = 7).
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Figure 4: The increase in intracellular ROS is dependent on bacterial incubation duration and bacterial strain. (a) After ASC staining with the
ROS probe H2DCFDA, cells were cultured with Ec, Fn, or Sg for 15, 30, 60, or 120 minutes and fluorescence was measured by flow cytometry
(N = 6). (b) Before and during infection, the culture mediumwas supplemented with antioxidant (NAC,MnTBAP) or cytochalasin D, and the
cells were incubated with or without Sg for 60 minutes and ROS production was measured using the H2DCFDA probe (N = 6). The mean
fluorescence values were given (arbitrary units). (c) Bacterial wall permeability of Sg and Fn induced by ASCs with or without antioxidants
(NAC, MnTBAP) normalized according to the respective medium without ASCs and with or without antioxidants (N = 8).
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Figure 5: ASCs exhibited phagocyte-like activities. (a) The Sg bacteria were stained with CFSE (green) and cells with CellTrace Far Red (red)
before time-lapse microscope captures at 0, 6, and 12 hours of incubation in contact. Interactions between bacteria and cells merge as yellow
(N = 4). (b) The number of green particles was computerized using ImageJ over time (A), and the number of yellow pixels were counted (B).
(c) Some SEM acquisitions showing Fn penetration in ASCs and Fn cell inclusion (white arrows). (d) Fn appears in SEM acquisitions as
interacting with specific membrane areas. (e) Several bacterial strains or PBS (isotype) were stained with the green pH-sensitive marker
(pHrodo). Cells were incubated at 1 : 100 infection ratio for 1 hour, with or without the cytoskeletal inhibitor, cytochalasin D, at 0.4 μM.
(e) ASCs were infected with CFSE-stained (green) bacteria. Cells were then fixed and immunostained with anti-LAMP-1 (red). The merge
appears in yellow (white arrows to the right). Nuclei were stained with DAPI (blue) (N = 4). Magnifications (white frames) were provided
on the right column. (f) Mean fluorescence and percentage of green positive cells were shown in A and B, respectively. Code “@” indicates
a significant difference between the experimental conditions with cytochalasin D and the respective isotype control, and code “#” indicates
a significant difference between the experimental conditions without cytochalasin D and the respective isotype control (N = 7).
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molecules. In an original and unique manner, this study
stands out on a broad range of bacteria, with 4 gram-
negative and 4 gram-positive strains. The increase in bac-
terial permeability resulting in an increase in antibiotic
sensitivity is also highly relevant for environment where

residual bacteria can be resistant or few sensitive to antibi-
otics. Given the development of cell therapy, particularly
in applications in which the presence or persistence of
microbial components could impact the outcome of the
procedure, these data are in line with the development of
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Figure 6: ASCs exhibited antibacterial effects against human and murine periopathogens. (a) Human bacterial subgingival samplings were
incubated for 6 hours without (white bar) or with (grey bar) ASCs, and the number of bacterial CFUs was determined. Five ASC donors
and 5 subgingival bacterial samples, for 12 unique combinations, were tested. ∗∗∗p < :001. (b) Representative results from incubation of
ASCs with subgingival specimen from one patient. The control is on the left, example of two ASC donors incubated with the same
subgingival sample on the right. (c) Quantification of subgingival anaerobic bacterial flora (expressed in CFU log) from a murine model of
periodontitis after periodontal defects grafting with or without ASCs. ∗∗p < :01 (N = 6 by time point).
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new therapeutic strategies based on ASC transplantation,
appropriated in an immune-dysbiotic tissue context such
as periodontitis. The comparison of the antibacterial prop-
erties of ASCs with other cell types (i.e., other sources of
MSCs, fibroblasts), as well as the impact of the native tis-
sue microenvironment on ASC antibacterial effects, could
be the subject of additional investigations.
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The proper choice of dental composite resins is necessary based on the minimal cytotoxicity and antiodontogenesis on human
dental pulp stem cells for dental pulp-dentin tissue repair and regeneration. The aim of this study was to evaluate the
cytotoxicity and antidifferentiation effects of dental bulk-fill resins, able to be polymerized as a bulk status for filling deep cavity
of a tooth by single light curing, against human dental pulp stem cells (hDPSCs) from three compartments corresponding to
depth (0-2, 2-4, and 4-6mm) from the light-curing site. Three bulk-fill composite resins (SDR, Venus bulk-fill (VBF), and
Beautifil Bulk Flowable (BBF)) and a conventional flowable composite resin (Filtek Z350 XT flowable restorative (ZFF)) were
individually filled into a cylindrical hole (h = 2mm, Ф = 10mm), and three compartments (total ~6mm of height) were
combined as a single assembly for light curing. The resin samples from the three layers were separated and eluted in the culture
medium. The extracts were exposed to hDPSCs, and cytotoxicity and differentiation capability were evaluated. Depth of cure
and surface hardness according to depth were determined. All bulk-fill resins except BBF revealed cytotoxicity from 4 to 6
or 2 to 4mm, while ZFF was cytotoxic at over 2mm. Depth of cure was detected from 3.55 to 4.02mm in the bulk-fill
resins (vs. ~2.25mm in conventional resin), and 80% hardness compared with that of a fully polymerized top surface was
determined from 4.2 to 6mm in the bulk-fill resin (vs. 2.4mm in conventional resin). Antidifferentiation was revealed at a
depth of 4-6mm in the bulk-fill resin. There was a difference in depth of cytotoxicity and antidifferentiation between the bulk-
fill composite resins, which was mainly due to different cure depths and ingredients. Therefore, careful consideration of choice
of bulk-fill resins is necessary especially for restoration of deep cavities for maintaining the viability and differentiation ability of
dental pulp stem cells.

1. Introduction

Teeth are unique and complex organ, containing both soft
tissue (pulp) and hard tissue (dentin and enamel), because
teeth are ectomesenchymal origin including epithelial cells
(ectoderm) and cranial neural crest-derived mesenchymal
cells (mesenchyme) [1, 2]. Particularly, dental pulp tissue is
very important to ensure the viability or to repair/regenerate
tooth complex, and it contains blood vessels, nerves, connec-

tive tissue, and stem cell niches [3]. Among them, dental pulp
stem cells are highlighted as the key component for repair/re-
generation of teeth, capable of regenerating most part of
dental pulp tissue in animal and human models as postnatal
stem cells [4–6]. Occasionally, dental pulp stem cells are
damaged before, during, or after dental practice due to bacte-
rial infection (mostly from dental caries), iatrogenic factors
(heat or mechanical force), or cytotoxic components from
dental materials deposited above the pulp tissue for dental
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cavity restoration [7]. Thus, any adverse effects of viability
and odontogenesis, ability to differentiate dental pulp stem
cells for pulp tissue repair/regeneration, have been carefully
investigated by dental scientist during the development and
usage of dental restorative materials [8, 9].

Composite resins are popular restorative materials in
dentistry due to their adequate strength, characteristics of
adhering to teeth, and optical properties [10, 11]. They
resemble tooth colour and are available in different shades,
which gives them an advantage in aesthetics [12, 13]. How-
ever, they still have several drawbacks; specifically, composite
resins shrink during polymerization, and problems such as
increased sensitivity and microleakage can occur due to the
gaps generated between the teeth and the material [14, 15].
Moreover, the depth of cure of conventional composite resins
is limited to 2mm; thus, incremental techniques are recom-
mended in the filling [16]. The incremental placement
requires long restoration times, and concerns of air inflow
and contamination between the layers exist [17]. Addition-
ally, conventional resins are difficult to apply in deep cavities
due to limited depth of cure [18].

To tackle above drawbacks, bulk-fill composite resins
were recently developed [19]. These new composites can be
cured by a single light curing after bulk placement at depths
up to 4~6mm due to enhanced light penetration and low
polymerization shrinkage. Based on preclinical studies that
assessed the biological and physiomechanical performance
of bulk-fill resins, they have been utilized to restore the
enamel-dentin complex quickly and safely [17, 20, 21]. Stud-
ies assessing the clinical performance of bulk-fill resins in
posterior teeth also revealed no differences in the failure
rate between conventional and bulk-fill base/flowable
resins [22].

However, there are still concerns regarding the cytotox-
icity of bulk-fill resins, especially the lower parts, as light
for polymerization may not penetrate deep enough and
insufficient polymerization can occur [17]. Toh et al.
reported that some eluted bulk-fill materials were cytotoxic
to mouse fibroblasts, and extracts from specimens at a
4mm depth showed more severe cytotoxicity than those
from specimens at a 2mm depth [23]. Other investigations
determined the cytotoxicity to specific cell types in pulp
tissue (dental pulp stem cells or cortical neuron) and
yielded controversial cytotoxicity results depending on the
cell types and other experimental details, such as methods
of coculture (direct or indirect methods) and bulk-fill resin
depths [17, 24].

Therefore, this study is aimed at evaluating the cytotoxic-
ity against human dental pulp stem cells, which uncured
resin monomers from bulk-fill composite resins may
adversely affect through dentinal tubules, using (serially
diluted) elutes obtained from different depth compartments
(0-2, 2-4, and 4-6mm) after single light polymerization.
These depths match the probable thicknesses of bulk-fill
resins in clinical settings, from the occlusal surface of the
enamel to the roof of the pulp chamber (~6mm). The null
hypothesis was that there was no difference in the cytotoxic-
ity of resin compartments according to the depth from the
light-curing site.

2. Materials and Methods

2.1. Sample Preparation. Three bulk-fill composite resins,
SDR, Venus bulk-fill (VBF), and Beautifil Bulk Flowable
(BBF), and a conventional composite resin (Filtek Z350 XT
flowable restorative (ZFF)) were used in the study
(Table 1). The Teflon moulds were customized with cylindri-
cal holes of 10mm in diameter and 2mm in thickness. The
depths of 2, 4, and 6mm were obtained by piling up the three
moulds and placing polyethylene film between the layers.
The polyethylene film was also placed beneath the bottom
layer of the mould (Figure 1(a)). Composite resins were
poured into the cavities of each mould in single increments,
and the excess was extruded by compressing with a glass
slide. The uppermost layer was covered with a 1mm thick
glass slide to flatten the surface and mimic clinical polymer-
ization circumstance in the oral cavity (~1mm apart from
the top surface of resin). The samples were cured for 20 s
using LED, with an irradiance of 1000mW/cm2, which was
checked before every experimental time point by an optical
power meter (Digirate LM-100, Monitex, New Taipei City,
Taiwan). The tip of the light was placed on the glass slide,
which was illuminated vertically. Light curing was performed
four times by moving the tip around in a circle, with as much
area overlap as possible to evenly cover the entire 10mm
diameter. Next, the excess materials beyond the mould were
removed, and the cured composite sample discs were sepa-
rated from the mould for extraction.

2.2. Collection of Extracts. The sample discs were subse-
quently put in the culture media, which consisted of α-
MEM mixed with 10% foetal bovine serum (Gibco), 1%
penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA),
1% GlutaMAX (Gibco), and 0.1% ascorbic acid (Sigma-
Aldrich, St. Louis, MO, USA), which was used as the
extractant. The volume of the extractant was determined
according to the International Standards Organization
(ISO) 10993-12. The preferred ratio of a sample surface
area to extractant volume was 3 cm2/mL. The total surface
area of one specimen was 2.2 cm2; thus, 0.73mL of supple-
mented α-MEM was needed for each specimen. The four
types of composite resin discs were completely immersed
in the extraction media and incubated in the shaking incu-
bator at 37°C for 24 h. Supplemented medium was also
incubated. A shaking incubator (120 rpm) was used to
mimic the clinically alterable oral environment.

2.3. Human Dental Pulp Stem Cell Culture. The hDPSCs were
extracted from human third molars after the approval of
the Institutional Review Board of Dankook University
Dental Hospital (IRB number H-1407/009/004). Cells from
low passages (under 10) were used. Pulp tissues were
gathered antiseptically and put into phosphate-buffered
solution (PBS) (Gibco, Grand Island, NY, USA) with 1%
penicillin/streptomycin (Gibco). We added 0.08% collage-
nase type I (Worthington Biochemical, Lakewood, NJ,
USA) for enzymatic digestion, which was followed by incu-
bation for 30 minutes. Tapping was performed every 10
minutes. hDPSCs were then centrifuged at 1500 rpm for 3
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Figure 1: Schematic of the cytotoxicity test procedure with different depths of specimens from the light curing and results of cell viability. (a)
Specimen preparation depending on the depth from the light and their extraction for the cytotoxicity test against human dental pulp stem
cells (hDPSCs). (b-e) The results of the WST cell viability assay, which was dependent on the product (SDR, VBF, BBF (bulk-fill resins),
and ZFF (conventional flowable resin)) and specimen depth (top (0-2mm), middle (2-4mm), and bottom (4-6mm)), are shown in (b-e).
The bottom samples showed the most cytotoxicity among the three compartments (top, middle, and bottom) in all groups.
Compared with SDR and VBF, BBF and ZFF showed more cytotoxicity. Different letters indicate significant differences between
groups (n = 6, p < 0:05).
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minutes. Thereafter, the cells were supplied with α-MEM
with 10% foetal bovine serum (Gibco), 1% penicillin/strepto-
mycin (Invitrogen, Carlsbad, CA, USA), 1% GlutaMAX
(Gibco), and 0.1% ascorbic acid (Sigma-Aldrich) and
cultured in a humidified atmosphere of 5% CO2 at 37°C.
All culture systems adhered to the above conditions.

2.4. Extract Test. The hDPSCs were gathered according to the
previous protocol and seeded at a density of 1 × 105 cells/mL
in each well of a 96-well plate (SPL Life Sciences, Pocheon,
Gyeonggi-do, Korea) with 100 μL of supplemented α-MEM
in a humidified atmosphere of 5% CO2 at 37°C for 24 h
[25]. The 24 h incubated extracts and the supplemented
medium (see Collection of Extracts) were filtered using
0.20 μm filters (Corning, NY 14831, made in Germany)
and syringes. Then, the plating media containing hDPSCs
were washed with PBS (100μL), and the cells were cocultured
with filtered eluates in 37°C for another 24h. The filtrates
were serially diluted with the previously incubated supple-
mented medium. The percentages of the final concentrations
of extracts in the culture media were 100, 50, 25, 12.5, and 0%
(the control group).

2.5. Evaluation of Cell Viability. The solutions of hDPSCs
incubated in the eluates for 24 h (refer to Extract Test) were
removed and washed with PBS. EZ-CYTOX (Daeillab
Service, Guro, Seoul, Korea) was added to the supplemented
α-MEM at 10% volume of the medium. EZ-CYTOX includes
water-soluble tetrazolium salt (WST), which is reduced by
dehydrogenase present only in the electron transport systems
of the mitochondria of viable cells. Consequently, the
orange-coloured substance formazan is produced (WST
assay). Then, 100 μL of the mixture was put in each
cell-containing well, as well as in several blank wells. Fol-
lowing incubation in humid conditions of 5% CO2 at
37°C, optical absorbance was measured at a wavelength
of 450nm with a Multidetection Microplate Reader (Spec-
tramax M2e, Molecular Devices, Sunnyvale, CA, USA) 2h
after injection of the dye. Higher absorbance indicated
greater cell viability. Furthermore, to confirm the numerical
cell viability, images of live and dead cells were obtained by
a semiconfocal laser scanning microscope (Celena, Logos
Biosystems, Anyang, Korea). After removing the media and
washing with PBS, 0.5 μM calcein AM and 2μM ethidium
homodimer-1 solutions were added to the cells. Then, the
cells were incubated at room temperature for 30 minutes. A
cytotoxicity test was performed in sextuplicate (n = 6) in each
group, and more than three independent experiments were
carried out.

2.6. Measuring the Depth of Cure. Additionally, the depth of
cure for each material was measured according to the ISO
4049 scraping test and Vickers hardness profile methodology
[26, 27]. For the scraping test, two stainless steel moulds with
cylindrical holes (ϕ = 4mm and h = 6mm) were piled up to
provide a height of 12mm, which is longer than twice the
assumed depth of cure for bulk-fill composite resins. Moulds
were stacked onto the polyethylene film. Four types of com-
posite resins were poured into the holes of the moulds. Filled

materials were covered with polyethylene film and pressed
with a glass slide (h = 1mm) to remove the excess. Then,
LED LCU (VALOTM, Ultradent, USA) was cured from the
top surface with an irradiance of 1000mW/cm2 for 20 s.
The cured specimens were separated from the mould, and
the uncured soft parts of the composite resins were cut out
with a plastic spatula. Then, the length of the left parts of
the resins was measured. The depth of cure was determined
by dividing the length by two (n = 5). After each resin speci-
men (ϕ = 10mm and h = 6mm) designated for extraction
was light-polymerized by the aforementioned methodology
without polyethylene film in between, Vickers hardness
(HM-221, Mitutoyo, Tokyo, Japan) was measured at 500 gf
(4.90N) for 20 s on a cross-sectioned plain polished with up
to 4000 grit SiC paper at every 0.5mm increment (n = 3,
measurement) from the top of the surfaces (0, 0.5, 1, 1.5, 2,
2.5, 3, 3.5, 4, 4.5, 5, 5.5, and 6mm) to the end of the three
different specimen [28]. A total of 9 values from each group
were recorded.

2.7. Odontogenesis of hDPSCs with Elute. hDPSCs (1 × 105
cells/mL) seeded in 24-well plates were cocultured with
12.5% elute for 7 days, with media change every 2-3 days.
Elute from each specimen was gathered in odontogenic
media further supplemented with ascorbic acid (50 μg/mL),
b-glycerophosphate (10mM), and dexamethasone (100 nM)
for differentiation, in addition to the above growth media,
by the same extraction manner discussed above. Original
elute (100%) was further diluted to the proper amounts with
odontogenic media. To investigate odontogenic capacity,
alkaline phosphate staining was performed. Five replicate
samples were tested for each condition. Cultured cells were
washed with PBS, and 200 μL of FAST BCIP/NBT (B5655,
Sigma-Aldrich) diluted into 10mL of DW was added. After
1 h, alkaline-stained images were obtained by a microscope.
The ALP-stained area was quantified by ImageJ (1.52e,
NIH, USA) and normalized to the intensity obtained from
the differentiation media control.

2.8. Statistical Analysis. The cytotoxicity data from different
extraction starting points were statistically analysed by
repeated measures analysis of variance (ANOVA) after
performing the Shapiro-Wilk test to confirm normality.
ANOVA was used for cytotoxicity comparison between
serially diluted extract groups (100, 55, 25, 12.5, and 0%)
within the same product and extract starting point. The
Tukey post hoc test was used at levels of significance of
p < 0:05. The SPSS PASW version 23.0 software program
(SPSS Inc.) was used.

3. Results

3.1. Cytotoxicity against hDPSCs. The results of the WST cell
viability assay are shown in Figures 1(b)–1(e). The viabil-
ity of hDPSCs when immersed in the eluates from the
top, middle, and bottom specimens of four different com-
posite resins was measured. Overall, after incubation with
extracts from the top specimen, which represented a
2mm distance from the light-curing site, all groups except
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the undiluted 100% BBF showed ~100% cell viability sim-
ilar to control (Figures 1(b)–1(e), p > 0:05). Only 43.49%
of the cells survived in the undiluted extract of the top
layer of BBF (Figure 1(d), p < 0:05). For the middle levels,
there were no cytotoxic effects (~100% cell viability) at any
of the concentrations of SDR elutes compared to control
(Figure 1(a), p > 0:05), whereas cell viability gradually
increased after serial dilution in other materials. In detail,
in the middle layer, SDR showed ~100%, revealing no
cytotoxicity at 100% concentration compared to control
(Figure 1(a), p > 0:05). VBF and BBF yielded statistically
different values (71.05% and 64.43%, respectively) of cell
viability at 100% concentration compared to control
(Table 2, p < 0:05) but did not show statistically different
cell viability compared to control at 25% and 12.5% con-
centrations, respectively (~100%, Table 2, p > 0:05). How-
ever, the conventional flowable resin, ZFF, was still
cytotoxic at 12.5% to some extent (~80%, p < 0:05). The
bottom samples generally revealed the lowest cell viability
among each concentration of three compartments (top,
middle, and bottom) in all groups. The viabilities associated
with SDR and BBF were ~69% and ~6% at 100% concentra-
tion (Table 2, p < 0:05), and these resins did not show
statistically different cell viability compared to control at con-
centrations of 25% and 12.5% (~100%, Table 2, p > 0:05),
respectively. In contrast, VBF and ZFF did not reach noncy-
totoxic levels (~100%) over continuous dilution to 12.5%.
According to the above results, the null hypothesis that there
was no difference in cytotoxicity of the resins depending on
the distance from the light-curing site was rejected.

Cytotoxicity from 100% cultured conditions was con-
firmed by live and dead cell staining using a semiconfocal
microscope (Figure 2(a)). Live cells are indicated in green,
and dead cells appear red in the images. At 100% concentra-
tions of SDR, VBF, and ZFF, the bottom group showed
5~60% live cell numbers compared to the top group. Another
bulk-fill resin, BBF, had 5~35% live cells with some dead cells
(red coloured) in all compartment group. At 12.5%, there
were full of live cells at all compartment groups while the
middle layer of ZFF and the bottom layers of VBF and ZFF
revealed fewer live cells (~75%) than the control group.

3.2. Depth of Cure and Vickers Hardness. The measured
depths of cure obtained by the scraping test for the bulk-fill
composite resins SDR, VBF, and BBF and a conventional

flowable resin ZFF were 4.02mm (±0.11), 3.96mm (±0.51),
3.55mm (±0.15), and 2.25mm (±0.54), respectively
(Table 3). According to the Vickers hardness values, depend-
ing on the distance from the light-cured top surface to the
end of the specimen in 6mm increments (Figure 3) and the
depth of cure determined by the Vickers hardness compari-
son method, the depths of cure according to the 0.8 ratio of
the region of interest/top hardness for the bulk-fill composite
resins SDR, VBF, and BBF, as well as the conventional flow-
able resin, ZFF, were calculated as 5.71, >6 (not determined),
4.24, and 2.35mm, respectively (Table 3). Overall, a gradual
decrease in the normalized Vickers hardness was observed
from the top to the bottom surfaces. In detail, SDR, VBF,
and BBF reached 71.5, 88.1, and 75.0% hardness at a 6mm
distance, while the conventional flowable resin ZFF reached
50.1% hardness at 4mm and significantly decreased to 0%
hardness after 4.5mm. A value of 0% was expressed when
the Vickers hardness could not be detected in unpolymerized
specimens.

3.3. Antidifferentiation Effects of Elute. To determine any
adverse effects of elute from the bulk-fill composite resins,
as an early marker of odontogenesis, alkaline phosphatase
staining was performed. We chose 12.5% elute, which
revealed 75-100% cell viability, to exclude cytotoxicity-
induced antidifferentiation effects. Generally, all bottom
extractions from bulk-fill resins showed significantly lower
ALP staining than the differentiation media control
(p < 0:05), while all top and middle extractions from the
bulk-fill resins showed similar ALP staining (p > 0:05),
except for the middle extraction from BBF (Figure 4). The
deeper specimen was used for gathering extractions for
coculture, and less ALP staining was observed. ALP staining
from the bulk-fill resins was ranked as follows: top≥mid-
dle>bottom. The flowable resin, ZFF, exhibited the least
amount of ALP staining between the experimental groups
(p < 0:05).

4. Discussion

Mitochondrial enzyme activity-based cell viability assay
(WST) and live and dead staining were performed to investi-
gate any compromised cell viability potential from bulk-fill
composite resins depending on the distance from light
polymerization site. All of the evaluated composite resins
except for BBF showed cytocompatibility (~100%) in the
top (0-2mm) of the specimens by WST and live and dead
assay. Non-PRG (prereacted glass ionomer) bulk-fill com-
posite resins, such as SDR and VBF, still yielded relatively
high cell viability in the middle and bottom compartments
(2-4 and 4-6mm), which is in agreement with previous stud-
ies [24, 29, 30]. In contrast, incubation with extracts from a
conventional composite resin (ZFF) resulted in greater cyto-
toxicity by WST and less live cell numbers than that of SDR
and VBF, which could be explained by the fact that the depth
of cure (by the scraping method) from ZFF (2.25mm) was
much less than that from SDR and VBF (~4mm). Previous
studies also revealed that the depth of cure of ZFF was no
greater than 3mm based on all types of depth of cure tests

Table 2: hDPSC viability (n = 6) after culture in 100% extract from
each product.

Product Top (0~2mm) Middle (2~4mm) Bottom (4~6mm)

SDR 99.8 (±9.4)a,∗ 99.2 (±4.8)a,∗ 69.0 (±9.4)b,∗

VBF 99.1 (±5.6)a,∗ 71.1 (±4.6)b,& 62.5 (±4.8)c,∗

BBF 43.5 (±4.2)a,& 7.0 (±2.2)b,$ 5.5 (±2.9)b,&

ZFF 97.1 (±2.3)a,∗ 64.4 (±8.9)b,& 5.9 (±4.8)c,&

Letters (a, b, and c) represent significant differences between different letters
in the same material. Symbols (∗, &, $, and #) represent significant
differences between different symbols at the same depths resulting from
light curing.
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[31, 32]. The definition of depth of cure is the thickness of
resin monomers that may be converted to polymers under
light curing, which is dependent on material shade, filler
size, monomer composition, light power, and curing time
[31]. To equally polymerize resins, the light condition
was uniformly set to 1000mW/cm2 for 20 s, which is the
commonly recommended intensity and light-curing time
according to the manufacturer’s instructions. When the
thickness of samples for polymerization exceeds the depth
of cure, unpolymerized monomers can be released in
extracted vehicles and may be more likely to exert cytotox-
icity. Accordingly, the samples from the 4-6mm depth,
which exceeded the depth of cure by the ISO 4049 for
all four composites, were insufficiently cured, and high
amounts of uncured resin monomers were eluted, resulting
in cytotoxicity.

Based on another calculation of depth of cure determined
by the ratio through serially measured hardness profiles
between the top and bottom surfaces and considering the dis-
tance with a ratio of 0.8 as the depth of cure based on the
hardness profile, the determined depth (2.35~5.71) of cure
by hardness profile was not over 4~6mm except VBF
(>6mm), implicating possible elution of cytotoxic ingredi-
ents from the unpolymerized materials. Regarding depth of
cure by the ISO 4049 and hardness profiles, there have been
many reports implicating overestimation of depth of cure
depending on the methodology used for measurements (i.e.,

scraping test versus hardness profile), specimen size, and
light-curing time [33, 34]. In this investigation, to obtain sim-
ilar conditions between specimens for extraction and depth
of cure by the hardness profiles, 4 light-curing sessions
(20 s × 4 times) were performed to cover the surface area
(ϕ = 10mm) through a relatively small diameter (ϕ = 5mm)
of the LED light-curing machine, while a single light-curing
session (20 s × 1 time) was implemented for specimen fabri-
cation (ϕ = 4mm) for the scraping test, in accordance with
the ISO standard. Generally, the depth of cure obtained by
the scraping test was overestimated compared with that
obtained by the hardness profile (depth of cure; scarping
test>hardness profile) [33]. However, in contrary to other
studies, the depth of cure based on the hardness profile
was overestimated due to differences in specimen size
and light-curing time in this investigation (depth of cure;
scarping test<hardness profile). Combining the above
results, the bulk-fill resins exhibited greater depths of cure
than the conventional flowable resin, supporting the
decrease in cytotoxicity observed in fluoride-free bulk-fill
resins compared with ZFF.

BBF is a PRG, which is reported to induce cytotoxicity
from glass ionomer-based bulk-fill resins, which release
greater amounts of fluoride and other cytotoxic ions, such
as aluminium, boron, and potassium, which is why BBF
showed higher cytotoxicity than the other experimental
groups, while the degree of conversion from BBF was not
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Figure 2: Live and dead staining of human dental pulp cells (hDPSCs) incubated with (a) 100% or (b) 12.5% elute from different specimen
depths for 24 h. Live/dead cells were stained green/red, respectively, and representative images were shown (n = 6). Bottom specimens showed
fewer live cells in all groups for 100% elute. BBF and ZFF yielded more live cells than SDR and VBF at 100% elute. The number of live cells
generally increased from 100% to 12.5% concentrations. Representative data are shown after triplicate experiments.

Table 3: Depth of cure obtained by the ISO 4049 test and hardness comparison method and summary of cytotoxicity at different depths.

Materials
Cytotoxicity# Depth of cure (mm)∗

Top
(0~2mm)

Middle
(2~4mm)

Bottom
(4~6mm)

Scraping test
(ISO, d = 4mm)

Hardness profile method
(region of interest/top = 0:8, d = 10mm)

SDR - - + 4:02 ± 0:11 5.71

VBF - + + 3:96 ± 0:51 >6
BBF + + + 3:55 ± 0:15 4.24

ZFF - + + 2:25 ± 0:54 2.35
#When the average cell viability was >70%, noncytotoxicity was determined (-). If the cell viability was <70%, cytotoxicity was determined (+). ∗Tomeasure the
depth of cure, the scraping test (n = 5) used 20 s of light curing, while the hardness profile method (n = 9) included 4 sessions of 20 s of light curing to cover a
larger diameter.
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much different from that of other bulk-fill composite resins
[23]. Among the released ions from BBF, fluoride ions are
regarded to have a major role in cytotoxicity by inhibiting
enzyme activity and producing ROS in hDPSCs [35].

The above cell viability results of SDR and ZFF corre-
sponded to those of Toh et al., who reported in vitro cell
viability with L929mouse fibroblasts after exposure to eluates
from 2 to 4mm thick specimens. According to the mitochon-
dria activity assay performed in the previous study, SDR
showed the highest cell viability at both 2 and 4mm, while
the standard composite resin ZFF was less cytocompatible
at 4mm. The present study further revealed that bulk-fill
resins (SDR and VBF) and ZFF were more cytotoxic to
hDPSCs at polymerization depths of 4-6mm, where the
use of bulk-fill resins may be prohibited due to concerns
of cytotoxicity to hDPSCs.

Bulk-fill composite resins were introduced to reduce
clinical time and effort by a single filling rather than incre-
mental fillings. They are indicated to be used in cavities up
to a depth of 4mm, which is greater than the suggested
depth of conventional composite resins (2mm). Despite
the benefits of bulk-fill resins, it is likely that the curing
light may not penetrate to the very bottom; thus, resin

monomers are left in the nonpolymerized area. Monomers,
such as bisphenol A-glycidyl methacrylate (Bis-GMA),
triethylene glycol dimethacrylate (TEGDMA), urethane
dimethacrylate (UDMA), and (hydroxyethyl)methacrylate
(HEMA), are known to be toxic [36, 37]. There are reports
of cytotoxic effects on osteoblast-like or dental pulp stem
cells from the above monomers [38, 39]. In most clinical
cases, bulk-fill resins are used to fill in the cavity, which is
prepared down into the dentin. Therefore, uncured mono-
mers or eluates from them in bulk-fill resins can cross the
dentinal tubule and eventually affect the cells in the pulp tis-
sue, such as hDPSCs. In this study, possible adverse effects
regarding differentiation of hDPSCs were evaluated. The
abovementioned uncured or other eluted substances have
the possibility to compromise not only cell viability but also
other biological activities, including hDPSC differentiation
[40]. There was a significantly compromised differentiation
of hDPSCs from even the least cytotoxic 12.5% elute from
the bottom specimen (4-6mm), indicating possible adverse
effects to pulp tissue from bulk-fill resins located in deep cav-
ities across the dentinal tubules. In this study, hDPSCs were
selected because they are one of the most commonly utilized
cell types for pulp tissue and they are easy to obtain and use
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Figure 3: Vickers hardness (n = 9) depending on the distance from the top surface of bulk-fill and conventional flowable resins after a single
light-curing session. The dotted line indicates 80% normalized hardness compared with the value at 0.5mm. The bulk-fill resins (SDR, VBF,
and BBF) maintained a normalized hardness of approximately 70-90% even at 6mm from the top surface, while that of the conventional
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for investigations of in vitro cytocompatibility due to their
long viability and active proliferation [9, 17, 41–43]. Further-
more, there are no ethical issues associated with them, as
hDPSCs are extracted from third molars, which are human-
derived waste. However, investigations of the biological
effects against other types of cells in pulp tissue, such as mac-
rophages, neurons, and fibroblasts, are necessary to enhance
our knowledge regarding possible adverse effects on pulp
tissue from bulk-fill resins in deep cavities [44].

In this study, the cytotoxic effects of three bulk-fill com-
posite resins and a conventional composite resin on hDPSCs
were examined according to different polymerization depths
of 0-2 (top), 2-4 (middle), and 4-6 (bottom) mm. The 2mm
thicknesses of the cylindrical moulds, which represented the
top, middle, and bottom, were stacked to obtain a total thick-
ness of 6mm, which is close to the maximum length from the
occlusal surface of enamel to the roof of the pulp chamber
[45]. Polyethylene films were put in between the moulds to
facilitate separation of each layer. There may be another
way to separate a 6mm thick resin sample into three com-
partments (i.e., cutting). However, heat is generated during
the cutting process; thus, thermal curing and heat-induced
monomer evaporation may occur. Moreover, monomers
may be washed out by the water used to cut the samples.
Polyethylene film between each compartment (top-middle
and middle-bottom) is transparent, andmost of the polymer-
izing light can pass through without mitigation (data not
shown), but there is interference resulting from the thickness
of the film (1mm), which was ignored in this study.

Different types of in vitro cytotoxicity tests are proposed
in the ISO 10993-5 guidelines [46]. The cells are directly
exposed to the dental materials in the direct tests, whereas

barriers, such as agar or filters, are placed between cells and
materials in the indirect tests to mimic clinical adjustment
of materials [47–49]. In particular, when dental materials
meet tissue through fluid, elutes of materials in appropriate
amounts and types of vehicles (media or distilled water)
can be cocultured with cell types of interest to mimic clinical
conditions [37, 50, 51]. To assess the various degrees of
cytotoxicity derived from bulk-fill resins depending on the
depth of cure, this study was performed using extraction
due to its sensitivity for quantification [29, 52].

5. Conclusion

In conclusion, there was a difference in the cytotoxicity of
bulk-fill resins depending on the depth from the light-
curing site in the following order: 4-6mm>2-4mm>0-
2mm. The depth of cure of various bulk-fill composite resins
differed and was greater than that of a conventional, flowable
resin. Moreover, elute of specimens from deep cavity regions
(4-6mm) mitigated the differentiation of hDPSCs, necessi-
tating the consideration of bulk-fill composite resin types
and light-curing conditions, especially for deep depths of res-
toration. In addition, certain bulk-fill resins, such as BBF, and
conventional composite resins, such as ZFF, should be lim-
ited to deeper depths of tooth cavity restorations due to their
cytotoxic and antidifferentiation potential.

Data Availability

The data used to support the findings of this study are
included within the article.
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Aortic valve calcification is a common clinical disease, caused by valve interstitial cells (VICs), which initiate the thickening and
then calcification of valve leaflets. Classical valve-derived cells can be seen in different cell populations according to their
different morphologies, but it is not clear whether different types of mesenchymal cells exist. In this study, culture conditions for
mesenchymal stromal cells were used to selectively isolate valve-derived stromal cells (VDSCs). After subculturing, the
morphology, proliferation, multidifferentiation, immunophenotype, and gene expression profiling in isolated VDSCs were
compared with those in conventional cultured VICs. VDSCs isolated from human aortic valves were uniform spindle-shaped
fibroblasts, had mutilineage differentiation abilities, and proliferated faster than VICs. Classic mesenchymal markers including
cluster of differentiation 90 (CD90), CD44, and CD29 were positively expressed. In addition, the stem cell markers CD163,
CD133, and CD106 were all expressed in VDSCs. RNA-sequencing identified 1595 differentially expressed genes between
VDSCs and VICs of which 301 were upregulated and 1294 were downregulated. Valvular extracellular matrix genes of VDSCs
such as collagen type 1, alpha 1 (COL1A1), COL1A2, and fibronectin 1 were abundantly expressed. In addition, runt-related
transcription factor 2 and Ki-67 proteins were also markedly upregulated in VDSCs, whereas there was less expression of the
focal adhesion genes integrin alpha and laminin alpha in VDSCs compared to VICs. In conclusion, novel rapidly proliferating
VDSCs with fibroblast morphology, which were found to express mesenchymal and osteogenic markers, may contribute to
aortic valve calcification.

1. Introduction

Aortic valve stenosis is one of the most common cardiovas-
cular diseases. Its prevalence is only about 0.2% in adults
between the ages of 50 and 59 years but increases to 9.8%
in octogenarians, with an overall prevalence of 2.8% in adults
older than 75 years [1]. Many factors contribute to the path-
ogenesis of aortic stenosis such as congenital bicuspid valve
and rheumatic heart disease, but the main cause is calcifica-
tion [2]. Calcific aortic valve disease (CAVD) is an active
pathobiological process at the cellular and molecular levels,
which involves fibrosis and calcification of aortic valve leaf-
lets causing hemodynamic changes in the heart and eventu-

ally contributes to heart failure [3]. CAVD is hypothesized
to reach a “point of no return” beyond which pharmaceutical
intervention is unlikely to stop or even slow its progression,
and surgery may be the only option.

Mesenchymal stromal/stem cells (MSCs) were first iden-
tified by Friedenstein, who described an adherent fibroblast-
like population from the bone marrow (BM), which could
differentiate into the bone that he referred to as osteogenic
precursor cells. Subsequent studies have demonstrated that
these cells have multilineage differentiation capacity [4] and
can migrate to various organs in the context of tissue remod-
eling, thereby representing a source of pluripotent cells for
the repair of damaged tissue [5]. Although MSCs were
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originally isolated from BM, similar populations have been
isolated from other tissues including adipose tissue, placenta,
amniotic fluid, and fetal tissues such as fetal lung and the
blood and even adult tissues such as the Achilles tendon,
skin, and teeth [6, 7]. Recently studies have focused on the
role of MSCs in disease and treatment, because of their differ-
entiation potential and immunoregulatory capacity [8, 9].

The normal aortic valve is primarily populated by valvu-
lar interstitial cells (VICs), a heterogeneous, multipotent cell
population responsible for maintaining valve homeostasis
[10, 11]. Multiple cell types such as fibroblasts or smooth
muscle cells and myofibroblasts contribute to this popula-
tion. The aortic valve is rich in mesenchymal progenitor cells,
which have a strong potential to contribute to valve calcifica-
tion [12]. It has also been found that the recruitment of BM-
derived VICs is a normal homeostatic process in mouse
models of BM transplantation [13]. Moreover, circulating
endothelial progenitor cells with an osteoblastic phenotype
seem to contribute to aortic valve calcification [14].

The functions of various VIC subpopulations remain
unclear. Thus, this study evaluated one subpopulation of
VICs. For the first time, a similar culture protocol as that
used for BM-MSCs was used to isolate valve-derived stromal
cells (VDSCs) from human aortic valves. Then, these cells
were compared to VICs with regard to proliferation, differen-
tiation, immunophenotype, and differences in transcription.

2. Materials and Methods

2.1. VIC and VDSC Isolation and Culture. Valves were
obtained from patients presenting with CAVD who gave
written informed consent. The study was approved by the
Ethics Committee of Tongji Medical College, Huazhong Uni-
versity of Science and Technology (Wuhan, China). Aortic
valve leaflets were excised and rinsed according to our previ-
ous protocol [15]. Then, tissues were minced and placed in
collagenase (150 units/mL) in Dulbecco’s Modified Eagle’s
Medium (HyClone, Logan, UT, USA) for 6–8h at 37°C. After
collagenase digestion, the cell suspension was obtained by
removing undigested tissue pieces with a 70 μm cell strainer.
Then, the cells were divided into two different media: (1)
VICs were cultured in standard DMEM with 10% heat-
inactivated FBS (Thermo Fisher Scientific, Waltham, MA,
USA) and 150U/mL penicillin/streptomycin (HyClone) and
(2) VDSCs were cultured in human MSC complete medium
(STEMCELL Technologies, Vancouver, British Columbia,
Canada), with 2mmol/L L-glutamine. VICs and VDSCs were
seeded at 10,000 cells/cm2 in tissue culture flasks in complete
medium, which was changed every 3 days, until VICs were
about 90% confluent.

2.2. FCM. Different cell-surface markers were assessed via
FCM. For this purpose, VICs (1 × 105) were resuspended in
100 μL phosphate-buffered saline and incubated for 30min
on ice with conjugated antibody against cluster of differenti-
ation 29 (CD29), CD44, CD90, CD106, CD117, CD133,
CD163, CD146, CD34, CD31, CD11b, and CD68 (all from
BD Biosciences, Franklin Lakes, NJ, USA). Then, cells were
fixed in 4% paraformaldehyde and washed twice.

2.3. Immunofluorescence. Cells were stained via immunoflu-
orescence (IF) for the following markers: alpha smooth mus-
cle actin (α-SMA; Boster, Wuhan, China), vimentin (Boster),
Sry-related HMG box gene 10 (SOX-10; Abcam, Cambridge,
MA, USA), rhodamine phalloidin (Cytoskeleton Inc., Den-
ver, CO, USA), and Ki-67 (Cell Signaling Technology
(CST), Danvers, MA, USA). VICs seeded on 48-well plates
at a density of 5000 cells/well were washed twice with PBS
and fixed in 4% paraformaldehyde for 10min. The fixative
solution was removed by rinsing three times with PBS. Cells
were permeabilized with 0.2% Triton X-100 for 5min,
washed three times with PBS, and blocked for 30min with
goat serum albumin (Boster). Immediately after blocking,
cells were incubated with primary antibodies at 4°C overnight.
After washing three times with PBS, samples were incubated
with secondary antibodies (CST) in PBS for 60min at room
temperature. Then, samples were washed twice with PBS
and incubated with DAPI (BioFroxx GmbH, Einhausen,
Germany) for 4min to stain the nuclei. Samples were washed
twice with PBS and then imaged on the Axio Observer Z1
microscope (Zeiss, Oberkochen, Germany).

2.4. In Vitro Multipotent Differentiation. To evaluate the
trilineage differentiation of VDSCs and VICs, cells were
harvested and plated in 6-well plates at a density of 2 ×
104 cells/cm2. For osteogenic and adipogenic differentiation,
cells were cultured in the medium until they were 80–90%
confluent. Then, the medium was replaced with osteogenic
induction medium (ScienCell Research Laboratories Inc.,
Carlsbad, CA, USA) or adipogenic induction media (STEM-
CELL Technologies). To differentiate VICs and VDSCs into
chondrocytes, the human MSC chondrogenic differentiation
medium (STEMCELL Technologies) was used according
to the manufacturer’s instructions. Cells were cultured for
21 days with media changes every 3 days. VICs and VDSCs
were cultured in DMEM with 2% FBS or human MSC base
medium (STEMCELL Technologies) during the trilineage
protocol as a negative control. Successful differentiation was
evaluated by staining the differentiated cells with Oil Red O
and Alizarin Red in cases of differentiated adipocytes and
osteocytes, respectively. The pellets were paraffin-embedded
using standard methods, and 6 μm sections were stained
with Alcian blue and Nuclear Fast Red or hematoxylin
and eosin (H&E).

2.5. FCM Analysis of the Cell Cycle. VICs and VDSCs (pas-
sage 2) were cultured in 60mm dishes until 80% confluency,
after which, the medium was changed to DMEM with 2%
FBS or MSC base medium for 8 h. Both cell lines were trypsi-
nized and then resuspended in PBS at 5 × 105/mL, followed
by fixation in 70% precooled ethanol overnight at 4°C, centri-
fugation, washing, and staining with PI/RNase staining
buffer (BD Biosciences) for 30min at 4°C. Cell counts at
different phases of the cell cycle were analyzed by FCM
as previously described [16].

2.6. Cell Viability Assay. Cell viability was assessed with
the Cell Counting Kit-8 (CCK-8) assay (http://Bimake.
com, Houston, TX, USA) according to the manufacturer’s
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instructions. The cells were seeded at a density of 5000
cells/well in 24-well plates and cultured for 1–6 days. At
the end of each time interval, cell samples were washed
with PBS and incubated with serum-free medium contain-
ing 10% CCK-8 reagent. After 4 h of incubation at 37°C in
an atmosphere of 5% CO2, aliquots were pipetted into a
96-well plate and measured at 450nm using an enzyme-
labeling instrument (Thermo Fisher Scientific).

2.7. RNA-Sequencing of VICs and VDSCs. RNA-sequencing
(RNA-seq) was utilized to compare the mRNA profiles
between VICs and VDSCs. Isolated RNA was sent to BGI
Tech Solutions Co. Ltd. (Shenzhen, China) for RNA-seq,
which was performed on the BGISEQ-500 sequencer; all
samples were sequenced in triplicate for confirmation pur-
poses. Sequencing results were analyzed using the “R Project
(version 3.5.1)” to identify differentially expressed genes
(DEGs). Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analyses
were also performed.

2.8. Statistical Analysis. RNA-seq results were analyzed
using the R (version 3.5.1) according to a previous study
[15], and all other data were analyzed and expressed as
the mean ± standard deviation (SD). Statistical comparisons
were made by analysis of variance to evaluate differences
among groups. A p value less than 0.05 was considered
statistically significant.

3. Results

3.1. Cell Morphology of VDSCs Evidently Differ from VICs.
With culturing, the morphology of the VDSC was quite differ-
ent from that of the classic VICs, which were like fibroblasts.
The VICs had various morphologies including large and flat
or small and flat and large spindle or small spindle, which
means they belong to multiple cell populations. We compared
passages 1–3 of VDSCs and VICs using phase-contrast or
crystal violet-stained images (Figures 1(a) and 1(b)). Cell
perimeters and areas were calculated (Figure 1(d)). With cul-
turing from passages 1 to 3, the perimeter and area of VDSCs
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Figure 1: Cell morphology comparison between valve-derived stromal cells (VDSCs) and valve interstitial cells (VICs). (a) Phase-contrast
images of VDSCs and VICs (passages 1 to 3: P1 to P3), (b) VDSCs and VICs with crystal violet staining, and (c) immunofluorescence
staining of cellular actin stress fibers with rhodamine phalloidin and nuclei were stained with DAPI. (d) Quantitation of cell area (μm2)
and cell perimeter (μm) comparison between VDSCs and VICs, ∗ ,#p < 0 05 are accepted as have significant difference, n = 12.
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in passages 2 and 3 (P2 and P3) significantly decreased
compared to P1 (∗p < 0 05). Compared to VICs, the VDSCs
were much smaller regardless of the perimeter and area
(#p < 0 05). Actin stress fibers stained with rhodamine phal-
loidin also showed a difference in the spreading areas of the
cells (Figure 1(c)).

3.2. Comparison of Cell Proliferation between VDSCs and
VICs. Cell viability analysis of VDSCs and VICs up to 6 days
showed that VDSCs proliferated faster than VICs during that
time (Figure 2(a)). Compared with VICs, the proliferation
rate of VDSCs exhibited significant differences on days 4, 5,
and 6. MKI67 IF staining of both types of cells showed that
about 80% of VDSCs were MKI67-positive at passage 2,
which decreased to about 60% at passage 3, whereas about
50% of VICs were MKI67-positive at passage 2, and only
about 30% were in passage 3 (Figures 2(b) and 2(c)). When
VICs were compared to VDSCs at both passages 2 and 3,
there was a significantly higher percentage of MKI67-
positive VDSCs than VICs (∗p < 0 05). Cell cycle analysis
by FCM revealed that the percentage of VDSCs in the S phase
was about 20%, which was double the percentage of VICs

(10%) (∗p < 0 05), whereas there were significantly fewer
VDSCs in the G1 phase (60%) compared to VICs (80%)
(∗p < 0 05; Figures 2(d) and 2(e)).

3.3. Different Immunophenotypes and Mutilineage
Differentiation Ability of VDSCs and VICs. Due to the differ-
ent morphologies and viabilities of VDSCs and VICs, we fur-
ther evaluated some standard VIC markers via IF and FCM
in cells at passage 3. The IF results (Figure 3(a)) showed that
VDSCs were mostly negative for α-SMA, whereas VICs
were mostly positive for α-SMA. VDSCs and VICs were all
positive for vimentin but had different cytoskeleton mor-
phologies, which were consistent with the results of rhoda-
mine phalloidin staining. VDSCs and VICs were both
partially positive for SOX-10. VDSCs were mostly negative
for CD146. FCM surface markers revealed that VDSCs
and VICs are all mostly positive for CD90, CD44, and CD29
(mesenchymal markers) and were mostly negative for
CD34 and CD31 (endothelial markers), CD11b (hematologic
marker), CD68 (macrophage), CD146, and CD117 (stem cell
markers). VDSCs were relatively positive for CD163, CD133,
and CD106 (surface markers) (Figure 3(b)). According to the
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Figure 2: Cell proliferation ability comparison between VICs and VDSCs. (a) Cell proliferation curves show the difference between VDSCs
and VICs; ∗p < 0 05 (vs. VICs) are accepted as having significant difference, n = 3. (b) MKI67 immunofluorescent staining, and nuclei are
stained with DAPI. (c) The cartogram (based on (b)) shows the differences between passage 2 and passage 3 of VDSCs and VICs; ∗p <
0 05 are accepted as having significant difference, n = 4. (d) FACS analysis for the cell cycle of VDSCs and VICs; (e) S, G0/G1, and G2/M
phases were counted and statistically compared. ∗p < 0 05 (vs. VICs) are accepted as having significant difference, n = 4.

4 Stem Cells International



differentiation-inducing experiments conducted in VICs
and VDSCs, the multilineage differentiation potential of
VDSCs was stronger than that of VICs (Figure 3(c)). After
culturing with the same differentiation-inducing medium
for 21 days, VDSCs had more calcium nodules and larger
lipid droplets, as detected by Alizarin Red S and Oil Red O
staining. VDSCs and VICs were pelleted and grown in chon-
drogenic media for 28 days. The pellets of VDSCs stained
positive for Alcian blue, indicating the presence of proteogly-
cans for chondrogenesis.

3.4. Gene Expression Profiles Reveal Global Differences
between VDSCs and VICs. The box plot shows that the distri-
bution of gene expression levels between VICs and VDSCs
was scattered differently; the dispersion of the distribution
of VDSCs was closer to that of adipose-derived MSCs
(AdMSCs) (Figure 4(a)). The coefficient of gene expression
levels revealed that VDSCs were highly different from VICs
(#1: 0.310/0.415 and #2: 0.317/0.423) but were somewhat
similar to AdMSCs (#1: 0.766 and #2: 0.748; Figure 4(b)).
Heat map and global gene expression analysis showed two
types of cluster for distinguishing between VDSCs and VICs
(Figure 4(c)). A scatter plot of the DEGs (FC fold change >

1; p < 0 05) showed that 301 genes were upregulated and
1294 were downregulated between VDSCs and VICs
(Figure 4(d)). KEGG pathway analysis was performed on
the identified DEGs described above. Our results showed
that these DEGs were highly enriched in functions related
to lysosomes, phosphoinositide 3 kinase-Akt, mechanistic tar-
get of rapamycin, focal adhesion, extracellular matrix- (ECM-)
receptor signaling pathways, and others (Figure 4(e)). Fur-
thermore, GO functional annotations were made on the
above-identified DEGs (1595 genes), as shown in Figure 4(f).
Molecular function analysis indicated that some of the above
DEGs were highly involved in protein binding. GTPase
activator activity, and etc. These DEGs were enriched in the
cellular component: plasma membrane, cytosol, and extra-
cellular exosome, most of which are involved in signal trans-
duction, positive regulation of GTPase activity, and
oxidation-reduction processes (Figure 4(f)).

3.5. Analysis and Comparison of Selected Genes between
VDSCs and VICs. To explore the significant differences in
morphology between VDSCs and VICs, when combined
with KEGG-enriched pathways, ECM-receptor interaction,
focal adhesion, and regulation of actin cytoskeleton were
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Figure 3: Comparative analysis of immunophenotype and differentiation abilities on VDSCs and VICs. (a) Immunofluorescent staining for
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Figure 4: Continued.
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selected for further DEG analysis to identify critical targets.
Fifty-one common DEGs were selected based on the above-
mentioned pathways concerning cell shape and spread
(Figure 5(a)). After Venn interaction (Figure 5(b)), integrin
alpha (ITGA)1, 2, 3, 7, and 8 and fibronectin 1 (FN1) were
identified as associated with cell adhesion and migration. In
addition, COL1A1, COL1A2, and FN1 gene expression levels
in VDSCs were significantly higher than those in VICs,
whereas levels of ITGAs and LAMAs were all lower than
those of VICs (Figure 5(c)). In addition, the gene expression
of runt-related transcription factor 2 (RUNX2), a recognized
osteogenic marker, and MKI67 (cell proliferative marker)
in VDSCs were markedly upregulated compared to VICs
(Supplementary Data (available here): fragments per kilobase
of transcript per million mapped reads of RNA-seq).

4. Discussion

VICs cultured in vitro in 10% FBS-DMEM had various cell
morphologies of different shapes and different sizes; when
the valve endothelial cells (VECs) that totally differed from
the interstitial cells are wiped out, diverse VIC subpopula-
tions should exist. To the best of our knowledge, this is the
first time MSC culture conditions were used to separate mor-
phologically homogeneous VDSCs. These cells were much
smaller in size regardless of the areas and the perimeter.
The nuclear-cytoplasmic ratio of VDSCs was similar to that
of MSCs. From a morphological aspect, one VIC subpopula-
tion had a uniform morphology similar to that of MSCs.

MSCs have extremely strong proliferative ability [4, 17, 18];
they can establish clonal growth in a density-independent
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Figure 4: Comparison of global gene expression profiles between VICs and VDSCs. (a) Box plot shows the distribution of gene expression
levels in each sample, and the dispersion of the data distribution can be observed; adipose mesenchymal stem cells (AdMSCs) were used
for the reference. (b) Heat map for the Pearson correlation coefficient of all gene expression levels between samples; the higher the
correlation coefficient indicates, the more similar the gene expression level. (c) Heat map for the global gene expression with group
clusters (n = 2). (d) Scatter plot of differentially expressed genes (DEGs) in VDSCs versus VICs (upregulation: 301 and downregulation:
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bubble map; a larger p value (-log10) indicates a higher degree of enrichment.
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fashion. Our results showed that VDSCs have stronger
proliferative ability than VICs. MKI67 IF staining of both
types of cells showed that about 80% of the VDSCs were
MKI67-positive at passage 2, which decreased to about
60% at passage 3, whereas about 50% of the VICs were
MKI67-positive at passage 2, which decreased to only
30% at passage 3. When compared with VICs at passages 2
and 3, the percentage of MKI67-positive VDSCs was signifi-
cantly higher than that of VICs. MKI67 is a nuclear protein
that may be necessary for cellular proliferation and is used
as a cellular marker of proliferation. The cellular content of
Ki-67 protein markedly increases during cell progression
through the S phase of the cell cycle [19, 20], which is consis-
tent with our results. Cell cycle analysis by FCM revealed that
the percentage of VDSCs in the S phase was about 20% com-
pared to 10% of VICs. One important feature of aortic valve
calcification is the excess production and disorganization of
collagen fibers and other ECM proteins [21], possibly due
to rapid cell proliferation and strong secretory capacity.
Thus, VDSCs may have different and important roles from
VICs in aortic valve disease.

Differentiation is another capacity of MSCs. Although
VICs have multilineage differentiation potential [12], our
study showed that VDSCs appeared to have stronger poten-
tial. After culturing in the same differentiation-inducing
medium for 21 days, VDSCs had more calcium nodules
and larger lipid droplets, as detected by Alizarin Red S and
Oil Red O staining. After being grown in chondrogenic
media for 28 days, obvious pellets were seen and stained pos-
itive by Alcian blue. The later propagation phase of aortic
valve stenosis is where procalcific and proosteogenic factors
take over and ultimately drive disease progression [22], so
VDSCs definitely contribute to this process. The detection
of FCM surface markers revealed that VDSCs and VICs
had different expressions of CD163, CD133, and CD106.
CD106, also known as vascular cell adhesion molecule 1, is
a cell-surface protein involved in the adhesion of leukocytes
to the vascular endothelium, which is also expressed in a frac-
tion of MSCs. Previous studies have suggested that CD106+

human BM-MSCs showed higher clonogenic capacity, exhib-
ited a faster growth rate and robust multilineage differentia-
tion, and had stronger immune regulatory activity [23].
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Therefore, CD106+ VDSCs exhibit more reactions, as one of
the important triggers of calcific aortic valve disease is sterile
and nonsterile inflammation [11]. CD133, also known as
prominin-1, is a five transmembrane domain cell-surface
glycoprotein that localizes to membrane protrusions. It is
expressed in many stem cells or progenitor cells, although
its precise function is still unclear [24]. Therefore, it can be
used as a specific marker for valve progenitor cells. In
addition, CD163 is a member of the scavenger receptor
cysteine-rich superfamily, and its expression is restricted
to the monocytic-macrophage lineage with high expression
in, for example, red pulp macrophages, BM macrophages,
liver macrophages (Kupffer cells), lung macrophages, and
macrophages of several other tissues [25]. Interestingly,
VDSCs were partially positive for CD163. This is an impor-
tant finding that needs further investigation. It is implied that
CD163+ VDSCs were probably derived from resident valve
macrophages [26].

According to the RNA-seq results, coefficient of gene
expression levels revealed that VDSCs were highly different
from VICs (#1: 0.310/0.415 and #2: 0.317/0.423) but had
some similarity to AdMSCs (#1: 0.766 and #2: 0.748), indi-
cating that VDSCs have basic MSC gene expression profiles.
In addition, the gene expression levels of ITGA1, 2, 3, 7, and
8; COL1A1; COL1A2; and FN1 in VDSCs were significantly
higher than those in VICs. The gene expression of RUNX2
and MKI67 in VDSCs was markedly upregulated compared
to VICs. This result also confirms the above-mentioned cyto-
logical differences between VICs and VDSCs.

In conclusion, novel, rapid proliferative VDSCs with
fibroblast morphology, which were found to express mesen-
chymal and osteogenic markers, may serve as a novel target
that contributes to aortic valve calcification.
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Clonal development (clonogenicity) is an inherent property of a subset of postnatal bone marrow (BM) adherent stromal
mesenchymal stem cells (MSCs) from which a multipotent progeny develops in culture. Our data suggest that clonogenicity and
BM-MSC expansion are two distinct biological events. This hypothesis is based on the following observations: (1) the beginning
of clonal growth is a property strictly dependent on serum and independent of the social context, (2) the expansion of
individual clone is influenced by events deriving from a social context during initial growth, (3) clonogenic cells grown in a
social context in presence of serum can emancipate themselves to generate a secondary different progeny, and (4) the ability of
socially generated clones to develop an inherent potential for further growth suggests that quorum sensing may operate in BM-
MSC cultures and determine the potential growth of clonal strains.

1. Introduction

In biology, quorum sensing (QS) is defined as a process by
which cells are able to detect the accumulation of released
signals and change their behavior when signal concentration
exceeds threshold levels. QS in prokaryotes is based on the
“communication between bacterial cells” necessary to orga-
nize and regulate internal biological processes within a cell,
but that depends on population density [1]. This mechanism
allows in many bacteria species to coordinate behaviors in
the entire population [2–4]. This interbacterial communica-
tion system utilizes small diffusible molecules (inducers) to
regulate bacterial gene expression in accordance to popula-
tion density. QS peptides are an important class of bacterial

peptides having multiple effects on human host cells. Coloni-
zation of the large intestine in humans and cattle by entero-
hemorrhagic Escherichia coli involves cross-communication
of biochemical signaling systems between bacterial patho-
gens and eukaryotic host cells [5–9].

Recently, it has been discovered that this mechanism is
also able to influence mammalian host cells by promoting
tumor cell invasion and angiogenesis in vitro, implying that
QS are working via epigenetic mechanisms to stimulate can-
cer stem cell migration and normal stem cell differentiation
for angiogenesis of vascular endothelial cells [10–13]. Previ-
ous studies demonstrated the existence of sophisticated
mammalian cell-to-cell communications pathways regulat-
ing QS mechanisms for immune responses [14], including
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self/nonself T cell discrimination [15]. This circuit of inter-
cellular communication in mammalian cells coordinates
multicellular gene expression [16, 17], and cytokines are
good candidates as inducers of QS effects such as migration,
proliferation, and differentiation [14, 18]. In this scenario,
and in analogy with bacteria, we wanted to verify the exis-
tence of any QS behavior in initial clonal growth and subse-
quent expansion of mammalian postnatal marrow adherent
stromal mesenchymal stem cells (MSCs) in culture.

Bone marrow (BM) stromal stem cells are cells residing
in the medullary cavity of the bone [19]. Also known as BM
skeletal stem cells (BM-SSCs) or BMmesenchymal stem cells
(BM-MSCs), they are specifically defined and identified only
by in vivo transplantation assays [20, 21]. BM-MSCs are oth-
erwise noted for the ability to initiate clonal growth (colony
formation) and to generate an expanding, multipotent prog-
eny in culture [20–22]. Thus, marrow stromal cell population
contains precursor cells capable of proliferation, renewal, and
differentiation into several phenotypes [19]. Even after
extended culture, marrow stromal mesenchymal cells can
form bone, fibrous tissue, adipose tissue, and hematopoiesis-
supporting reticular stroma [19, 23–28] when implanted in
conventional in vivo differentiation assays. It is also known
that Colony-Forming Unit Fibroblasts (CFU-Fs) derived
from BM have osteogenic potential. Indeed, populations of
marrow stromal skeletal CFU-Fs can differentiate into func-
tional osteoblasts and form the bone in vivo [20, 21]. Strategies
for cell therapy using MSCs are often based on common,
unverified assumptions, without considering their specific
biological properties, their commitment, or their in vitro bio-
logical behavior. This belief betrays and reflects our poor
understanding of inherent cell properties, roles, and identity,
ignoring all the environmental factors influencing or some-
time determiningMSC behavior, during their in vitro growth,
and subsequently once transplanted in vivo.

2. Materials and Methods

2.1. Preparation of BM Single Cell Suspension and Culture.
BM-MSCs were obtained from iliac crest marrow aspirates
of adult healthy donors (age range 20-60 years). Human sub-
jects provided us with oral assurance of their willingness to be
enrolled in the research study. The overall study on human
tissues was approved by the Research Ethics Committee of
Istituto Superiore di Sanità of Rome (approval date Septem-
ber 20, 2016; Prot. PRE-686/16). BM aspirates (0.5-1 cm3)
were mixed with 5ml of ice-cold α-modified minimum
essential medium (α-MEM, Life Technologies, NY, U.S.A.)
containing 100U/ml sodium heparin (Fisher Scientific, NJ,
U.S.A.). Cells were centrifuged at 135g for 10 minutes, and
pellets were resuspended in fresh α-MEM. Bone marrow cell
preparations from aspirate were consecutively passed
through 16 and 20 gauge needles to disrupt cell aggregates.
Cell suspensions were filtered through a 40-nylon cell
strainer (Becton Dickinson, San Diego, CA, USA) to remove
any remaining cell aggregates. Cells were plated in standard
condition basal medium α-MEM added with 20% Fetal
Bovine Serum (FBS, Invitrogen, Carlsbad, CA, USA), 2mM
L-glutamine (Invitrogen, Carlsbad, CA, USA), 100U/ml pen-

icillin (Invitrogen, Carlsbad, CA, USA), and 100 μg/ml strep-
tomycin (Invitrogen, Carlsbad, CA, USA) or with a serum-
deprived medium (SDM) supplemented with 10 ng/ml
Platelet-Derived Growth Factor (PDGF-BB, R&D systems,
Minneapolis, MN, USA), 10ng/ml Epidermal Growth Factor
(EGF, R&D systems, Minneapolis, MN, USA), and
fibronectin-coated substrates (Sigma-Aldrich, St. Louis,
MO, USA).

2.2. Colony-Forming Efficiency (CFE) Assay. For multiclonal
cultures, formed under “social conditions,” nucleated cells
from fresh marrow aspirates were seeded into 100mm dishes
(Becton Dickinson Biosciences, San Diego, CA, USA) at a
clonal density of 8 3 × 103 nucleated cells/cm2 [21] to assay
for primary CFU-Fs. To assay for secondary CFU-Fs, adher-
ent primary MSCs from BM-derived clonal cultures were
seeded into 100mm dishes at a clonal density of 1.6 cells/cm2.
For single colonies formed under “isolation conditions,” cells
were seeded in 96-well plates at limiting density. Formation
of discrete colonies was scored after 14 days. After 14 days,
the CFE was determined by counting the number of
Giemsa-stained colonies: number of colonies formed >50
cells /number of cells initially inoculated × 100. Assays were
done at least in triplicate. Individual colonies (clones) were
isolated and expanded from multiclonal primary or second-
ary CFU-F cultures using cloning cylinders (Sigma-Aldrich,
St. Louis, MO, USA). Alternately, multiclonal cultures were
passaged on day 14.

2.3. Microscopy and Imaging of Cells in Culture. Samples of
clonal nucleated cells from unsorted human BM were plated
and cultured in 100mm dishes (8 3 × 103 cell/cm2). The lipo-
philic fluorescent carbocyanine cell tracking dye DiI-Ac-LDL
(Invitrogen, Carlsbad, CA, USA) was used as per the manu-
facturer’s recommendations. Confocal fluorescence images-
stacks of developmental stages of CFU-F from human BM
stromal-labelled clonal cell to colony in culture were obtained
using the Leica TCS SP5 confocal laser scanning microscopy
system (Leica Microsystems, Mannheim, Germany) using
the HeNe 543nm and the Ar 488nm laser lines for
visualizing the red (DiI) or green (GFP) vital fluoro-
chromes, respectively.

Time lapse brightfield light microscopy images of the
development of an individual colony in human BM aspirate
culture were obtained using a Zeiss Axiophot microscope
(Carl Zeiss, Germany). Phase contrast images were acquired
every 1-3 days.

2.4. Analysis of Cell Proliferation. For proliferation kinetics of
MSCs, the cumulative population doubling (PD) levels were
calculated from the cell count by the use of the following
equation: PD = Log Nt/N0 × 3 33, where N0 cells are the
number initially seeded and Nt cells are the number har-
vested. The living cell count was performed in triplicate in a
hemocytometer by means of trypan blue dye exclusion
(Sigma-Aldrich, St. Louis, MO, USA).

2.5. Flow Cytometry. For fluorescence-activated cell sorting
(FACS), cells from primary BM MSC-derived clone cultures
were pelleted, resuspended in Ca2+Mg2+-free PBS and
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expression of markers was assessed using a FACSCalibur
flow cytometer (Becton Dickinson Biosciences, San Diego,
CA, USA). Data were analyzed with the use of Cell-Quest
Pro software (version 6.1, Becton Dickinson Biosciences,
San Diego, CA, USA).

2.6. Reagents. Antibodies for flow cytometry are listed in
Table 1.

2.7. Lentiviral Vectors. In some experiments, BM-MSCs from
multiclonal cultures were transduced with green fluorescent
protein (GFP)-lentiviral vectors. Lentiviral vectors for GFP
expression were produced and used as described [29].

2.8. Statistical Analysis. Statistical analysis was performed by
one-way ANOVA and subsequently by Bonferroni posttests.
Results are expressed as mean ± standard deviation (SD).
Differences are considered statistically significant at ∗p ≤
0 05.

3. Results

3.1. Developmental Phases of an MSC Colony from a Single
BM CFU-F. To investigate the development of early colonies,
single DiI-labelled stromal BM-MSCs [days 1-15; Figure 1(a),
A–C] from fresh unsorted marrow aspirates were seeded and
cultured into 100mm dishes at 8 3 × 103 clonal density (total
nucleated marrow cells/cm2) in standard condition and
monitored by time-lapse microscopy. This analysis docu-
mented the existence of two distinct developmental phases
of BM-MSC characterized in vitro. In the first phase, cell divi-
sion and migration [days 1-7; Figure 1(b), A–H] defined
boundaries and size of the forming colony. The second phase
was characterized by stationary proliferation [days 7-15;
Figure 1(b), H–J] leading first to increased cell density within
colonies, then by filling-in space, to establish a territorially
discrete, but internally continuous, monolayer [day 16;
Figure 1(c)], to finally form a colony as we know it in culture
dishes [Figure 1(d)].

3.2. Initial Clonal Growth Depends on Serum. To investigate
clonal BM-MSC development, we prepared primary cultures
from fresh unsorted marrow, seeding nucleated cells at a
clonal density of 8 3 × 103 cells/cm2 in a 100mm Petri dish,
either in standard conditions or in SDM. SDM is a medium

able to ensure stromal strain proliferation at nonclonal
densities, which can be obtained by seeding >105 total nucle-
ated cells/cm2 from fresh marrow aspirates. Discrete colonies
of >50 cells developed only in the presence of serum
[Figures 2(a) and 2(b)]. In serum-free medium, cultured cells
remained viable for 14 days but failed to generate colonies
[Figures 2(c) and 2(d)].

3.3. Effect of Social Conditions on CFU-F Growth. To investi-
gate BM-MSC clonogenic efficiencies, we prepared second-
ary cultures from primary BM-MSC cultures. We plated
100 secondary BM-MSCs at 1.6 cells/cm2 in a 100mm Petri
dish or at a limiting density in 96-well plates in standard con-
ditions. Identical CFE [Figure 3(a), A–C] was observed when
multiple clonogenic cells were plated in a single physical
space compartment in a 100mm Petri dish (“social condi-
tions”) or when single clonogenic cells were seeded in a single
physical space compartment at a limiting density in 96-well
plates (≤1 cell in 1 space compartment; “isolation condi-
tions”). This indicated that the capacity to initiate clonal
growth is a context-independent property of a defined subset
of BM-MSCs. Although no difference was observed in the
number of colonies in the two types of culture, the total num-
ber of cells generated in social context cultures was more than
2-fold higher compared to that in cultures of cells generated
at clonal density (data not shown). BM-MSC multicolonies
from “social conditions” or “isolation conditions” exhibited
a typical MSC phenotype [Figure 3(b), A and B], as defined
by the International Society for Cellular Therapy (ISCT)
[22], being strongly positive for CD73, CD90, and CD105
and negative for the hematopoietic markers CD34 and
CD45. The flow cytometry analysis of immune-related
markers confirmed the constitutive expression of HLA-A,
HLA-B, and HLA-C antigens and the absence of HLA-DR
[Figure 3(b), A and B].

3.4. Clonal Expansion Is a Biological Property of MSC
Acquired in a Social Context. To investigate expansion abili-
ties of BM MSC-initiated clones, we prepared secondary cul-
tures from primary BM-MSC cultures. We plated 100
secondary BM-MSCs at 1.6 cells/cm2 in a 100mm Petri dish
or at a limiting density in 96-well plates in standard condi-
tions. Samples from the same parent culture formed the
same number of colonies under “social” [Figure 4(a), A]
and “isolation” conditions [Figure 4(a), C]. However, when
we monitored the ability of individual clones generated
either in “isolation” or under “social” conditions to grow
and expand, only the colonies exposed to “social conditions”
during the initial phase of clonal expansion were able to pre-
serve a potential for further growth [Figure 4(a), B and D].
Continuous passaging of individual colonies revealed dra-
matic differences of expansion capabilities between clones
initially seeded under “social” or “isolation” conditions
[Figure 4(a), A–D]. In particular, colonies formed under
“social conditions” could be further expanded [up to 22-24
PD; Figure 4(b)], while colonies formed in 96 wells under-
went senescence after few duplications [up to 22-26 PD;
Figure 4(b)] and [14-17 PD; Figures 4(b) and 4(c)].

Table 1: Antibodies used for flow cytometry.

Antigen Type Label Clone Distributor

CD34 (gp 105-120) MC FITC 581 BD Biosciences

CD45 (LCA, T200) MC FITC HI30 BD Biosciences

CD73 MC PE AD2 BD Biosciences

CD90 (Thy-1) MC APC 5E10 BD Biosciences

CD105 (Endoglin) MC PE 266 BD Biosciences

HLA-DR MC PE L243 BD Biosciences

HLA-ABC MC FITC G462.6 BD Biosciences

MC: mouse monoclonal; FITC: fluorescein isothiocyanate; PE:
phycoerythrin; APC: allophycocyanin.
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3.5. Promiscuity Rescues Proliferation of Growth-Impaired
MSC Clones. To further investigate the roles of initial social
deprivation in limiting subsequent clonal expansion of
individual clonogenic cells, we assessed whether expansion
capabilities of clones initially grown in isolation could be
rescued by exposing them to a promiscuous environment.
To address this question, 5 clones were grown in isolation
[Figure 5(a), A] in 96-well plates to subconfluency, trypsi-
nized, and split in two halves [Figure 5(a), B]. From each
clone, one half was replated in 6-well plates as a single
clone [Figure 5(a), C]; the other half was pooled with all
other half clones [Figure 5(a), D]. The pool was subdi-
vided into 5 samples, each containing the same number
of cells as each pure clonal strain and replated in 6-well
plates. In this way, cells from growth impaired clones
could be either exposed or not, to the influence of cellular

promiscuity. Pure half colonies underwent senescence after
5 PD, whereas the expansion of mixed strains, including
the same number of cells as pure half colonies, continued
for >10 PD [Figure 5(a), E–G].

Next, 100 cell samples of primary BM-derived clone cul-
tures stably transduced with GFP-lentiviral vectors were
plated in 100mm dishes (1.6 cells/cm2), either alone or
together with 100 untagged GFP BM-MSCs [“mixed cul-
ture”; Figure 5(b), A and B]. Identical numbers of GFP+ col-
onies formed in either type of cultures were generated 14
days later. Although no differences were observed examining
the number of GFP+ colonies in the two types of culture, the
total number of GFP+ cells generated in mixed cultures was
more than 2-fold higher as compared to that in BM-MSC
cultures plated alone at clonal density; this indicates that
the magnitude of initial clonal growth of individual
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Figure 1: Growth phases from a BM CFU-F to a BM-MSC colony. (a) Developmental stages of primary CFU-F from human BM
stromal DiI-labelled clonal cell to colony in culture (A–C) as observed by fluorescence microscopy (n = 5). (b) Development of an
individual colony in human BM aspirate culture as observed by light microscopy (n = 5). Time lapse microscopy of isolated clonal
cells (white arrow) from BM after explant: cell division and migration (days 1-7); define territory and size of the forming colony;
and subsequent proliferation abilities within the colony [days 7-15; (A–J)]. Establishment of complete colonies as demonstrated by
Giemsa staining (c, d). Results are derived from 5 independent experiments and from 5 different donors. DiI: 1,1′-dioctadecyl-3,3,3′,3′
-tetramethylindocarbocyanine perchlorate; CFU-F: Colony-Forming Unit Fibroblast; RBCs: Red Blood Cells. All data shown are
representative results derived from one of at least three independent experiments. Scale bars represent 40 μm, 80 μm, 200μm, and 400 μm
and 1cm as indicated.
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clonogenic cells is influenced by the total number of cells ini-
tially present in culture [Figure 5(b), C and D]. These exper-
iments showed that promiscuous strains resumed the ability
for efficient expansion, whereas pure clonal strains remained
growth impaired.

4. Discussion

The term “quorum sensing” is derived from Latin quo-
rum; in politics, this is the number of votes that must
be cast for an election or referendum to be valid. In biol-
ogy, QS is defined as a process by which cells detect the
accumulation of released signals and then change their
behavior when signal concentration exceeds a threshold
level. Cells communicate using chemical signaling mole-
cules. Information provided by these molecules is critical
for synchronizing activities of large groups of cells [1].
This chemical communication allows cells to monitor
their environment and change behavior accordingly. This
network of cell-cell cross-communication is integrated by
cells, processed, and transduced to control gene expres-
sion. Identification of these chemical signals, receptors,
target genes, and mechanisms of signal transduction
involved in the QS network may help to shed light on
cell-cell communication. This can be seen as a chemical
vocabulary, and signaling networks are complex and often

consist of multiple circuits organized in a variety of con-
figurations, still to be identified. All these factors modulate
mammalian cell behavior promoting development and dif-
ferentiation and should be considered in future applica-
tions [16, 17]. QS is a system of stimuli/responses
correlated to population density. However, QS is also acti-
vated by a single cell when seeded in an extremely
enclosed space. Indeed, QS-regulated processes are rele-
vant for both large cell colonies and single cells in con-
fined spaces. Mechanisms of stem cell self-renewal are
crucial to stem cell biology and regenerative medicine.

Historically, the very first evidence indicating the exis-
tence of stem cell postnatal progenitors for connective tis-
sues originated from the seminal work of Friedenstein and
coworkers, who were able to demonstrate that inherent
osteogenic, adipogenic, and chondrogenic potential of
unfractionated BM, known from earlier studies, could be
ascribed to (a) a nonhematopoietic, stromal fraction and
(b) single cells, capable of initiating clonal growth in a
density-insensitive fashion [30–32]. The studies proposed
here are not aimed at investigating niche-dependent and
population-dependent mechanisms of MSC regulation but
only at developing a series of hypotheses based on our
observations. With these premises, we asked if there is
any QS rule in clonogenicity and secondary expansion of
BM-derived stromal MSCs.

Standard growth medium
�훼-MEM + FBS

Giemsa stain 16 days

16 daysGiemsa stain

200�휇 100�휇

Single cell 50�휇

15 CFU-F

0 CFU-F

(a)

(d)

(c)

Human bone marrow
cell suspension

Serum free medium
+ EGF / PDGF-BB

(b)

Figure 2: Clonal growth depends on serum. Samples of clonal nucleated cells from unsorted human BM were plated and cultured in 100mm
dishes (8 3 × 103 cell/cm2, n = 5). Photographs of culture dishes showing proliferation of primary BM CFU-F, cultured in standard CFU-F
growth medium supplemented with 20% FBS (a) or cultured in SDM and supplemented with EGF/PDGF (10 ng/ml) (c). After 2 weeks of
culture, well-developed colonies were observed in serum-supplemented cultures (a, b). In contrast, no colony developed in SDM; single
cells remained attached with an intact nucleus and an intact cytoplasm (arrows), for at least 2 weeks, as demonstrated by Giemsa staining,
but did not proliferate or generate any clone in serum-free medium (c, d). Results are derived from 5 independent experiments and from
5 different donors. FBS: Fetal Bovine Serum; EGF: Epidermal Growth Factor; PDGF-BB: Platelet-Derived Growth Factor. Scale bars
represent 50 μm, 100μm, and 200 μm.
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Using a combination of time-lapse microscopy, permu-
tation of culture conditions, and labeling methods, we
observed that distinct seeding setup could affect biological
properties including clonogenicity and secondary expan-
sion of BM-derived mesenchymal stromal cells. Indeed,
we observed that initiation of clonal growth and subse-
quent in vitro expansion of BM-MSC clonal stromal cell
strains are biologically distinct events. Two developmental
stages were recognized during the growth of each colony.
In the first phase, lasting for the first week after plating,
cells proliferate and migrate to define the area of the sub-
strate to be covered by the monolayer (definition of terri-
tory). In the second phase, cells proliferate inside the
previously marked territory, to generate a typical colony

(filling up phase). However, clonogenicity of this subset
of stromal adherent cells is strictly dependent on serum
and independent of the social context. In contrast, clono-
genicity is not supported by a serum-free medium. Further
expansion of individual clones is affected by events ema-
nating from a social context during initial growth. The
ability of socially generated clones to develop an inherent
potential for further growth suggests that effects of the
quorum rule may operate in BM-MSC cultures and deter-
mine potential growth of clonal strains derived from single
BM-CFU-F-MSCs. Acceptance of this paradigm identified
for stromal BM-MSC biology might in general be useful
to regulate BM-MSC expansion for clinical applications
of skeletal regenerative therapies.
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Figure 3: Social conditions on CFU-F growth. (a) To assay for secondary CFU-Fs, samples of nucleated cells from primary BM-MSC
cultures were plated and cultured either in 100mm dishes (density at 1.6 cells/cm2, where cells are physically isolated in a common
environment: “social conditions”; A) or in 96-well plates at cloning dilution (where single cells are in single wells: physical and
biochemical “isolation”; B) in FBS-supplemented culture medium. No differences (C) were observed between numbers of BM-MSC
colonies either in “isolation” (number of CFU-Fs) or under “social” conditions (number of CFU-Fs). (b) Flow cytometric analysis of
a multiclonal strain obtained by combining multiple primary colonies. No significant (NS) differences were observed between BM-MSCs
obtained by combining multiple primary colonies from “social conditions” (A) or “isolation conditions” (B). Note the high/bright
expression of multiple markers of BM-derived CFU-Fs (and “mesenchymal stem cells”), CD73, CD90, and CD105 and low
expression of HLA-ABC. Endothelial (CD34) and hematopoietic markers (CD45, HLA-DR) are negative. Results are expressed as the
mean ± SD (n = 5). ∗p ≤ 0 05. Results are derived from 5 independent experiments and from 3 different donors. FL: Fluorochrome;
FSC: Forward Scatter.
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5. Conclusions

Our observations led us to hypothesize that some biological
properties of clonal MSCs such as generation of discrete col-
onies and their expansion to larger single colony-derived
population are differentially regulated. In the presence of
serum, single clonal MSCs are able to generate discrete colo-
nies independently of plating conditions. However, the capa-
bility to generate a larger pure clonal cell population seems to
depend on reciprocal influences among different stromal
cells. The influence of the social context is effective at the
early stages of colony development, during which clonal cells
commit to a potential larger expansion over time. Therefore,

in analogy with bacterial biofilm, MSC populations can be
considered “multicellular communities” providing single
cells with distinct biological properties. The aim of this study
was to evaluate the ex vivo amplification potential of BM-
derived MSCs using defined culture conditions as growth
stimulus. These data will be beneficial to set standards for tis-
sue collection and MSC clinical-scale expansion, both for cell
banking and for cell-based therapy settings. Studies on the
QS cell-to-cell communication network system of ex vivo
BM stromal MSC biological properties from functional com-
mitment to growth abilities should be further explored, in
perspective of refined clinical use for new therapeutic
strategies.
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Figure 4: Clonal expansion depends on serum. (a) Samples of nucleated cells from primary BM-MSC cultures were plated and cultured either
in 100mm dishes at 1.6 cells/cm2 density or in 96-well plates at cloning dilution in FBS-supplemented culture medium. Colonies formed in
100mm dishes (“social” conditions; A, B) could be further expanded. In contrast, colonies grown in 96-well plates at cloning dilution
(“isolation” conditions; C, D) could not be further expanded. (b) Proliferation curve of BM-derived clonal cell strain grown in social
context (black diagram) or in “isolation” conditions (red diagram). Five individual colonies formed in 96-well plates and 5 from
multicolony cultures were tested for PD. (c) Colonies grown in 96-well plates underwent a lower number of PD, 16 (T75 flask), after
which the cells became senescent forming colonies identifiable for their unusual, large and irregular shape compared to colonies grown in
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expanded from colonies formed in social context or grown at cloning dilution. Results are expressed as the mean ± SD (n = 5). ∗p ≤ 0 05.
Scale bars represent 200 μm as indicated.
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Several studies have demonstrated a potential interaction between mesenchymal stem cells (MSCs) and saccular aneurysms. In this
study, we sought to determine whether allogenic bone marrow-derived MSCs had the ability to prevent aneurysm formation in a
known rabbit elastase aneurysm model. MSCs were injected intravenously in experimental rabbits at the time of surgical creation
and two weeks postcreation and compared with control rabbits receiving vehicle injection. Angiography was used to compare
aneurysm measurements four weeks postcreation, and aneurysms were harvested for histological properties. Serum was
collected longitudinally to evaluate cytokine alterations. Serum from control animals was also utilized to perform in vitro tests
with MSCs to compare the effect of the serologic environment in animals with and without aneurysms on MSC proliferation
and cytokine production. While aneurysm morphometric comparisons revealed no differences, significant cytokine alterations
were observed in vitro and in vivo, suggesting both anti-inflammatory and proinflammatory processes were occurring in the
presence of MSCs. Histological analyses suggested that tunica intima hyperplasia was inhibited in the presence of MSCs.

1. Introduction

It is estimated that approximately 3% of the general popula-
tion harbors and intracranial saccular aneurysm, a patholog-
ical dilation of the cerebral arteries at bifurcation points that
is prone to rupturing [1]. Aneurysmal rupture occurs in 10 of
every 100,000 people annually and carries with it an esti-
mated mortality rate of 50% and a significant neurological
disability rate among survivors of approximately 30% [2].
Several key changes in the arterial wall occur that are thought
to lead to aneurysm formation, including loss of elastin con-
tent in the internal elastic lamina and reduction of the tunica
media leading to weakening of the wall [3]. Pulsatile blood
pressure forces ensue, leading to outpouching of the thinned

wall. Various inflammatory cascades have been shown to
mediate these processes, with alterations of wall shear
stresses and wall shear stress gradients from hypertension
creating endothelial dysfunction alongside predisposing
patient factors such as smoking [4, 5].

While there are several good treatment options available
for cerebral aneurysms, there is as of yet no viable therapeutic
option to minimize or prevent the initiation or progression of
their pathogenesis. Many prevention strategies have aimed at
disrupting the implicated inflammatory cascades. Unfortu-
nately, they have been fraught with limited success or impos-
sible human application and have largely been focused on
abdominal aortic fusiform aneurysms [6–14]. There is evi-
dence to suggest that saccular and fusiform aneurysms
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exhibit sufficiently distinct pathogenetic processes, warrant-
ing investigations into saccular aneurysm models, as it is
unlikely that prevention strategies will be translatable
between the two aneurysmal pathologies [15].

Mesenchymal stem cells have been studied as a way to
modulate inflammatory processes and interrupt pathogene-
sis for a variety of different diseases. They are immune-eva-
sive, making them an intriguing approach for human
disease models [16–18]. The immunomodulatory properties
of MSCs can vary based on their environment and have thus
been investigated as an adjuvant therapy during the endovas-
cular treatment of cerebral saccular aneurysms [19]. Studies
by our laboratory and others have suggested that MSCs
introduced at the time of treatment of saccular aneurysms
in animal models have the capacity to improve aneurysm
histological healing [20–22]. However, no studies have been
performed to investigate the effects of MSCs on the patho-
genesis of saccular aneurysms. We hypothesized that MSCs
introduced intravenously (IV) during the formative pro-
cesses of saccular aneurysms in a rabbit elastase model would
inhibit the development of aneurysms through the anti-
inflammatory properties of MSCs.

Characterization is required to positively identify cells as
bone marrow-derived MSCs. After extraction from the tibia,
tests include the expression of surface markers CD44,
CD105, CD29, and negative for HLA-DR. Differentiation
abilities into osteogenic, chondrogenic, and adipogenic line-
ages were also analyzed. A protocol has been derived in our
lab to carry out these experiments, and cells in the following
experiments were taken from an established cell line.

2. Materials and Methods

This study received ethics certification from our institu-
tion’s animal care committee (study identification number
AC16-0060). All procedures were in accordance with insti-
tutional guidelines.

2.1. Study Design. Twenty-six New Zealand White Rabbits
were assigned 1 : 1 in an alternating fashion to an experimen-
tal group and a control group. Animal caretakers, histolo-
gists, and pathologists, but not surgeons or angiographers,
were blinded to the allocations. For each rabbit, saccular
aneurysms were surgically created in the proximal right
common carotid arteries on day 1, with 5 cc of arterial blood
drawn. During the procedure (day 1), control rabbits
received an IV injection of 2mL of PBS (Life Technologies,
Cat. No. 10010-023), while experimental rabbits received an
IV injection of 5 × 106 MSCs suspended in 2mL of PBS, both
followed with a 2mL PBS flush. The dose of MSCs
selected was in keeping with doses reported in previous
studies [20, 21]. Identical injections were also administered
on day 15. On days 1, 15, and 29, 5 cc arterial blood draws
occurred in all rabbits for serum analysis. Rabbits under-
went digital subtraction angiography (DSA) on day 29 to
visualize and measure the saccular aneurysm and were termi-
nated afterwards. Aneurysms were surgically harvested for
histological analysis.

Primary outcome was aneurysm greatest dimension, in
any orientation, as measured on DSA on day 29. Secondary
outcomes included other angiographic measurements
including greatest dome length; greatest dome thickness
and dome volume; serum cytokine and MMP levels at days
1, 15, and 29; and histological analyses including elastin
semiquantification analysis of aneurysm dome walls, aneu-
rysm wall thickness, and tunica intima thickness.

2.2. MSC Culture. Bone marrow-derived MSCs were thawed
from a pool of purified New Zealand White Rabbit MSCs.
Cells in this pool were initially isolated, characterized as
MSCs, and cultured in serum-free medium, PPRF-msc6,
developed in our laboratory [23]. Thawed cells were again
cultured in PPRF-msc6 for 72 hours, followed by a passage
using TrypLE Express (ThermoFisher Scientific, Cat. No.
12605028) with a plating density of 5,000 MSCs/cm2 for
another 72 hours of culture growth time. MSCs were then
lifted again and counted, assimilating cultures as needed to
obtain 5 × 106 MSCs for each use. Cells were washed and
suspended in 2mL of PBS (Life Technologies, Cat. No.
10010-023) and transferred to a 3mL syringe, capped with
a 20Ga needle. Suspended cells were used within 30 minutes.

2.3. Saccular Aneurysm Creation. Each of twenty female New
Zealand White Rabbits (Charles River Laboratories Interna-
tional, Canada), aged 13 weeks, had a right common carotid
artery aneurysm surgically created using the elastase-induced
saccular aneurysm model described by Hoh et al. [24]. To
summarize, animals were anesthetized using acepromazine
0.15mg/kg IV and intubated. Anesthesia was maintained
with inhaled 5% isoflurane in 100% O2 at 3 L/min. Enroflox-
acin was administered SC at 10mg/kg, followed by ketopro-
fen 1mg/kg SC and buprenorphine 0.03mg/kg SC for
analgesia. The right central ear artery was used to obtain
5mL of arterial blood in a serum separation tube, which
was spun in a centrifuge at 1000×g for 10 minutes at 4°C.
Serum was collected and stored immediately at -80°C.

Under sterile conditions, a right paramedian vertical
neck incision was made and the right common carotid artery
was identified and dissected to its origin. Rabbits received an
IV injection of either 2mL of PBS or 5 × 106 MSCs sus-
pended in 2mL PBS based on group allocation, followed by
a 2mL PBS flush. A temporary aneurysm clip was placed at
the origin, and the artery was ligated 3 cm distal. The artery
was cannulated in a retrograde fashion 2.5 cm distal to the
clip with an angiocatheter, and approximately 35 units of
elastase (Worthington Biochemical Corporation, Cat. No.
LS002279) was infused into the lumen. The angiocatheter
entry site was secured with a silk tie. After twenty minutes,
the angiocatheter was removed and the entry site silk tie
was knotted tightly. The temporary clip was removed to rees-
tablish blood flow into the blind-ended right common
carotid artery. The skin was sutured and the rabbit awoken
from anesthetic. Rabbits were observed for four weeks,
receiving food and water ad libitumwith a 12-hour light/dark
cycle in our institution’s animal care facility. Postoperative
antibiotics and analgesia were administered for three days
and 36 hours, respectively, at the same doses listed above.
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Two weeks postaneurysm creation, all rabbits received a
second IV injection of either vehicle or 5×106 MSCs as above.
Five mL of arterial blood was again obtained from the right
central ear artery of each rabbit. Serum was isolated and
stored as above. A final arterial draw and serum collection
was performed four weeks postaneurysm creation.

2.4. Digital Subtraction Angiography. A digital subtraction
angiogram was obtained four weeks postaneurysm creation
in all rabbits. While anesthetized and intubated as above,
the right femoral artery was surgically accessed and cannu-
lated with a Prelude® 4Fr introducer sheath (Merit Medical,
UT). An Impress® 4Fr guide catheter (Merit Medical, UT)
containing a 0.035 in Glidewire® guidewire (Terumo Corpo-
ration, Japan) was passed into the sheath. Under fluoroscopic
guidance of an OEC 9800 C-arm (General Electric, MA), the
catheter and guidewire system was advanced to the proximal
brachiocephalic artery and parked just proximal to the origin
of the right common carotid artery aneurysm. The guidewire
was removed, and nonionic iodinated low-osmolar contrast
was rapidly injected through the catheter to obtain images
of the aneurysm with a right anterior oblique view. A coin
measuring 18mm in diameter was placed in the imaging field
for reference to control for the distance between the rabbit
and the detector. Maximal dome width, maximal dome
length, and greatest dimension (in any orientation) were
measured in all rabbits. Aneurysm domes were all elliptical
in shape, and so the formula for the volume of an ellipse
was used to calculate volume, assuming the 2 short axis
lengths were equal due to single plane acquisition.

2.5. Serum Samples. Of the 5mL of arterial blood, one cc of
serum was isolated from each rabbit after centrifugation,
immediately preaneurysm creation, two weeks postaneurysm
creation, and four weeks postaneurysm creation as described
above. All serum samples were stored at -80°C within 30
minutes of acquisition. Processing of all samples occurred
simultaneously after acquiring all samples for the study.
The serum cytokine levels evaluated in the serum samples
included interleukin 1β (IL-1β), interleukin 10 (IL-10),
tumor necrosis factor α (TNF-α), macrophage inflammatory
proteins 1α and 2 (MIP-1α and MIP-2, respectively), mono-
cyte chemoattractant protein 1 (MCP-1), and vascular
endothelial growth factor (VEGF). Cytokines were quantified
using a Mouse Cytokine Array/Chemokine Array 32-Plex
(Eve Technologies Corporation, Canada) antibody array kit.
Matrix metalloproteinase 2 (MMP-2) and proMMP-9 were
quantified as well using a Mouse MMP Discovery Array
5-Plex (Eve Technologies Corporation, Canada) antibody
array kit. No rabbit arrays were available, and preliminary
replicated testing with rabbit serum produced results with
reasonable precision. For both assays, a Bio-Plex™ 200 sys-
tem (Bio-Rad Laboratories Incorporated, CA) suspension
array system was used. For the cytokine assay, a Milliplex
Mouse Cytokine/Chemokine kit (Millipore, MO) was used
by Eve Technologies according to their protocol, while both
a Milliplex Mouse MMP panel 1 kit and a Milliplex Mouse
MMP panel 2 kit (Millipore, MO) were used by Eve Tech-
nologies according to their protocols for the MMP assay.

2.6. Termination and Aneurysm Harvesting. After comple-
tion of the day 29 DSA and collection of arterial blood serum
sample, rabbits were deeply sedated with 5% inhaled isoflur-
ane, then euthanized via intracardiac injection of 4mL of
formalin in accordance with ethical standards. After approx-
imately 15 minutes, the neck incision was reopened and the
aneurysm complex was exposed. A sternotomy was also per-
formed, allowing easy access to the aortic arch. The brachio-
cephalic artery was identified and followed to the origin of
the aneurysm. The aneurysm complex, including a segment
of the proximal brachiocephalic artery and distal right
subclavian artery, was harvested intact. The total time from
euthanization to depressurization of the aneurysm complex
via resection took between 30 and 60 minutes, allowing the
formalin to penetrate the vessel and aneurysm walls
entirely, assuming a penetration rate of 1mm/hr in the
first hour after administration.

2.7. Histological Analysis. Harvested aneurysms were imme-
diately placed in formalin for at least five days prior to
sequential alcohol dehydration and embedding in paraffin
wax blocks. Tissue blocks were sectioned in 5 μm slices and
mounted with Verhoeff-van Gieson (VVG) stain to identify
the elastin content and boundaries of the three vascular
layers. Using optical microscopy, a pathologist (author AB)
blinded to group allocation randomly selected five represen-
tative regions from each aneurysm and measured the
thickness of the tunic media and tunica intima, noting the
presence of tunica intima hyperplasia, if present. Tunica
media thickness was divided by the tunica media thickness
of the parent vessel to normalize the data.

Midaneurysm slices were digitized to semiquantify elas-
tin content in the aneurysm dome wall. A colorimetric anal-
ysis tool in Aperio ImageScope (Leica Biosystems, Wetzlar,
Germany) was utilized. Using the analytical pen tool, the
tunica media was selected, taking care not to include areas
of tangential wall cuts or tissue folds that could falsely repre-
sent elastin content. A positive pixel algorithm was applied to
selected regions that detected black pixels from the VVG
stain, representing elastin. The analysis reported the propor-
tion of the selected area containing black pixels.

2.8. In Vitro Analysis. To determine whether the intravascu-
lar serum environment in the setting of an actively develop-
ing aneurysm has an effect on the activity of MSCs, an
in vitro analysis was performed using the frozen serum from
control rabbits that had undergone aneurysm creation with-
out MSC treatment. This experiment is aimed at measuring
differences in MSC proliferation and in cytokine levels when
introduced to the serum collected from animals without an
aneurysm versus those harboring an aneurysm.

MSCs from the previously utilized pool were thawed as
above, cultured with serum-free PPRF-msc6 media, and sep-
arated into two primary groups. Cells were first thawed and
cultured at passage two. Serum samples taken from rabbits
above were kept at -80°C until needed, at which point they
were thawed in a water bath at 37°C. The first group of cells
was cultured in media supplemented with 0.30mL of serum
from MSC-naïve rabbits, collected 29 days after aneurysm
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creation, thereby simulating an aneurysmal environment.
The second group was cultured in PPRF-msc6 media supple-
mented with 0.30mL of serum from MSC-naïve rabbits
obtained prior to aneurysm creation in order to simulate an
aneurysm-free environment. Cells were seeded at a density
of 40,000 cells per well in bovine gelatin-coated 6-well plates
and incubated for 72 hours. At passage four, cells were
counted with a hemocytometer, and media samples were sent
to be analyzed by the same cytokine panels from the above
experiments. Cytokines were chosen on the basis of the most
common cytokines found in the body in relation to inflam-
mation; a panel of 42 total cytokines was utilized. Panel
results for these two groups were then compared to the cyto-
kine panel obtained from the serum of MSC-naïve rabbits
prior to surgical aneurysm creation.

2.9. Statistical Tests. Angiographic outcomes were all tested
for normality using a Shapiro-Wilk test and homogeneity
of variances with Levene’s test. For those data comparisons
that were normally distributed with homogeneous variances,
groups were compared using an independent sample t test.
Other data were compared with a Mann-Whitney U test.

In vivo serum cytokine and MMP levels were not
normally distributed; therefore, nonparametric analyses were
performed. A within-subject analysis was conducted to com-
pare serum samples over time within each group individually
using Friedman’s test. Any tests that rejected the null hypoth-
esis were further tested with a post hoc Wilcoxon Signed-
Rank test with a Bonferroni correction applied. Next, a
between-subject analysis was carried out to directly compare
the two groups at each specific time point by using Mann-
Whitney U tests. In vitro serum cytokine and MMP levels
were analyzed with Student’s T-test and Levene’s test.

Histological outcomes were first tested for normality,
then compared using either a t test or a Mann-Whitney
U test as appropriate. Angiographic and histological mea-
surements used for correlation analyses were normally dis-
tributed; therefore, a Pearson’s correlation was performed
on the data of interest.

All statistical tests were conducted using SPSS Version 21
(IBM, Armonk, NY).

3. Results

Twenty-six rabbits were required to complete 20 successful
experiments. Five rabbits died intraoperatively. Two were
due to anesthetic complications. One developed a pneumo-
thorax with severe hypotension and was euthanized. Surgical
complications occurred in the remaining two rabbits with
one having an iatrogenic carotid artery perforation and the
other developing a spontaneous carotid artery bleed thought
to be secondary to excessive elastase spillage onto the external
arterial surface throughout the incubation period. An addi-
tional rabbit was excluded from the analysis as a large air
bubble was found in the proximal common carotid artery
after elastase introduction, preventing complete luminal elas-
tase exposure. No postoperative complications occurred in
the 20 included rabbits.

3.1. Angiographic Outcomes. Twenty rabbits formed aneu-
rysms and DSAs occurred without issue. There were no
aneurysm ruptures. All aneurysms were elliptical in shape,
with one control aneurysm having a small lobule at the
distal aspect of the dome. In all but one aneurysm, great-
est dimension was equivalent to the greatest length mea-
surement. Control aneurysm mean greatest dimension
was 4.76mm (s = 1 59, 95% CI: 3.38mm – 6.14mm), while
the experimental group had a mean greatest dimension of
4.29mm (s = 0 54, 95% CI: 3.37mm – 4.84mm). There
was heterogeneity of variances; thus, a Mann-Whitney U
test was used to conclude that there was no significant dif-
ference in greatest dimension (U = 44, p = 0 65). Greatest
dome length and width were statistically equivalent
between the control and experimental groups at 3.97mm,
2.37mm and 3.59mm, 2.44mm, respectively (U = 48, p =
0 88; t 18 = −0 159, p = 0 875, respectively; Figure 1).

3.2. Histological Outcomes. Tissue blocks were obtained for
all aneurysms except for one control rabbit aneurysm, which
had unrecognizable morphology upon sectioning, precluding
accurate aneurysm measurements from being obtained and
therefore was unable to be included in the analysis. Varying
degrees of blood clots were noted in the domes of all but three
aneurysms (Figure 2). The angiograms of these aneurysms
did not demonstrate any flow-limiting thrombus; thus, it
was concluded that these occurred post-mortem. Histological
measurements did not incorporate these thrombi.

Mean elastin semiquantification ratios for the control
group and experimental group were both normally distrib-
uted, with means of 0.2116 and 0.1818, respectively
(Figure 3). No significant difference was found
(t 17 = 0 382, p = 0 707). Mean dome tunica media thick-
ness was not normally distributed for the experimental
group. The control group mean of 0.14mm was not signif-
icantly different from the experimental group mean of
0.157mm (U = 34 5, p = 0 391; Figure 3). Intimal hyperpla-
sia was found in 4 of 9 control aneurysms and 6 of 10
experimental aneurysms. When present, tunica intima
thickness was measured. Within these groups, the mean
control group demonstrated significantly more hyperplasia
than the experimental group (0.149mm vs. 0.056mm,
respectively; t 8 = 2 669, p = 0 028; Figure 3).

Since MSCs appeared to minimize the amount of
tunica intima hyperplasia during aneurysm development,
Pearson’s correlation was performed on tunica media
and tunica intima thickness for those that developed inti-
mal hyperplasia. The control group measurements were
correlated (r = −0 977, n = 4, p = 0 023), but the experimental
group measurements were not (r = 0 127, n = 6, p = 0 81).

3.3. Serum Outcomes. Serum samples were successfully
obtained for all rabbits except for one day 15 sample from a
control rabbit. All samples were stored in a -80°C freezer
within 30 minutes of collection.

A within-subject analysis was conducted which revealed
that the control group did not demonstrate any change in
serum cytokines over the course of 29 days (Figure 4).
However, four of the nine measured cytokines and MMPs
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Figure 1: Continued.
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exhibited temporal changes in the experimental group.
Friedman tests of IL-10, MIP-2, MMP-2, and proMMP-9
revealed significant differences (χ2 2 = 6 162, p = 0 046;
χ2 2 = 14 778, p = 0 001; χ2 2 = 8 316, p = 0 016; and
χ2 2 = 11 545, p = 0 003; respectively). Post hoc testing
for these two cytokines and two MMPs was performed using
Wilcoxon Signed-Rank tests with a Bonferroni correction.
IL-10 was significantly higher on day 29 than both day 1
and day 15 (Z = −2 804, p = 0 05; Z = −2 618, p = 0 009;
respectively). Similarly, MIP-2 was also significantly elevated

on day 29 compare to days 1 and 15 (Z = −2 985, p = 0 003;
Z = −3 247, p = 0 001; respectively). MMP-2 levels signifi-
cantly decreased from day 15 to day 29 (Z = −2 897, p =
0 004) while proMMP-9 levels significantly increased from
day 15 to day 29 (Z = −2 751, p = 0 006).

With regard to between-subject effects, there were no dif-
ferences in baseline cytokine and MMP levels between the
control and experimental groups. On day 15, both IL-1β
and IL-10 were approximately 1.6-fold higher in the
experimental group (U = 7 5, p = 0 002; U = 11, p = 0 005;
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Figure 1: Anteroposterior cerebral angiography; brachiocephalic injection. (a) Largest saccular aneurysm formed in the control group. (b)
Largest saccular aneurysm formed in the experimental group. Box and whisker graphs of (c) greatest dimensions, (d) maximal saccular
dome length, and (e) maximal saccular dome width of right common carotid artery saccular aneurysms as measured on cerebral
angiography. Median, quartiles, and maximum/minimum values shown.
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Figure 2: Histological sections of two saccular aneurysms, stained with VVG. Aneurysm sac is seen pointing towards the top right of both
slices. The vessel wall consists of tunica adventitia (red), elastin fibers (black) in the tunica media, and a very thin layer of tunica intima
adjacent to the lumen. (a) Blood clot is seen filling the aneurysm lumen. (b) Very small amount of blood clot seen at the apex of the aneurysm.
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respectively; Figure 4). All cytokines were significantly
elevated in the experimental group on day 29 (IL-1β:
U < 0 001, p < 0 001; IL-10: U < 0 001, p < 0 001; TNF-α:
U = 20, p = 0 023; MIP-1α: U = 13 5, p = 0 006; MIP-2:
U = 2 5, p < 0 001; MCP-1: U < 0 001, p < 0 001; and
VEGF: U = 4 5, p = 0 001). MMP-2 was significantly lower
on day 29 in the experimental group, while proMMP-9 was
significantly higher (U = 16, p = 0 01; U = 15, p = 0 008;
respectively; Figure 4).

3.4. In Vitro Outcomes. For MSC proliferation, there were
three groups consisting of two experimental and one control.
The experimental groups were comprised of MSCs grown in
media supplemented with MSC-naïve serum from animals

either with or without aneurysms. The control contained
MSCs grown in the absence of any serum. MSC growth was
significantly heightened when introduced to serum from
animals with aneurysms, as compared to the control
(p = 0 0008). The same was also noted for MSC growth in
serum from animals without aneurysms compared to the
control (p = 0 01). Between the two experimental groups,
there was also a significant increase in MSC proliferation in
the presence of serum from animals with aneurysms com-
pared to MSCs grown in media supplemented with serum
from animals without aneurysms (p = 0 002) (Figure 5(a)).

For cytokine experiments, the experimental groups were
the same as in the proliferation trials; MSCs grown in
serum-free media were supplemented with serum from
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Figure 3: (a) Elastin semiquantification of the tunica media in the control and experimental group aneurysms. No significant difference in
elastin content was found (n = 9/10, t 17 = 0 382, p = 0 707). Box and whisker plots demonstrate median, quartiles and
maximum/minimum values (withholding outlier, represented by an open circle). (b) Tunica media thickness and (c) tunica intima
hyperplasia (when present) measured histologically in the control and treatment group aneurysms. Tunica media thickness was
normalized to parent vessel thickness. No significant differences were seen in tunica media thickness (n = 9/10, U = 37, p = 0 514), but the
control group demonstrated significantly more tunica intima hyperplasia than the treatment group (n = 4/6, t 8 = 2 669, p = 0 028).
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Figure 4: Continued.
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either aneurysm-harboring MSC-naïve animals or
aneurysm-free MSC-naïve animals. The controls for this
experiment were the serum samples collected from the
in vivo experiments, to which each experimental group was
compared to the corresponding serum type from which they
were supplemented.

Levels of group 1 were shown to be significantly higher in
the experimental MSC group that was supplemented with
aneurysm-containing serum as compared to serum samples
alone. Group 1 consisted of IL-9, IL-12(p40), RANTES, and
VEGF, and this overall trend was depicted in Figure 5 with
the results from VEGF (p = 0 0001, 0.001, 0.0001, and
0.003, respectively, Figure 5(b)). The levels of these cytokines
were also shown to be significantly higher in the experimen-
tal MSC group that was supplemented with aneurysm-free
serum as compared to serum samples alone (p = 0 04,

0.001, 0.0003, and 0.0001, respectively). Between the two
experimental groups, IL-9, IL-12(p40), RANTES, and VEGF
also showed significantly higher levels when in the presence
of aneurysm-containing serum than in the presence of
aneurysm-free serum (p = 0 005, 0.005, 0.005, and 0.0001,
respectively, Supplementary Figure 1).

Group 2 showed a significant decrease in the experimen-
tal MSC group from aneurysm-containing serum supple-
mentation compared to serum-only samples. This group
consisted of Eotaxin, IL-1β, IL-6, LIF, MIG, MIP-1α, MIP-
2, and proMMP-9; this overall trend was depicted in
Figure 5 with the results from Eotaxin (p = 0 0001, 0.04,
0.0001, 0.0001, 0.0008, 0.0001, 0.0001, 0.02, and 0.01,
Figure 5(c)). These cytokines also showed a significant
decrease in the experimental group containing aneurysm-
free serum supplementation when compared to serum-only
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Figure 4: Cytokine and MMP serum concentrations in the control and experimental groups on days 1, 15, and 29 (n = 10). (a) MCP-1α, (b)
MIP-1α, (c) MIP-2, (d) IL-1β, (e) IL-10, (f) TNF-α, (g) MMP-2, (h) proMMP-9, and (i) VEGF. Within-subject analyses revealed no
statistically significant differences in the control group cytokine/MMP levels over 29 days, but a significant increase in MIP-2, IL-10, and
proMMP-9 on day 29, with a significant decrease in MMP-2 on day 29. Red p values show significant findings on between-subject analyses.
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Figure 5: Results for the in vitro study. (a) Primary results from the proliferation analysis. The left bar representing MSCs grown in a serum-
free environment (control), the middle group as MSCs supplemented with aneurysm-free serum, and the right being MSCs supplemented
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samples (p = 0 04, 0.004, 0.01, 0.03, 0.0003, 0.0001, 0.0001,
and 0.003, Supplementary Figure 2). Between the two
experimental groups, no significant difference was found.

Group 3 consisting of G-CSF, IL-10, LIX, MMP-2, MMP-
3, MMP-8, and MMP-12 showed a significant increase in the
experimental MSC group from aneurysm-containing serum
supplementation compared to serum-only samples; this
trend was depicted in Figure 5 with the results from G-CSF
(p = 0 04, 0.0006, 0.02, 0.04, 0.005, 0.0001, and 0.0001,
Figure 5(d)). These cytokines also showed a significant
increase in the experimental group containing aneurysm-
free serum supplementation when compared to serum-only
samples (p = 0 02, 0.0004, 0.0001, 0.011, 0.0001, 0.0001, and
0.0001, Supplementary Figure 3). There was no significance
found between the two experimental groups.

4. Discussion

The primary outcome for this study was the greatest aneu-
rysm dimension 29 days postcreation, which did not show
any statistically significant difference between the MSC-
exposed and control aneurysms. However, the pathogenesis
of aneurysms is a complex process involving many inflam-
matory cascades which may have been impacted by the IV
injection of MSCs. Temporal serum cytokine and MMP
profiles were obtained from the arterial circulation at three
time points (days 1, 15, and 29) to investigate this. The
cytokine and MMP panels were selected based on their
known involvement in saccular aneurysm formation, MSC
physiology, and the ability to obtain antibodies with reactiv-
ity to rabbits. The resultant panel, while not exhaustive, was
highly representative.

In vitro results support that MSCs exhibit both a proin-
flammatory and an anti-inflammatory effect. It is interesting
to note that prior research has noted two subtypes of MSCs
that might be responsible for this effect. MSC1, a proinflam-
matory MSC phenotype, is known to release MCP-1, which
activates macrophages and switches them into their typical
M1 proinflammatory phenotype [10, 25]. M1 macrophages
in turn release MIP-1α and MIP-2 which continue to activate
more M1 macrophages [26]. These cells secrete many
cytokines, including IL-1β, TNF-α, and VEGF which, in
addition to activating inflammatory cascades, also contribute
to further MSC1 activation [27, 28]. They are also a source
for MMP-2 and MMP-9, which have been implicated in the
destruction of the internal elastic lamina [29, 30]. On the
contrary, PGE2 is produced by MSC2 anti-inflammatory
MSCs, which may subsequently lead to macrophage pheno-
type switching to an anti-inflammatory M2 cell [31, 32].
These cells in turn release cytokines such as IL-10, which
has an inhibitory effect on inflammatory cascades [32]. The
in vitro results support that these two subpopulations are
present when introduced to an aneurysm environment.
However, our experiments were not designed to elucidate
the predominance of one population over another, which
could be the focus for future experiments.

Baseline profiles were identical between control and
experimental rabbits. On day 15, significant increases in IL-
1β and IL-10 were noted. This trend continued to day 29.

Furthermore, on day 29, some of the measured cytokines
were significantly elevated in the experimental group
(Figure 2). This suggests that both MSC1 and MSC2
phenotypes could be activated because both pro- and
anti-inflammatory cytokines were found to be significant.
This balance of antagonistic phenotypes is seen elsewhere.
Specifically, stable unruptured cerebral aneurysms contain
roughly equal concentrations of M1 and M2 macrophage
phenotypes [33]. Ruptured aneurysms, however, have a
significantly increased proportion of M1 proinflammatory
macrophages residing in the wall. Therefore, it is not incon-
ceivable that the balance of M1 and M2 macrophages, acti-
vated by MSC1 and MSC2 cells, respectively, dictates the
fate of a developing aneurysm. In addition, MMP-2 and
proMMP-9 decreased and increased, respectively, by day
29. As these MMPs are implicated in aneurysm formation
through elastin degradation, their opposing trends provide
further evidence for antagonistic phenotype activation.

MSCs are known to operate in both a paracrine and
endocrine fashion [17, 34]. Assuming in this case that the
injected MSCs localized to the developing aneurysm and
exerted a paracrine effect on the inflammatory tissue, it is
reasonable to postulate that cytokine and MMP levels in the
serum would not be altered. As this was not observed, it
is potentially the case that MSCs are exerting their effects
in an endocrine fashion by releasing factors into the blood
stream. While MSCs are not known to secrete all cytokines
and MMPs measured in this experiment, this scenario is
most consistent with the observations. Even if true, this does
not preclude MSC localization to the developing aneurysm
tissue.

An interesting finding is the drastic increase in serum
cytokine and MMP variance in the experimental group on
day 29. Variance was small and stable throughout the 29 days
in the control group, as well as the experimental group from
day 1 to day 15.While the etiology of this finding is unclear, it
perhaps indicates a differential activation of MSCs. Possible
reasons for this include inconsistent inflammatory signals
from the developing aneurysm, variable MSC viability upon
IV injection, inflammatory signals that are too weak to result
in consistent MSC responses, or inconsistent cytokine immu-
noassays. The high variance was observed in all cytokines
and MMPs, suggesting that it was likely not due to a specific
inconsistent immunoassay. A small variance in experimental
aneurysm size would not be expected if there was large MSC
batch-to-batch viability. The reliability of the aneurysm
model to produce aneurysms suggests that inconsistent
inflammatory signals is likely not to blame either. Perhaps
then, the inflammatory signals emitted from a very small
amount of tissue are too weak to cross the MSC activation
threshold when administered far from the aneurysm site.
Removing some of the more extreme potential outliers does
not alter the statistical results; thus, there is confidence in
the findings.

Histological measurements were undertaken to try to
understand the tissue-level effects that MSCs were eliciting
through their pro- and anti-inflammatory modulation. It
was found that the elastin content was similar in the control
and experimental groups, suggesting that MSCs do not
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inhibit the elastase activity in this model. Tunica media
thickness was not affected by MSCs either. Hyperplasia of
the tunica intima was noted in approximately 50% of control
and experimental rabbits. While again there was no differ-
ence in prevalence, when present, MSC-treated rabbits
resulted in a significant reduction in the degree of hyperpla-
sia. During aneurysm development, smooth muscle cells
(SMCs) migrate from the tunica media into the tunica intima
in response to endothelial injury [35]. They also undergo
apoptosis, with the combination of the two resulting in
thinning of the tunica media [36–38]. Perhaps then, MSCs
are inhibiting SMCmigration out of the tunica media, prefer-
entially shuttling them into the apoptotic pathway instead.
IL-1β, found in increased concentrations in the experimental
rabbits, has been shown to increase SMC apoptosis [6]. This
way, the tunica media would continue to thin, as it did in
the control aneurysms, but tunica intima hyperplasia
would be minimized. This is supported by the lack of
correlation between tunica media and tunica intima thick-
nesses in the experimental rabbits, as opposed to the con-
trol aneurysms. It would appear then that perhaps, MSCs
are acting in an anti-inflammatory manner, inhibiting an
in situ vascular protective process. In this regard, MSCs
may exacerbate a loss of structural integrity in the wall
of a forming aneurysm. However, the then expected out-
come of an increase in mean aneurysm size was not
found, indicating either an insufficient magnitude of effect
on gross aneurysm dimensions or the presence of a much
more complicated process dictating aneurysm size and
morphology. Either way, this is an interesting finding that
requires more investigations to elucidate the underlying
mechanisms and their implications.

The in vitro analysis allowed for a deeper understanding
of how MSCs act in a simulated aneurysm environment.
MSC proliferation was significantly higher when supple-
mented with animal blood serum. This was amplified further
when the serum was from an aneurysm-harboring animal;
this suggests that MSC growth is affected positively by the
presence of an aneurysm.

IL-9, IL-12, and RANTES are all important factors for
growing, generating, and attracting T cells [39–41]. The
levels of these factors were significantly higher in the pres-
ence of MSCs than just in serum alone, indicating that the
MSCs are playing a role in affecting the levels of these
cytokines. The increase likely suggests that MSCs are contrib-
uting to the production of these cytokines. Levels were also
significantly increased when introduced to aneurysm-
containing serum suggesting that MSCs would produce more
T cell proliferation factors when in the presence of an aneu-
rysm. VEGF is fundamental in stimulating the formation of
blood vessels and has also been found to stimulate differenti-
ation in progenitor cells [42]. It was shown that VEGF levels
increased when MSCs were supplemented with aneurysm-
free serum compared to the serum levels alone. This result
was amplified further when MSCs were supplemented with
aneurysm-containing serum. The VEGF results corroborate
the findings from the in vivo experiments and further suggest
that MSCs are playing a direct role in the production of
VEGF in an aneurysm environment.

Although there was no significant difference between the
presence and the absence of an aneurysm, many chemoat-
tractants and chemokines were depleted in the presence of
MSCs. Eotaxin, IL-1β, IL-1, MIG, MIP-1α, and MIP-2 were
found to be significantly reduced in the experimental MSC
groups compared to serum-only samples. This suggests that
MSCs are exhibiting their anti-inflammatory effects and
deterring the involvement of the immune system by reducing
the amount of proinflammatory factors in the environment.
There was also a significant decrease in proMMP-9, which
plays a key role in the degradation of the extracellular matrix.
The decrease in IL-1β, proMMP-9, and MIP-1α is contradic-
tory to the results found in vivo.

MMP-2, MMP-3, MMP-8, and MMP-12 were all found
to be significantly increased in the presence of MSCs,
suggesting that an increase in ECM breakdown may occur
leading to remodeling of tissue by the cells [43]. G-CSF, a gly-
coprotein which upregulates the endogenous release of stem
cells from bone marrow, was significantly increased in the
presence of MSCs [44]. This was found regardless of aneu-
rysm presence, signifying that administration of MSCs may
lead to endogenously increased MSCs regardless of the pres-
ence of an aneurysm. IL-10, an anti-inflammatory cytokine,
was also increased, regardless of aneurysm presence, contrib-
uting to the recognized anti-inflammatory effects of MSCs
[45]. These results are contested by the results described in
the in vivo experiments, suggesting that there is an underly-
ing mechanism that needs to be further investigated. LIX is
a chemoattractant which is also associated with the increased
migration of neutrophils and has been shown to increase the
lifespan of MSCs [46]. This factor was significantly increased
in theMSC groups regardless of the presence of an aneurysm,
when compared to serum sample controls. This suggests that
the exogenous administration of MSCs may upregulate the
production of LIX within the body.

It is interesting to note both the similarities and differ-
ences between the in vivo and in vitro experiments. VEGF
was commonly increased in the presence of MSCs, leading
to the conclusion that it is a fundamental cytokine produced
by MSCs. The differences between the experiments were
quite stark, and this could be due to the lack of variables
within the in vitro study and the much more complex
nature of an in vivo model. Although there were several
conflicting results between the in vivo and in vitro experi-
ments, one conclusion remains clear: MSCs respond to an
aneurysm environment with both an anti-inflammatory
and proinflammatory response. This interplay between
proinflammatory and anti-inflammatory effects through
MSCs has been noted in other studies [47]. MSCs are
often thought to be immunosuppressive; however, these
results are not always achieved, and a proinflammatory
response can be induced [48, 49].

This study had several important limitations. First, a sin-
gle dose of 5 × 106 MSCs was used. It is possible that MSC
response is dose-dependent, in which case the observed effect
may have been minimized. A dose-response experiment is an
important next step. A maximal safe dose of MSCs exists, as
doses above this can lead to symptomatic pulmonary emboli
[50]. This number is likely species-specific and needs to be
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determined in the rabbit model. Next, twoMSC IV injections
were administered during the aneurysm formative process to
maximize MSC exposure to the inflammatory signals. The
caveat with this design is that it rendered the results difficult
to interpret in terms of identifying which injection was
responsible for the observed changes. The serum cytokine
and MMP changes were predominantly noted on day 29,
suggesting that the day 15 injection was likely more effica-
cious than the day 1 injection, but this remains to be proven.
Conceptually, this makes sense, as the inflammatory process
likely takes several days to build to its peak intensity. The
converse design would require far more animals but would
be able to distinguish between the two injections. Another
limitation was the serum cytokine and MMP immunoassay.
Rabbit antibodies are very limited in availability, and trial
runs were initially performed with antibodies designed for
other animals with uncertain efficacies in rabbits. A mouse
kit appeared to be the most precise and reliable, but the accu-
racy is unknown. Despite this, meaningful data was still
obtained through relative comparisons between groups.
Finally, some data was unable to be collected once the tissues
were paraffin-embedded. Doing so denatured the proteins
but was a necessary step in obtaining more important infor-
mation such as histological measurements. Future studies
investigating aneurysm tissue lysate protein levels as markers
for various cellular processes would be useful.

5. Conclusions

This preclinical trial demonstrated that MSCs appear to
take on both pro- and anti-inflammatory phenotypes upon
IV injection into a rabbit elastase-induced saccular aneu-
rysm model, and this was supported by in vitro studies.
While no statistically significant changes in aneurysm size
occurred, MSCs appear to significantly inhibit the degree
of tunica intima hyperplasia through a yet undetermined
mechanism. This study contributes to our understanding
of MSCs in the inflammatory milieu of saccular aneurysms
and paves the way for future studies to determine how
best to utilize these cells in the prevention or treatment
of saccular aneurysms.
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Cell adhesion is essential for survival, it plays important roles in physiological cell functions, and it is an innovative target in
regenerative medicine. Among the molecular interactions and the pathways triggered during cell adhesion, the binding of cluster
of differentiation 44 (CD44), a cell-surface glycoprotein involved in cell-cell interactions, to hyaluronic acid (HA), a major
component of the extracellular matrix, is a crucial step. Cell therapy has emerged as a promising treatment for advanced liver
diseases; however, so far, it has led to low cell engraftment and limited cell repopulation of the target tissue. Currently, different
strategies are under investigation to improve cell grafting in the liver, including the use of organic and inorganic biomatrices
that mimic the microenvironment of the extracellular matrix. Hyaluronans, major components of stem cell niches, are attractive
candidates for coating stem cells since they improve viability, proliferation, and engraftment in damaged livers. In this review,
we will discuss the new strategies that have been adopted to improve cell grafting and track cells after transplantation.

1. Introduction

Cell adhesion plays a pivotal role in maintaining the physio-
logic functions of cells in solid organs, contributing to cellu-
lar organization and structure, proliferation, survival, and
differentiation. Cell adhesion molecules (CAMs), a family
of transmembrane proteins, are involved in cell-to-cell adhe-
sion and in the interaction between cells and the extracellular
matrix (ECM) [1, 2]. CAMs are generally characterized by
three conserved domains: an intracellular domain that inter-
acts with the cytoskeleton, a transmembrane domain that
crosses the lipid bilayers of the cell membrane, and an extra-
cellular domain that interacts either with the same CAMs by
homophilic binding or with the ECM by heterophilic binding
[3, 4]. The modulation of cell adhesion is a key issue in regen-
erative medicine [5].

Although tissue engineering has so far aimed at recon-
structing organs and tissues or recellularizing natural bioma-

trices, recently, cell therapy of solid organs has attracted the
interest of many scientists and led to promising results in sev-
eral clinical trials [6–22]. However, the uncertain efficacy of
grafted cells in the target organ is the main obstacle to cell
therapy [11, 22–26]; thus, recent research has focused on
developing new strategies to tackle this issue [22, 27, 28].

Hyaluronic acid (HA) is one of the most used biomatrices
in human medicine, and multiple studies have suggested
that it improves the engraftment efficacy of transplanted cells
[9, 12, 18, 20–22, 29, 30]. Preclinical data have also
highlighted some properties of HA that are promising for
future applications in cell therapy of liver diseases. However,
clinical applications of cell therapies are hindered by the lack
of techniques that can track transplanted cells and verify
their fate after injection.

In this review, first, we will summarize recent studies
on HA and its cell receptor, cluster of differentiation 44
(CD44); second, we will give an overview of the use of HA
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in regenerative medicine and cell therapy; and lastly, we will
discuss recent approaches to cell tracking with potential
applications in humans.

2. Engraftment Efficiency and Factors Affecting
Liver Engraftment

Human stem cell therapy is an active field of research.
Understanding how to modulate the engraftment of trans-
planted or infused cells represents an important goal to
improve the homing of grafted cells in the target organ and
to minimize ectopic colonization. Although it has been
hypothesized that cells cannot survive in ectopic sites, recent
data from athymic mouse models have shown that cells can
survive for months in ectopic sites, such as the lung, spleen,
and kidney, and that they can be followed with positron
emission tomography (PET) [22].

Several research groups are striving to find new strategies
to reduce the ectopic localization of cells, and HA, a natural
biomatrix found in most of the organs, is one of the most
investigated molecules in the field of hepatology because of
its multiple interesting properties [4, 9, 21, 31–36].

2.1. Cell Engraftment Efficiency. Experiments on different
mouse models have shown that the highest liver engraftment
efficiency of hepatic stem/progenitor cells was less than 5%
when cells were transplanted via the intraportal route or
other vascular routes [26, 37, 38]. Similar results were
obtained by infusing stem cells via vascular routes into pri-
mate livers [26] or via the intraportal route in humans [24];
however, the engraftment efficiency in patients increased to
20-25% when the cells were infused through the hepatic
artery [24].

Intrasplenic hepatocyte transplantation has been per-
formed in animal models with chronic liver failure. After
transplanting hepatocytes into the splenic parenchyma of
rats, researchers observed a transient portal hypertension
and noticed that approximately 26% of the cells remained
in the spleen, 72% colonized the liver, and 2% were
entrapped in the small capillaries of the lungs [26]. Recently,
we have shown that transplantation via the intrasplenic

route of HA-coated human biliary tree stem/progenitor cells
(hBTSCs) in mice increased the engraftment efficiency by
fivefold without significant cell distribution in ectopic sites
[27]. It is important to point out that, after cell transplanta-
tion, grafted cells were present in nontarget organs [39], but
in certain cases, most of the ectopic cells were no longer
detectable after two days [40]. Liver parenchymal repopula-
tion by exogenous cells is a prerequisite for successful cell
therapies [41]. Cell translocation from sinusoids into liver
plates requires the disruption of the sinusoidal endothelium
and the progressive proliferation of the transplanted cells
through a sequential process that involves chemokine-
activated integrins and the ECM [42].

2.2. Factors Affecting Engraftment Efficiency. Several factors
may affect the engraftment, such as the host characteristics
and response, the cell source, and the administration route
(see Box 1).

(i) Factors related to the host may be tissue vascula-
ture, alterations in the blood system, pathologic
conditions (necrosis, transmissible factors, inflam-
mation, and fibrosis), and the ECM composition
and structure (adhesion molecules, remodeling
factors) [11, 22, 25, 39]

(ii) Factors regarding the cell source may be cell size
[41], cell proliferation [11, 43, 44], intrinsic immu-
nogenicity [45–47], tolerance to toxic and ischemic
injuries [45], metabolic/metabolomic cell properties
[48], and the adhesion molecules associated with the
cytoskeleton, whose expression is affected by both
environment cues and the ECM [22, 28, 49]

(iii) The engraftment efficiency depends also on the
administration route. For instance, hepatic artery
infusion and portal vein infusion lead to different
engraftment levels [50]

Cell features associated with high engraftment efficiency
include the aggregate size [41] and the cell size: cells with
large size may cause venous thrombosis after transplantation

Factors affecting the engraftment into the liver.
(i) Host factors [11, 22, 25, 37]

(a) Vasculature
(b) Pathologic conditions (necrosis, transmissible factors, inflammation, and fibrosis)
(c) Extracellular matrix (major driver adhesion molecule expression; remodeling factors)

(ii) Cell source
(a) Cell size [39]
(b) Proliferation [11, 41, 42]
(c) Immunogenicity [43–45]
(d) Tolerance to toxic and ischemia [43]
(e) Metabolic/metabolomic [46]
(f) Adhesion molecules and associated cytoskeleton (highly inducible by environment factors/ECM) [22, 28, 47]

(iii) Administration route: arteriosus vs. venous, hepatic artery vs. portal vein in the liver [48]

Summary of the factors that affect liver engraftment. The major factors are host characteristics, cell source, and administration route.

Box 1: The engraftment challenge: candidate modulators.
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and ischemia-related issues that can lead to loss of tissue
functions. Regarding cell proliferation, the grafted cells
should be able to proliferate more than the resident cells
and acquire organ-specific physiological functions [11, 27,
44]. With regard to immunogenicity, the host’s immune sys-
tem should not be overstimulated to avoid rejection and toxic
injuries in donor cells [45–47].

2.3. Strategies for Cell Delivery. Cell delivery techniques
should maximize regenerative benefits while minimizing side
effects [42]. In humans, both the portal vein and the hepatic
artery are considered as safe administration routes in liver
cell therapy. Although further comparative studies are
needed to define the best delivery method [51, 52], both
routes have so far shown complications, such as hepatic
artery dissection following hepatic artery infusion [53] and
increased portal hypertensive bleeding upon portal vein infu-
sion [54].

Many ongoing studies are trying to improve the outcome
of cell engraftment in the liver (Box 2). For instance,
researchers are aiming to determine the best host precondi-
tioning for hepatocyte cell therapy (i.e., the physiopathologi-
cal conditions of the receiver before cell infusion) [39], the
most appropriate matrix components to use (e.g., fibrin
[26], cross-linked HAs [22, 28], or other biomatrix scaffold
components [55]), the efficiency of direct injection as com-
pared to vascular infusion (preclinical study) [22], or the effi-
cacy of combination approaches (for instance, combining a
grafting device with direct injection or transplanting recellu-
larized liver scaffolds [56, 57]). However, there are no studies
comparing how different cell types affect liver cell therapy.

3. CD44 as an HA Receptor

In human, the CD44 gene maps to the chromosomal locus
11p13. CD44 encodes for a glycoprotein involved in cell
adhesion, and it is the best-characterized member of the hya-
luronate receptor family.

3.1. CD44 Functions. Alternative splicing of the CD44 gene
generates variants of the extracellular domain that confer
different functions to the protein. The expression of vari-
ant isoforms has been observed in breast [58] and pancreatic
ducts [59, 60].

CD44 binds to HA, and its activation is finely regulated.
While the inhibition of N-glycosylation enhances HA binding,

the mutation of specific sites converts the CD44 inducible
form to the constitutively active form [61]. The receptor is
involved in sensing the extracellular microenvironment and
in intercellular cross-talk. CD44 proteins primarily maintain
the 3D structure of organs and tissues and control the prolifer-
ation of epithelia and repairing of stressed cells. When cells
expand on specific scaffolds, the expression of both CD44
and HA is enhanced [62, 63].

3.2. CD44 and HA. HA is the main ligand of CD44, and it is
involved in cell-cell and cell-matrix adhesion, cell migration,
and signaling. HA is a polymeric linear glycosaminoglycan
that contains at least three sites that bind to CD44: a “link”
domain encoded by exon 2 [64] and another two domains
encoded by an overlapping region in exon 5 [65]. The HA
binding sites consist of amino acid clusters that include
specific arginine residues that mutation studies proved to
be required for the binding [64, 66]. A detailed mutational
analysis of amino acid clusters in the cytoplasmic domain
of CD44 has identified specific arginine and lysine residues
through which reagents stimulating protein kinase C (PKC)
differentially regulate the binding of CD44 to HA [67]. Cells
can express CD44 in an active, inducible, or inactive state
depending on HA binding [61].

3.3. Other Ligands of CD44. Besides HA, CD44 binds to other
ligands, including osteopontin, serglycin, collagen, fibronectin,
and laminin, through its extracellular N-terminal domain,
which is highly conserved (it displays about 85% homology
among mammals) [68].

3.4. Other Receptors of HA.HA is also bound by hyaluronan-
mediated motility receptor (RHAMM) and by lymphatic ves-
sel endothelial receptor-1 (LYVE-1). RHAMM and CD44 are
coexpressed, and RHAMM has similar but fewer functions
than CD44 [69]. RHAMM promotes migration and prolifer-
ation of normal and tumor cells [69]. A recent study has sug-
gested that LYVE-1 mediates leukocyte extravasation from
lymphatic vessels [70].

4. Hyaluronic Acid

HA is expressed on the cell surface of both normal and tumor
cells. It is an important component of the stem cell niches as
it preserves the multipotency of stem/progenitor cells and
prevents their differentiation; also, HA modulates stem cell
migration during embryonic development [34].

(i) Host preconditioning: hepatocyte cell therapy strategy [37]. Different clinical protocols available
(ii) Matrix components: fibrin [26], synthetic biomatrix scaffolds, mostly cross-linked HAs [22, 28], and biomatrix scaffold

components [51]
(iii) Direct injection versus a vascular route (preclinical stage) [22]
(iv) Combination strategies: evoluted grafting device+direct injection (patch grafting under development) and recellularized liver

scaffold transplantation [52]

Summary of the current strategies to improve the outcome of liver cell engraftment. Currently, there are no trials that have compared
different cell types.

Box 2: Current strategies to improve the outcome of liver cell engraftment.
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For many years, the ECM was believed to have only
mechanical properties; however, in the last decades, multiple
studies have shown how the ECM plays a crucial and
dynamic role in regulating cell homeostasis. Indeed, the HA
matrix supports cell adhesion, growth, and differentiation,
it regulates cell trafficking, and it affects various processes,
such as development and organogenesis, inflammation,
wound healing, and tissue remodeling [4].

Among the ECM components, HA has a crucial role
because of its rheological, viscoelastic, and hygroscopic prop-
erties [4]. HA molecules interact with high efficiency and
form large polymers in combination with other molecules,
generating different complexes involved in cell motility,
proliferation, adhesion, and differentiation [9]. HA can also
adapt to variable three-dimensional configurations depend-
ing on pH, salt concentration, and associated cations. The
HA complexes can form in highly viscous solutions with
low concentrations of HA. By increasing HA concentration,
solutions become more viscous since the linear polymers
associate with each other forming bigger structures, which
are stabilized by hydrophobic bonds between the chains
[31]. HA prevents the accumulation of other macromole-
cules and delays the spread of contaminants and the migra-
tion of cells other than immune cells into tissues because of
steric hindrance, the rotation around the linkages between
sugar residues, and the dynamic and weak hydrogen bonds
between the residues [31].

4.1. Anti- and Pro-inflammatory Properties of HA. Depend-
ing on the polymer length and the ability to bind to multiple
CD44 molecules, HA can exert opposite functions. For
instance, it can either promote or inhibit inflammation and
fibrosis [9, 71]. CD44 binds to HAwith low-affinity hydrogen
bonds; as a result, multiple receptors need to bind to HA to
trigger downstream signaling [72]. Two papers have sug-
gested that the binding of CD44 to HA enhances T-cell anti-
gen receptor (TCR) signaling leading to the activation of
regulatory T-cell populations [73, 74]. Other authors have
hypothesized that their binding induces the production of
anti-inflammatory cytokines, such as IL-10 [71] and TGF-β
[71, 75, 76], and it inhibits the pro-inflammatory Toll-like
receptor (TLR) signaling and NF-κB translocation [72].
However, the pathways through which CD44 enhances
anti-inflammatory signals are unknown.

HA long-chains (HA-l) exhibit anti-inflammatory prop-
erties in many in vitro and in vivo models [35, 77]; studies
have also reported that HA-l increase the phagocytosis by
macrophages, reduce pro-inflammatory cytokine production,
and limit cell oxidative damage and apoptosis [32, 36, 78].

HA short-chains (HA-s), which are generated by HA
proteolysis, exhibit pro-inflammatory properties by modu-
lating TLR-4 and TLR-2 signaling [79]. It has also been
suggested that HA-s may play a double role during the
inflammatory process by inducing both the expression of
pro-inflammatory cytokine and TRL-4-mediated pathways
[80]. A study by Saikia et al. [81] supports this hypothesis:
the authors found that the miRNA miRNA-181b-3p was
downregulated in Kupffer cells of alcoholic liver disease
(ALD) patients. This miRNA dampens inflammation by

inhibiting the expression of importin α5, which activates
NF-κB. Interestingly, treating Kupffer cells with hyaluronic
acid 35 (HA35), a small specific-sized HA, restored the
expression of miRNA-181b-3p. Indeed, HA-s makes the
ECM more accessible to immune cells and induces pro-
inflammatory pathways in the surrounding cells that, in turn,
release cytokines that attract more immune cells [82].

5. Biologic Rationale for the Use of HA and Its
Derivatives in Regenerative Medicine

Currently, HA is one of the most important molecules used
to craft biomaterials, and it has been employed in different
areas because of its multiple roles [9].

5.1. HA Modifications. The carbohydroxilic groups of HA
can be modified generating two main groups of molecules
by covalent cross-linking of native HA. The first group is
created by a reaction that requires toxic reagents and harsh
conditions and that makes the resulting hydrogel unable to
bind to tissues and cells. On the other hand, the second group
can be further modified and is able to interact with cells, tis-
sues, and therapeutic agents. Therefore, this second type of
HA derivatives is useful for clinical studies [83].

5.2. Tyramine-Modified HA. Recently, a tyramine-modified
HA has been generated by in situ enzymatic cross-linking
by adding hydrogen peroxide to solutions of HA-tyramide;
further developments will allow using tyramine-modified
HA for cell delivery [84]. Tyramine-modified HA can form
hydrogels that can modulate, in vitro and in vivo, cellular
mechanisms such as delivery, recovery, and expansion.

5.3. Thiol-Modified HA. Thiol-modified HA, used for drug
evaluation and regenerative medicine, is obtained by modify-
ing the carbohydroxilic groups through hydrolysis of the
disulfide bonds [19, 85]. The biodegradation rate and specific
mechanical properties of thiol-modified HA, such as physical
form, viscosity, and transparency, can be modified [86]. For
instance, the aldehyde-modified HA has been proposed for
vocal fold wound healing because of its adjustable viscoelas-
ticity conferred by the double cross-linked networks between
HA microgels and cross-linked hydrogels [9]. Shu et al.
investigated the potential application of the thiol-modified
HA in tissue repair by using a range of HA concentrations
between 1.0 (w/v%) and 0.0 (w/v%) in order to obtain differ-
ent levels of hydrogel stiffness; they observed that cells prolif-
erated better in thiol-modified HA hydrogels than in culture
dishes [85].

5.4. Mixing HA and Soluble Signals. Turner et al. have studied
how to improve liver engraftment of human hepatic stem
cells (hHpSCs) by using a mix of soluble signals and extracel-
lular matrix biomaterials that are found in stem cell niches
(hyaluronans, type III collagen, and laminin) [22, 28]. In
their works, Turner and colleagues used different HAs with
high molecular weight (average MW: 1,500,000), and they
diluted them to obtain a range of final concentrations of 1.0
and 2.0% solution (w/v).
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Recently, a functional wound dressing composed of dif-
ferent biomaterials, including HA and collagen, and contain-
ing epidermal growth factor (EGF) and vitamin C derivative
(VC) has been developed [18, 30, 87, 88]. Niiyama and Kur-
oyanagi investigated the properties of this wound dressing as
a cultured dermal substitute (CDS), its potential to facilitate
the production of vascular endothelial growth factor (VEGF)
and hepatocyte growth factor (HGF) in vitro, and its ability
to enhance granulation tissue formation associated with
angiogenesis and collagen deposition in vivo [18].

5.5. Parameters of HA Hydrogels. Both the composition and
the mechanical properties of the microenvironment in which
cells are seeded are key factors to control the cell phenotype
and differentiation. Lozoya et al. discovered that they were
able to guide the differentiation of human hepatic stem cells
by changing the HA concentration from 1.0 to 2.0 (w/v %)
in hydrogels [49]. Their results may be useful to find new
strategies to expand and differentiate stem/progenitor cells
isolated from soft organs. The mechanical and biochemical
properties of cells embedded in a matrix can be analyzed sep-
arately; the combination of these properties guides the design
of parenchymal tissues for cell therapies and the develop-
ment of bioreactors [49].

The most important benefit of HA is its biocompatibility
[13, 85, 89]; indeed, Shu et al. have shown that it facilitates
tissue regeneration in nude mice [85]. HA is an attractive
candidate for stem cell grafting because of its abundance in
embryogenesis, wound repair, and organ regeneration [49].
However, a good matrix for tissue engineering needs to rep-
licate both the biochemical and the mechanical properties of
the environment where the cells are transplanted [20, 21, 90].
Lozoya and colleagues studied hHpSC grafting by using a
range of concentrations of hydrogel with thiol-modified HA
derivatives (CMHA-S) and polyethylene glycol diacrylate
(PEGDA) as a cross-linking agent. They demonstrated that
both composition and mechanical properties of the microen-
vironment regulate cellular phenotypic changes; further-
more, their model allows studying stem cell functions in 3D
cultures [49].

5.6. HA Hydrogels and Gels for Cell Delivery in Non-hepatic
Tissues. Chang et al. used human HA hydrogels to transplant
epicardial stem cells (they used high molecular weight HA at
a final concentration of 10% w/v) [12]. The authors decided
to test HA-blood hydrogels because they are easy to synthe-
size, promote stem cell survival and proliferation, and are
promising candidates for cell delivery in the epicardium
[12]. Compared to HA or PEG-based gels, HA-blood hydro-
gels offer the possibility of synthesizing hydrogels with autol-
ogous blood, which is important for a potential application
into the clinic [6, 29]. Combining autologous blood and
HA has several advantages as both components provide
adhesion motifs that activate prosurvival pathways [91].
Blood contains vitronectin and fibronectin with arginine-
glycine-aspartate motifs that activate integrins, and HA
receptors (CD44), which are expressed by many stem cells.
Moreover, blood provides growth factors to the transplanted
cells before new vasculature is established, and HA and its

degradation products promote angiogenesis, vasculogen-
esis, and cardiogenesis [20]. Hydrogels can be degraded by
enzymes such as hyaluronidases and proteases and also by
hydrolysis. Covalent cross-linking allows HA-blood hydrogel
synthesis, and adhesion to transplanted tissue without using
ultraviolet light, heat, or sutures can facilitate their clinical
translation [12]. Although pioneering, the study by Chang
et al. is limited by the fact that the researchers evaluated the
survival and the proliferation of cardiosphere-derived cells
only in vitro. Moreover, the authors suggest that additional
studies on different types of stem cells and hydrogels are
needed to assess the efficacy of blood-HA hydrogels in small
and large animal models [12].

Dietrich et al. analyzed the engraftment efficiency of
human adipose-derived stem cells (ADSCs) in HA gel when
subcutaneously injected in athymic mice [14]. The vascula-
ture that developed in the ADSC implants for two months
was probably supported by the paracrine interaction between
ADSCs, host ECM, and endothelial cells, and it was induced
by the proangiogenic signals released by HA degradation.
The authors hypothesized that ADSCs promote angiogenesis
by secreting chemotactic cytokines that attract endothelial
cells. Another factor that may have contributed to the vascu-
larization of the implants is the secretion of hyaluronidase by
ADSCs, which leads to the release of HA fragments [14].

Altman et al. implanted in a photoaged skin murine
model ADSCs seeded into a new-generation HA preparation:
the nonanimal stabilized HA, an HA entirely produced from
nonanimal sources, which provides an organized fibrovascu-
lar network able to support the implants [7].

6. Cell Tracking

Cell labeling and tracking are important tools to understand
the biological mechanisms behind cell engraftment and ver-
ify the therapeutic effects of inoculated cells in vivo. Indeed,
they allow analyzing cell behavior, engraftment efficiency,
cell localization, and cell fate. Recent negative clinical trials
have highlighted the need for new noninvasive methods of
cell tracking and markers of cell engraftment efficiency for
liver cell therapy, especially in cases of liver cirrhosis and
acute liver failure [92, 93].

Many approaches, either direct or indirect, have been
developed to visualize engrafted cells in vivo and to distin-
guish transplanted cells from host cells [7, 94–100]. In
direct labeling approaches, the target cells are labeled with
probes prior to transplantation but, once inoculated, the
biological environment hampers their tracking even with
appropriate imaging equipment. To overcome these limita-
tions, researchers have developed indirect labeling methods
that involve genetic modifications to tag and track cells
[101–103]. However, using either nonviral or viral vectors
to mutate genes may increase the risk of uncontrolled gene
expression and, therefore, of tumor formation [104, 105].

6.1. Tetra-acetylated N-Azidoacetyl-D-mannosamine Cell
Labeling. Kang et al. introduced an innovative tracking strat-
egy in vivo based on bioorthogonal chemical reporters [106].
First, they treated cells with tetra-acetylated N-azidoacetyl-

5Stem Cells International



D-mannosamine (Ac4ManNAz) to induce the expression of
unnatural azide-modified sialic acids on the surface of target
cells. Ac4ManNAz has high reactivity and low toxicity [107–
110], and it does not affect cell viability [111]. However, it is
worth mentioning that studies have reported that sialic
acids may affect cell adhesion, cell-cell interactions, and
migration [107, 108, 110]. After transplanting the cells into
the livers of nude mice, Kang and colleagues injected intra-
venously dibenzylcyclooctyne-conjugated Cy5 (DBCO-Cy5)
to visualize the target cells in vivo. By using this strategy,
the authors were able to enhance labeling efficacy and facil-
itate cell tracking. Moreover, they reduced the false positive
signal caused by macrophages engulfing engrafted cells
since the macrophages did not express azide groups after
phagocytosis [111].

6.2. Using Nanoparticles for Cell Labeling. In order to track
cell engraftment, some research groups have used nanoparti-
cles (NPs) and visualized them with magnetic resonance
imaging (MRI). Since protein-based NPs cannot be imaged
by MRI because they do not generate enough contrast, they
need to be labeled with paramagnetic or superparamagnetic
nanomaterials (magnetically labeled nanoparticles (MLNPs))
[112]. Vera et al. have shown that MLNPs can be traced by
MRI in a rat’s brain. Even though they used a clinical MRI
machine with limited sensitivity, they were able to detect
the diffuse and global accumulation of MLNPs by imple-
menting a new histogram technique [113].

MRI was used to detect the presence of labeled human
cells transplanted into the liver of murine and rat models.

The proposed method may be used to monitor the engraft-
ment of any types of cells in any animal models.

6.3. Supermagnetic Iron Oxide Cell Labeling. MRI of super-
paramagnetic iron oxide- (SPIO-) labeled cells is a sensitive
and noninvasive method that allows tracking of cell popu-
lations inside the brain [114–119], bone marrow [120–
122], kidneys [123, 124], and myocardial tissue [125–127].
SPIO is considered as a promising labeling agent for
in vivo cell tracking because it maximizes the spatial resolu-
tion of MRI; moreover, as SPIO causes a strong susceptibil-
ity effect, it allows the detection of small amounts of labeled
cells [128, 129].

Wang et al. tracked and quantified with MRI SPIO-
labeled endothelial progenitor cells (EPCs) after transplanta-
tion into murine injured livers [130]. The results indicated
that the relaxation rates R2 and R2∗ depended on the number
of cells that were labeled in vitro before injection; therefore,
the authors suggested that measuring the relaxation rates,
and R2∗ in particular, may help to quantify cell homing
in vivo and be useful parameters to take into account for cell
transplantation therapies [130].

6.4. Cell Labeling with Antibody-Conjugated Magnetic
Microbeads. McClelland et al. tracked in vivo-transplanted
human hepatic stem/progenitor cells (hHpSCs and hHBs)
by labeling them in situ with magnetic microbeads conju-
gated to an antibody against a surface antigen that is
expressed only by hepatic progenitors. The labeled cells were

Human Ab
anti-EpCAM
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Filtered up to 30 �휇m

Digestion buffer: type I collagenase
+deoxyribonuclease for 20-30 min

at 37°C

Characterization
(FACS, PCR)

EpCAM+

cells
NOD SCID

HA coating

HA-coated
hBTSCs

Cirrhotic
patient

Tissues from therapeutic abortion
of foetus from 13 to 22
gestational weeks

Foetal biliary tree+

gallbladder

Figure 1: Our proposal for a cell therapy to treat cirrhotic patients. The figure shows a schematic representation of our protocol to treat
cirrhotic patients that are not eligible for orthotopic liver transplantation.
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imaged both in NOD-SCID mice and in Sprague-Dawley
rats [131].

6.5. Quantum Dot Cell and Qtracker Labeling. Another
method to track cells is based on fluorescent nanoparticle
quantum dots (Qdots). These nanoparticles are excellent
tools for long-term tracking and imaging studies of living
cells. For example, Carpino et al. used Qtracker, a labeling
system based on Qdots, to isolate from human gallbladder
cells expressing the Epithelial Adhesion Molecule (EpCAM).
They noticed that the fluorescent nanocrystals were passed
on to daughter cells after replication without the need for
a specific enzyme. Moreover, the isolated cells showed
properties typical of stem cells, such as clonogenic prolif-
eration [132].

Lin et al. studied mobility, viability, proliferation, and
fusion of mouse embryonic stem cells by tagging them with
different Qtrackers (525, 565, 605, 655, 705, and 800) in
mouse models. They concluded that the labeling system did
not affect viability, proliferation, or differentiation potential
of stem cells, and they were able to detect Qtracker signals
after injecting labeled stem cells into athymic mice [133].
Another benefit of using Qtrackers is their size: as they are
larger than organic dyes, they cannot spread between cells,
unless the cells undergo cell fusion. For this reason, they are
excellent tools to study cellular interactions [134].

In conclusion, HA is of crucial importance for both the
ECM and in vitro scaffold matrices used for cell growth.
Modifying HA to generate hydrogels that can modulate
intra- and intercellular processes opens the way to pioneering
therapies. However, in order to verify the benefits of cell ther-
apy, HA scaffolds must be coupled with labeling systems that
allow characterizing cells in vitro and tracking them in vivo
after inoculation.

7. HA-Coated hBTSCs as Potential
Therapeutic Agents

The anti-inflammatory effect and the biocompatibility of HA
are among the main benefits of using this molecule for liver
engraftment [33, 85, 135, 136]. Indeed, it has been shown that
different forms of HA limit fibrosis and foster vascularization
in transplantations and that it can promote engraftment in
mice [85]. HA is also a good candidate for stem cell grafting
because of its abundance in embryogenesis, wound repair,
and organ regeneration. Importantly, HA is available in a
version that complies with cGMP manufacturing require-
ments and is approved for clinical use (in particular, for
osteoarticular, cartilage, and cutaneous inflammatory dam-
ages) [13, 89]. Moreover, 90% of HAs are actively cleared
by the liver [22, 135, 137].

We have recently demonstrated that injecting HA-coated
hBTSCs into the liver increases cell engraftment; our tech-
nique is simple, feasible, and clinical-grade, and it meets all
requirements for a fast transition from bench to clinical
application (Figure 1) [27]. On the other hand, transplanta-
tion by direct injection or via a vascular route resulted in inef-
ficient engraftment and cell spreading to ectopic sites [27];

similar results were obtained in previous studies that tested
fibrin coating [22, 28, 79].

8. Conclusion

Cell therapy is an innovative approach to treat advanced liver
diseases. It is of particular importance to understand the fac-
tors that regulate cell engraftment into the liver, such as cell-
cell and cell-ECM interactions, cell proliferation, and immu-
nogenicity, as well as to define the best transplantation routes.
Several strategies have been developed to increase the effi-
ciency of engraftment, and many of them are based on HA
hydrogels with or without chemical modifications that can
improve its biological properties. The use of HA in preclinical
studies has led to promising results because of its biocompa-
tibility and its role in regenerative processes. Moreover, sev-
eral authors have shown the potential of cell tracking as a
helpful tool in determining cell localization and engraftment
rate. However, further studies are required to improve
engraftment efficiency and move forward into clinical trials.
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It has been reported that the adult liver contains hematopoietic stem and progenitor cells (HSPCs), which are associated with long-
term hematopoietic reconstitution activity. Hepatic hematopoiesis plays an important role in the generation of cells involved in
liver diseases. However, how the progenitors differentiate into functional myeloid cells and lymphocytes in the liver
microenvironment remains unknown. In the present study, HSPC transplantation experiments were used to confirm that adult
murine liver HSPCs differentiate into both myeloid cells and lymphocytes (preferentially T cells) compared with bone marrow
HSPCs. Using a coculture system comprised of kupffer cells and HSPCs, we found that kupffer cells promote adult liver HSPCs
to primarily generate T cells and B cells. We then demonstrated that kupffer cells can also promote HSPC expansion. A
blockade of intercellular cell adhesion molecule-1 (ICAM-1) in a liver HSPC and kupffer cell coculture system impaired the
adhesion, expansion, and differentiation of HSPCs. These results suggest a critical role of kupffer cells in the maintenance and
promotion of adult mouse liver hematopoiesis. These findings provide important insight into understanding liver
extramedullary hematopoiesis and its significance, particularly under the state of some liver diseases, such as hepatitis,
nonalcoholic fatty liver disease (NAFLD), and hepatocellular carcinoma (HCC).

1. Introduction

It has been established that the liver is the major hematopoi-
etic organ during fetal period. After birth, hematopoietic
stem cells reside primarily in the bone marrow. In adults,
extramedullary hematopoiesis occurs in the liver, spleen,
and other solid organs when hematopoiesis in the bone
marrow fails, as a result of some pathological conditions
[1–4]. It has been reported that the adult liver contains
Linlo/-sca-1+c-kit+ cells which exhibit colony-forming ability
in vitro and reconstruct the multilineage hematopoiesis of
lethally irradiated recipient mice in vivo [3]. Later, CD45+

liver side population (SP) cells, isolated based on Hoechst
33342 dye staining, are reported which have the potential of

hematopoietic reconstitution and generate the lymphoid,
myeloid, and erythroid lineages in the lethally irradiated
recipient mice [4]. Moreover, HSPCs were found in the adult
human liver, and liver grafts after extensive perfusion can
restore the recipient multilineage hematopoiesis to some
extent [5–7]. Although hepatic hematopoiesis plays an
important role in the generation of cells involved in tumor
surveillance and rejection [8], there is a lack of systemic
research comparing the differences between hematopoiesis
and lymphogenesis between the adult liver and bone marrow
and how the liver microenvironment contributes to these
events. The quiescence, proliferation, and differentiation of
HSPCs in the bone marrow require a specific niche. Macro-
phages, endothelial cells, perivascular cells, and other stromal
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cells play critical roles in maintaining the hematopoietic
stem cell pool and regulating HSPC activity by producing
a wide variety of cytokines, hematopoietic growth factors,
chemokines, and adhesion molecules [9–11]. Among these,
adhesion receptors and their ligands (e.g., ICAM-1/LFA-1
and VCAM-1/VLA-4) are important for regulating hema-
topoietic function and anchoring HSPCs to the niche
[12, 13]. Indeed, an ICAM-1 deficiency impairs the quies-
cence and repopulation activity of HSPCs in the bone mar-
row niche [13, 14]. However, factors in the adult liver
hematopoietic niche for HSPCs remain poorly understood.

In the present study, we detected the presence of hetero-
geneous Lin-Sca-1+c-Kit+ (LSK, contains hematopoietic stem
cells and multipotent progenitors) cells [15] in the adult
murine liver. Through HSPC transplantation experiments,
we observed that liver LSK cells differentiate into both
myeloid cells and lymphocytes, particularly preferentially
generated T cells compared with bone marrow HSPCs. We
next explored how the liver microenvironment promotes
liver hematopoiesis and lymphocyte differentiation and
which factors are required. We found that kupffer cells could
induce liver HSPCs to differentiate into a relatively high pro-
portion of T and B lymphocytes in an ICAM-1/LFA-1
interaction-dependent manner.

2. Materials and Methods

2.1. Animal Strains and Treatment Protocol. Six- to eight-
week-old male C57BL/6j mice were obtained from Hua
Fukang Biological Technology Co. Ltd. (Beijing, China)
and maintained in a pathogen-free animal facility. Male
and female C57BL/6-Ly5.1 (CD45.1) were obtained from
Beijing Vital River Laboratory Animal Technology Co.
Ltd. An adult murine liver extramedullary hematopoietic
model was established by an intraperitoneal injection of
10 μg/mL LPS for three days. An intravenous injection
of clodronate-liposome (CL, Shanghai Yisheng Biological
Technology Co. Ltd.) was used to remove the liver kupffer
cells [16]. CL was injected to mice on the first and third
days. From the second day, C57BL/6j mice were treated
with an intraperitoneal injection of 10 μg/mL LPS for
three days. The tissue was harvested on the fourth day
and tissue mononuclear cells were detected by flow cytom-
etry. All animal protocols were approved by the Institu-
tional Animal Care and Use Committee at Shandong
University.

2.2. Colony-Forming Unit Assay. A total of 1 × 103 sorted
bone marrow or liver LSK cells were suspended in methyl cel-
lulose semisolid medium (1.5% methylcellulose in IMDM)
and seeded into a 24-well culture plate to which hematopoi-
etic growth factors (SCF 50ng/mL, Flt3-L 50ng/mL, IL-3
20 ng/mL, IL-7 20 ng/mL, M-CSF 50ng/mL, and GM-CSF
50ng/mL) were added. The cells were incubated at 37°C in
5% CO2 for 14 days. The number of colonies (with >50 cells)
of colony-forming unit-granulo-macrophage (CFU-GM)
and CFU-macrophage (CFU-M) was counted under a light
microscope on day 14 [17].

2.3. Flow Cytometry. Bone marrow and liver mononuclear
cells were harvested [18]. Single cell suspensions were
blocked with an Fc receptor CD16/CD32 at room tempera-
ture. After 10min, the cells were stained with a cocktail of
antibodies. For HSC staining, mononuclear cells from the
bone marrow and liver were stained with antibodies against
the lineage antibodies cocktain-percpcyTM5.5, sca-1-APC,
CD117-PE-eFluor610, Flk2-PE, and CD34-FITC cocktail.
After 30min of staining at room temperature, the cells were
washed with a 1× phosphate buffer solution (PBS). For the
transplantation studies, peripheral blood was obtained by
retro-orbital bleeding and red blood cell depletion. Samples
were stained for 30min at room temperature with antibodies
against CD45.1-PE-CF594, CD45.2-APC, CD3-PE-cy7,
CD19-PE, CD11b-FITC, and NK1.1-APC-cy7. For the
coculture studies, samples were stained for 30min at room
temperature with antibodies against CD3-PE-cy7, CD19-
APC-cy7, CD11b-PE, and NK1.1-APC. For flow cytometric
sorting and LSK cell analysis, liver mononuclear cells were
stained with antibodies against lineage antibody cocktain-
percpcyTM5.5, sca-1-APC, CD117-PE-eFluor610, LFA-1-
PE-cy7, and VLA-4-FITC. Kupffer cells were stained with
antibodies against F4/80-PE-CF594, CD11b-PE, ICAM-1-
APC, and VCAM-1-FITC. For Ki-67 staining of LSK cells,
the samples were stained for 30min at room temperature
with antibodies against lineage antibody cocktain-percp-
cyTM5.5, sca-1-APC, CD117-PE-eFluor610, and Ki-67-PE.
The cells were analyzed and sorted using a FACSAria III cell
sorter (BD). The purity of sorting was higher than 95%. The
antibodies are presented in Table S1.

2.4. Kupffer Cell Isolation. Kupffer cells were isolated by col-
lagenase digestion and Percoll density gradient centrifuga-
tion. The mice were anaesthetized with 2mg/mL/20 kg
lidocaine prior to a laparotomy. The portal vein was cannu-
lated with a 24G indwelling needle, and the liver was per-
fused with 1-3mL EGTA/HBSS solution. The inferior vena
cava was rapidly cut off after the liver turned completely pale.
Next, the liver was perfused with 37°C prewarmed collage-
nase solution for 5min. The liver was then excised and trans-
ferred to a culture dish containing a collagenase solution and
digested for 15min in a 37°C incubator. The liver homoge-
nate was then filtered to a 50mL centrifuge tube. The cell sus-
pension was centrifuged three times at 50 × g for 3min. The
final cell supernatant was centrifuged at 500 × g for 8min.
The cell precipitate was resuspended in 25% Percoll and
slowly added to 50% Percoll. The 25%/50% Percoll gradient
was centrifuged at 800 × g for 15min. The interface of the
gradient kupffer cell-enriched fraction was resuspended in
1× PBS and centrifuged at 500 × g for 8min. The cellular pre-
cipitate was resuspended in 1mL DMEM+10% FBS medium.
The cells were then seeded into 24-well plates at a density of
1 × 105 cells/well. The cells were incubated at 37°C in a 5%
CO2 incubator. After 30min, the medium was gently
removed, and the cells were washed three times with
1× PBS, then replaced with 500 μL fresh DMEM medium.

2.5. Real-Time PCR. The total RNA from the liver tissue was
extracted using TRIZOL reagent (Invitrogen, Carlsbad, CA,
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USA). The RNA concentration was quantified using a Nano-
drop 2000 (BioTek, Vermont, USA). cDNA was generated
using a FastQuant RT Kit (Tiangen Biotech Co. Ltd., Beijing).
Real-time polymerase chain reaction (qRT-PCR) was
performed using a SYBR Green Supermix (Roche, Basel,
Switzerland). The primers are presented in Table S2.

2.6. HSPC Adherence Assay. The HSPC adherence assay was
performed according to the method described by Wang
et al. [19] with certain modifications. Liver mononuclear
cells were labeled with CFSE for 15min then washed with
1× PBS. The cell suspensions were Fc blocked with anti-
CD16/CD32 at room temperature. After 10min, the cells
were stained with a cocktail of lineage antibody cocktain-
percpcy5.5, Sca-1-APC, and CD117-PE-eFluor610 antibod-
ies. Next, CFSE+ LSK cells were sorted by flow cytometry.
A density of 1 × 104 sorted CFSE+ LSK cells in 500 μL
IMDM supplemented with 10% FBS per well was seeded
to 1 × 105 kupffer cell monolayer (incubated for 1 h in
advance with 10μg/mL anti-ICAM-1 blocking antibodies)
in a 24-well plate and incubated at 37°C. After 12 h, the
plate was shaken for 30 s on the rocking bed at 120 rpm.
Nonadherent CFSE+ cells were removed by pipetting.
The cells were gently washed twice and counted by flow
cytometry. The ratios of adherent CFSE+ LSK cells to
those initially added were calculated.

2.7. Cytokine Detection by ELISA. Freshly isolated kupffer
cells (1 × 105 per well) were seeded into 24-well plates and
incubated at 37°C. The culture supernatants were collected
at 24 h and 48h, respectively. The coculture supernatants
were collected at 72 h. The level of IL-3, IL-6, SCF, TNF-α,
IL-18, and IL-1β in cell culture supernatants was detected
using ELISA kits (PeproTech, New Jersey, USA) in accor-
dance with the manufacturers’ instructions.

2.8. HSPC Transplantation. CD45.1 mice were lethally irradi-
ated with a dose of 10Gy. Mice were fed with water supple-
mented with 2mg/mL neomycin. A total of 2 × 104 LSK
cells obtained from CD45.2 mice were mixed with 2 × 105
unfractionated CD45.1+ competitor bone marrow cells and
intravenously injected into irradiated CD45.2 recipient
mice. Peripheral blood was obtained weekly and the pro-
portion of lymphocytes and myeloid cells was calculated
by flow cytometry.

2.9. Immunofluorescence Microscopy. Liver mononuclear
cells were harvested and labeled with CFSE. CFSE+ LSK cells
were sorted by flow cytometry and injected into mice via the
tail vein. The next day, the liver tissue was harvested and
soaked in OTC entrapment agent. Frozen sections of the liver
tissue were made by first fixing the livers in 4% paraformalde-
hyde for 15min. The samples were washed three times with
1× PBS for 5min. Then, the tissues were incubated in 5%
BSA for 30min at room temperature [20] before the tissue
sections were stained with anti-ICAM-1 and anti-F4/80
antibodies overnight at 4°C. The samples were then washed
three times with 1× PBS for 5min and stained with 7-
amino-4-methylcoumarin-3-acetic acid (AMCA) goat anti-

mouse IgG (H+L) and Alexa Flour 594 goat anti-rabbit IgG
(H+L) at room temperature for 1 h. The samples were
washed three times with 1× PBS for 5min and microscopic
images were acquired using a laser confocal microscope
(LSM780, Carle Zeiss AG, Germany).

2.10. Statistical Analysis. The data were analyzed using
GraphPad Prism 5 software (GraphPad Software Inc.
USA). Statistical differences were calculated using a two-
tailed Student t-test. A threshold value of P < 0 05 was
considered significant.

3. Results

3.1. The Adult Murine Liver Contains Hematopoietic
Progenitor Cells. Hematopoietic stem cells first appear in
the aorta-gonad-mesonephros (AGM) region on embryonic
day (E) 10.5, then migrate to the fetal liver around E11.5,
where they undergo dramatic expansion [21–26]. Moreover,
previous studies have identified the presence of LSK cells in
the adult liver [3]. To confirm the presence of hematopoietic
progenitor cells in the adult murine liver, we detected and
compared the proportion of LSK cells in the livers from mice
at different developmental stages by flow cytometry
(Figure S1(a) and Figures 1(a)–1(d)). The results showed
that there was a higher proportion of LSK cells in the fetal
liver around E13.5 (Figures 1(a) and 1(b)) and subsequently
decreased gradually from E13.5 to neonatal birth with a
frequency of about 4 260% ± 0 227% to 1 320% ± 0 099%
Lin- cells (Figure 1(b)). From neonatal birth to adult, a
small number of LSK cells remained in the liver, although
at lower numbers than that exhibited during the embryo
stages. The percentage of LSK cells in the adult liver was
approximately 0 797% ± 0 105% of the Lin- cells in the liver
(Figure 1(c)), which was lower than that observed in the
bone marrow (Figures 1(c) and 1(d)).

To further verify the hematopoietic activity of the LSK
cells derived from the adult livers, we first tested the
colony-formation activity of the liver mononuclear cells
compared with the bone marrow mononuclear cells as a con-
trol using a methylcellulose semisolid medium assay. As
expected, liver mononuclear cells could form GM-CFU and
M-CFU clones (Figure 1(e)). As shown in Figure 1(f), 2 333
± 0 577 GM-CFU clones and 2 667 ± 0 577 M-CFU clones
from the liver mononuclear cells were detected on day 12 of
culture. These results indicate that liver mononuclear cells
contain hematopoietic progenitor cells and have the ability
to form colonies, although this ability was weaker than that
derived from the bone marrow. We next detected the
colony-formation ability of LSK cells sorted from the liver
and bone marrow by flow cytometry. We found that the
LSK cells derived from the liver had the ability to form
GM-CFU and M-CFU clones (Figure 1(g)); however, the
total numbers of GM-CFU and M-CFU clones derived
from the liver LSK cells were significantly lower than those
isolated from the bone marrow (Figure 1(h)). These find-
ings indicate that liver LSK cells can form hematopoietic
clones, albeit to a weaker extent than bone marrow LSK
cells. In summary, these results suggest the presence of
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hematopoietic progenitor cells in the adult murine liver and
the hematopoietic potential of liver LSK cells.

3.2. Murine Adult Liver LSK Cells Are Capable of Generating
Both Lymphoid and Myeloid Cells In Vivo. As early as 1996,
Taniguchi et al. found that LSK cells in the adult liver could
reconstruct the multilineage hematopoiesis [3]. However,
the proportion of CD3+ T cells and NK1.1+ cells was not
detected in prior reports. To confirm the hematopoietic func-
tion of LSK cells in the murine adult liver, the repopulating
capacity of LSK cells was examined with a competitive repo-

pulating assay. A total of 2 × 104 LSK cell suspensions
obtained from either the liver or bone marrow of donor
CD45.2+ mice was mixed with 2 × 105 competitor bone mar-
row mononuclear cell suspensions from CD45.1 mice and
injected into lethally irradiated CD45.1+ recipients to con-
firm the hematopoietic-reconstitution activity (Figure S1(a)
and 1(b)). Donor-derived (CD45.2+) CD3+, CD19+,
NK1.1+, and CD11b+ cells were detected in the peripheral
blood of CD45.1+ recipient mice at different time points
following transplantation. As shown in Figures 2(a)–2(f),
the LSK cells derived from the liver can give rise to a high
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Figure 1: Detection of LSK cells in the different developmental stages of the liver and bone marrow. (a) The proportion of c-kit+ sca-1+

cells in the flow plot is gated from the fetal liver and newborn liver Lin- cells (n = 3‐6). (b) Statistical analysis for the percentage of LSK
cells gated from the Lin- cells in the different developmental stages of the liver. (c) Flow cytometric plots show the percentage of LSKs
among the Lin- cells from the bone marrow or liver of young and adult mice (n = 3‐6). (d) Statistical analysis for the percentage of LSK
cells gated from the Lin- cells in the different developmental stages of the liver and BM. (e, g) Hematopoietic colony formation of the
mononuclear cells (e) or LSK cells (g) from the adult liver or bone marrow (the picture shows a single colony in a well of 24-well cell
culture plate). A total of 1 × 105 bone morrow or liver mononuclear cells was freshly isolated from adult C57BL/6j mice, and 5 × 102
bone marrow or liver LSK cells were sorted by FACS and plated into complete methylcellulose medium and incubated for 10 to 14
days. The number of colonies (≧50 cells are defined as one clone) was counted under an inverted phase contrast microscope. GM-
CFU: the added cytokines included SCF, IL-3, FLT-3-L, IL-7, and GM-CSF. M-CFU: the added cytokines included SCF, IL-3, FLT-
3-L, IL-7, and M-CSF. Picture original magnification: ×20 (e, g). Bar: 200 μm. (f, h) Statistical analysis for the number of GM-CFU
and M-CFU from MNCs or LSK cells of BM and liver (n = 3). All colonies were counted in a well of 24-well cell culture plate. Bars
represent the mean ± SEM of three independent experiments. ∗∗P < 0 01; ∗∗∗P < 0 001.
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proportion of lymphocytes (including T and B cells) from
three weeks following transplantation; however, the
hematopoietic reconstitution ability of the LSK cells derived
from the liver is significantly weaker than that isolated from
the bone marrow. We found that LSK cells from the liver
preferentially differentiate into T cells compared with those
from the bone marrow. Moreover, LSK cells derived from
the bone marrow mainly produced B cells and generated
fewer T cells. There were no differences observed regarding
the repopulation of NK and myeloid cells between the liver-
and bone marrow-derived LSK cells (Figures 2(a)–2(f)). To
determine the destination and sites of differentiation of
liver LSK cells after transplantation, we detected CD45.2+

cells in the recipient liver and BM after LSK transplantation
at the ninth week. The results showed that CD45.2+ cells
can be detected in the liver but not in the BM in mice
receiving liver LSK transplantation (Figure 2(g)). Similar
with those in the peripheral blood (Figure 2(e)),
differentiated CD3+ T cells, CD19+ B cells, NK1.1+ T cells,
and CD11b+ myeloid cells, especially CD3+ T cells, from
CD45.2+ donor cells were detected in the liver
(Figure 2(g)). However, for BM LSK transplantation,
CD45.2+ cells were detected in both recipient BM and liver;
CD45.2+ donor-derived CD3+ T cells, CD19+ B cells,
NK1.1+ T cells, and CD11b+ myeloid cells were generated
in the liver, among which CD19+ B cells were dominant
(Figure 2(g)). These results suggested that liver-derived LSK
cells specifically home to the liver, where they further
differentiate into lymphocytes and myeloid cells, but rarely
return to the BM. However, BM-derived LSK cells can
move to both the BM and liver. Taken together, these
results indicated that adult liver HSPCs can destine to the
liver where they differentiate into both lymphoid and

myeloid cells, particularly with the preferential T cell
differentiation.

3.3. Kupffer Cells Promote LPS-Induced Liver Hematopoiesis.
Next, we explored whether the adult liver, like the hemato-
poietic niche in the bone marrow, contains factors that
regulate the retention, proliferation, quiescence, and differen-
tiation of HSPCs. Multiple cellular and molecular compo-
nents are involved in the maintenance of the bone marrow
HSC niche. In particular, it has been reported that macro-
phages contribute to HSPCmaintenance in the bone marrow
by CXCL12-CXCR4 chemokine signaling [10, 27–31]. Thus,
we investigated whether kupffer cells, as the important resi-
dent macrophages of the liver, participate in the maintenance
and promotion of the HSPC niche in the liver and the
associated mechanism. Since there is only a small number
of hematopoietic stem cells located in the normal adult
liver during a quiescent state, we used a LPS-stimulated
murine extramedullary hematopoiesis model [1] to pro-
mote adult liver hematopoiesis. We detected the frequency
of liver LSK cells following an intraperitoneal injection of
LPS (Figure S2). Firstly, we measured the number of the
LSK cells and long-term hematopoietic stem cells (LT-HSC,
Lin-Sca-1+ckit+ Flk2-CD34-) from the bone marrow and
liver by flow cytometry. The unstimulated mouse liver
contained only a few LSK (approximately 0 925% ± 0 067%
of Lin- cells) and LT-HSC (approximately 15 35% ± 2 032%
of LSK cells) cells. However, the absolute numbers of liver
LSK and LT-HSC cells were dramatically increased in LPS-
treated mice compared with unstimulated mice (LSK: from
1 500 × 104 ± 0 458 × 104 increased to 6 767 × 104 ± 0 231 ×
104; LT-HSC: from 0 005 × 104 ± 0 002 × 104 increased to
0.046× 104± 0.049× 104) (Figures 3(a) and 3(c)). Similar to

CD3 CD19 NK1.1 CD11bCD45.2

CD3 CD19 NK1.1 CD11bCD45.2

9W

CD
45

.1 0.16% 1.07% 58.1% 16.4% 7.55% 21.2%
Liver-LSK

13.6% 4.24%23.7% 44.0% 20.2%15.3%BM-LSK

CD
45

.1
BM Liver

BM Liver

(g)

Figure 2: The ability of adult liver LSK cells to differentiate into lymphocytes and myeloid cells in vivo. (a, c, e) 2 × 104 liver or BM LSK cells
obtained from CD45.2 mice were mixed with 2 × 105 unfractionated CD45.1+ competitor bone marrow cells and intravenously injected into
lethally irradiated CD45.1 recipient mice. Peripheral blood was collected weekly. The proportion of differentiated lymphoid (CD3+, CD19+,
and NK1.1+) and myeloid (CD11b+) lineages of CD45.2+ cells in the peripheral blood of CD45.1+ recipient mice was detected by FACS at
weeks 3, 6, and 9. The experiments were repeated three times. (b, d, f) Statistical chart of the proportion of CD3+ T, CD19+ B, NK1.1+

NK, and CD11b+ myeloid cells derived from CD45.2+ donor cells in the peripheral blood of CD45.1+ recipient mice at weeks 3, 6, and 9
(n = 3). Bars represent the mean ± SEM of three independent experiments. ∗P < 0 05. (g) Flow cytometric plots show the percentages of
CD45.2+ cells in the liver of CD45.1+ recipient mice detected by FACS at the 9th week. The proportions of differentiated lymphoid (CD3+,
CD19+, and NK1.1+) and myeloid (CD11b+) lineages of CD45.2+ cells in the liver of CD45.1+ recipient mice were detected by FACS.
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the liver, bone marrow LSK cells and LT-HSCs in LPS-
treated mice also increased (Figures 3(b) and 3(d)).
These results suggest that LPS stimulation promotes
extramedullary liver hematopoiesis, similar to the effect
on spleen hematopoiesis [1].

To investigate the contribution of kupffer cells in the pro-
cess of liver extramedullary hematopoiesis, we intravenously

injected CL into LPS-treated mice to delete macrophages and
kupffer cells (Figure S2). We first observed that the treatment
with CL alone did not affect the distribution of HSPCs in the
BM, liver, and spleen (Figure 3(e)). As shown in Figure S3,
treatment with CL significantly reduced the proportion of
kupffer cells (CD11b+ F4/80+) in the liver, and the
percentage of hepatic LSK cells in LPS-treated mice was
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Figure 3: Kupffer cells promote liver extramedullary hematopoiesis. (a, b) Flow cytometric plots show the proportion of LSKs in Lin- cells and
LT-HSCs (LSK Flk2- CD34-) in LSKs from the BM or liver of PBS or LPS-treated mice (n = 3‐5). Mice were intraperitoneally injected with LPS
(10 μg/mL) or PBS for three days. (c, d) The statistical percentage of LSKs in Lin- cells and LT-HSCs in LSK cells from the liver or BM of mice
treated with PBS or LPS (left). Statistical analysis of the absolute number of liver or BM LSK and LT-HSC cells (right). (e) Flow cytometric
plots show the proportion of LSKs in Lin- cells in the liver, BM, and spleen from the PBS or CL-treated groups. (f) Proportion of liver LSKs in
the control group, LPS-treated group, and kupffer cell-depleted LPS-induced liver extramedullary hematopoiesis group (CL+LPS). (g) The
statistical picture of the ratio of liver LSK cells to Lin- or mononuclear cells from the PBS, LPS, and LPS+CL groups. The data represent
three independent experiments with 3-5 mice per group. Bars represent mean ± SEM. ∗P < 0 05; ∗∗P < 0 01; ∗∗∗P < 0 001.
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also significantly reduced (Figures 3(f) and 3(g)). Based on
the above data, we propose that the kupffer cells may
contribute to LPS-induced liver hematopoiesis.

3.4. Kupffer Cells Sustain Liver HSPCs to Differentiate into
T and B Cells In Vitro. To explore how kupffer cells
contribute to liver hematopoiesis, we assessed the level of
hematopoietic growth factors (SCF, IL-6, and IL-3) [32]
secreted by kupffer cells by culturing freshly isolated
kupffer cells for 24 h and 48 h in vitro. As shown in
Figure 4(a), certain levels of SCF, IL-6, and IL-3 can be
detected in the supernatants of cultured kupffer cells, sug-
gesting that kupffer cells constitutively express these three
hematopoietic growth factors.

Next, we evaluated whether kupffer cells could support
the proliferation and differentiation of liver HSPCs. We
cocultured liver LSK cells and freshly isolated kupffer cells
in the presence of SCF with or without 1 μg/mL LPS for
14 days and examined the proportion of differentiated
lymphoid and myeloid cells at various time points. On
the seventh day, a low percentage of CD3+ T, CD19+ B,
NK1.1+, and CD11b+ cells was detected in the coculture
system (data not shown). On day 14, we observed that
liver LSK cells cultured only with medium and SCF were
unable to differentiate into lymphoid and myeloid cells.
While the presence of kupffer cells increased the propor-
tion of differentiated CD3+ T, CD19+ B cells in total cells
of coculture system compared with the control group and
adding LPS in the system enhanced this effect of kupffer
cells (Figures 4(b) and 4(c)). To further study which fac-
tors promote the differentiation of liver HSPC after LPS
stimulation, we assessed the level of proinflammatory
factors in the coculture supernatants after LPS stimulation
by ELISA. We found that LPS stimulation increased the
levels of IL-6, TNF-α, and IL-1β in the coculture system
(Figure 4(d)), while other cytokines such as IL-18 showed
no significant difference. These results suggest that kupffer
cells sustain the differentiation of liver LSK cells in vitro
and LPS can promote this effect, during which some cyto-
kines, such as IL-6, may play some regulatory role.

3.5. Kupffer Cells Promote the Proliferation of Liver HSPCs.
We further investigated the effect of kupffer cells on the
proliferation of hepatic HSPCs. Kupffer cells were stimulated
with 1μg/mL LPS for 6 h, after which the LSK cells were
added to the kupffer cell monolayers and cocultured for
24 h. The proportion of LSK cells was measured
(Figure 5(a)) and the results showed that the proportion
and number of LSK cells significantly increased after cocul-
turing with LPS-stimulated kupffer cells (Figure 5(b)). To
explore how LPS-stimulated kupffer cells increased the pro-
liferation of LSK cells, we assessed the proliferative capacity
of LSK cells by detecting the expression of ki-67. First, we
observed the proportion of ki-67+ LSK cells in the liver fol-
lowing an intraperitoneal injection of LPS and characterized
the influence of kupffer cell depletion in vivo (Figure S2). We
found that LPS stimulation augmented the percentage of
hepatic ki-67+ LSK cells compared with the PBS-treated
group (Figures 5(c) and 5(e)), while the removal of kupffer

cells significantly reduced the proportion of hepatic ki-67+

LSK cells (Figures 5(c) and 5(e)). Similar results were
observed in the bone marrow (Figures 5(d) and 5(f)). The
above results indicate that kupffer cells indeed contribute
to LPS-induced proliferation of HSPCs in the liver
hematopoietic niche.

3.6. Kupffer Cells Promote LPS-Induced Liver Hematopoiesis
and Lymphocyte Differentiation via ICAM-1 and LFA-1
Interaction. The above results confirm that kupffer cells
could promote the proliferation and differentiation of liver
LSK cells. We next aimed to explore whether kupffer cells
influence the maintenance of LSK cells in the liver. We mea-
sured the level of CXCL12, vascular cell adhesion molecule-1
(VCAM-1), intercellular cell adhesion molecule-1 (ICAM-1),
c-kit ligand, and angiopoietin-1 expression in the liver, as
these factors have been reported to be involved in the reten-
tion of HSPCs in the bone marrow niche [27, 29, 33–35]. We
first detected the level of mRNA expression of these factors in
the liver tissues isolated from the mouse model described in
Figure S2. As shown in Figure S4(a), LPS stimulation
markedly enhanced the levels of ICAM-1, VCAM-1, and
CXCL12 mRNA in the whole liver tissues but did not
influence the levels of c-kit ligand and angiopoietin-1.
Depletion of kupffer cells significantly reduced the levels of
ICAM-1 and VCAM-1 mRNA, but not CXCL12. We
suspect that VCAM-1, ICAM-1, and CXCL12 expression
on kupffer cells might contribute to the retention of HSPCs
associated with LPS-induced liver extramedullary
hematopoiesis. Therefore, we detected the level of CXCL12
in the liver tissue homogenates with an ELISA. We found
that the changes in CXCL12 production were not
statistically significant following kupffer cell depletion
(Figure S4(b)). We then isolated kupffer cells and detected
the changes in ICAM-1 and VCAM-1 expression by flow
cytometry. Following LPS treatment, while the expression
of ICAM-1 increased significantly, the expression of
VCAM-1 did not change (Figure 6(a)). We further
examined the expression of LFA-1 and VLA-4, which are
the corresponding ligands for ICAM-1 and VCAM-1,
respectively, on LSK cells. As shown in Figure 6(b), the
expression of LFA-1, but not VLA-1, was substantially
elevated following LPS treatment. According to these
results, we speculate that the interaction between ICAM-1
and LFA-1 plays a major role in kupffer cell maintenance of
HSPCs in the liver.

Next, we further tested whether liver LSKs reside closely
to ICAM-1-expressing kupffer cells in the anatomical struc-
ture of the liver. For this assay, liver LSKs were sorted from
CD45.2+ mice by flow cytometry, labelled with CFSE, and
then intravenously transferred into CD45.1+ mice. Liver tis-
sue sections were created after one day, and the location of
LSK cells was observed using an immunofluorescence assay.
We found that CFSE-labeled LSK cells were localized near
ICAM-1+ kupffer cells in the liver (Figure 6(c)). To confirm
the interaction between ICAM-1 and LFA-1, an adherent
assay was performed. Freshly isolated kupffer cells were pre-
incubated with an anti-ICAM-1 Ab (10 μg/mL) and then
cocultured with freshly sorted LSK cells. Nonadherent cells
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Figure 4: Continued.
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were counted after 12 h. We found that the level of adhesion
between the LSK and kupffer cells decreased significantly
after blocking ICAM-1 (Figure 6(d)). These results suggest
that kupffer cells may retain small amounts of LSK cells in
the hepatic sinusoid through the interaction between
ICAM-1 and LFA-1.

We further examined the effect of kupffer cells on hema-
topoietic stem cells after blocking ICAM-1 in a coculture sys-
tem. The liver Lin- cells were sorted and cocultured with
kupffer cells in the presence of SCF with or without an
anti-ICAM-1 antibody for seven days, and the number of
LSK cells was subsequently detected (Figure S4(c)). We
found that the total number of LSK cells and Lin- cells
significantly declined following the ICAM-1 blockade
(Figures 6(e) and 6(f)). We further analyzed the effect of
kupffer cells on the differentiation of hematopoietic stem
cells. Liver LSK cells were purified and cocultured with
kupffer cells for 14 days, and then, the differentiated
lymphoid and myeloid cells were detected. We observed
that the total number of CD3+ T cells and CD19+ B cells
declined when the anti-ICAM-1 treatment group was
compared with the control group (Figure 6(g)). Taken
together, these phenomena suggest that ICAM-1/LFA-1
plays a major role in the maintenance and differentiation of
hepatic HPSCs by mediating close contact between kupffer
cells and HSPCs.

4. Discussion

Previous reports have indicated that the adult liver contains
HSPCs which possess hematopoietic-reconstitution ability

[3–6]. However, no studies have comprehensively compared
the differences in hematopoiesis and lymphogenesis between
the adult liver and bone marrow. Moreover, the key factors in
the adult liver microenvironment that contribute to liver
hematopoiesis remain unclear. In this study, we confirmed
that adult murine liver HSPCs differentiate into lymphoid
and myeloid cells. Notably, the ability of liver LSK cells to
generate T cells was significantly stronger than that of BM-
LSK cells, whereas the BM-derived LSK cells primarily pro-
duced B cells. These findings suggest that liver hematopoiesis
exhibits features that differ from bone marrow hematopoie-
sis. Furthermore, we confirmed that the liver resident macro-
phages, kupffer cells, can promote liver HSPCs to generate a
high proportion of T and B lymphocytes through an interac-
tion between ICAM-1 and LFA-1. Blocking ICAM-1 on
kupffer cells impaired the adhesion, expansion, and differen-
tiation of adult liver HSPCs. Our findings suggest a critical
role of kupffer cells in the maintenance and promotion of
adult mouse liver hematopoiesis, particularly T and B cell
differentiation in the liver.

The hematopoietic microenvironment, particularly the
stem cell niche, is critical for supporting the self-renewal,
expansion, and differentiation of HSPCs in hemopoietic tis-
sues [36]. In addition to the required growth factors (e.g.,
stem cell factors, flt3 ligand, IL- 6, and IL-3), direct interac-
tions between HSPCs and cellular components (e.g., blood
vessel endothelial cells, osteoblasts, and mesenchymal stem
cells) within the stem cell niche are crucial for the regulation
of hematopoiesis [11, 37, 38]. Although the cellular basis of
the hematopoietic niche is clear in the bone marrow, the
constituents and mechanism of the adult liver hematopoietic
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Figure 4: Kupffer cells secrete hematopoiesis-promoting cytokines and promote the differentiation of liver HSPCs. (a) Collagenase IV
was used to digest the liver tissue, and kupffer cells were isolated by density gradient centrifugation. The cells were then inoculated
into 24-well plates (1 × 105 cells/well). Kupffer cells were further purified by cell adhesion selection. After culturing for 30min, the
supernatant was absorbed and washed three times with 1× PBS, then replaced with fresh DMEM medium (500 μL). Cell culture
supernatants were collected at 24 h and 48 h. An ELISA was used to detect the levels of SCF, IL-6, and IL-3 in the kupffer cell
culture supernatants. The bars represent the mean ± SEM of three independent experiments. (b) The sorted liver LSK cells were
seeded onto kupffer cell monolayers in the presence of SCF (50 ng/mL), and fresh kupffer cells were replaced every three days. The
cocultured cells were collected and analyzed by flow cytometry on days 7 and 14. The proportion of lymphocytes (CD3+ T, CD19+ B, and
NK1.1+ NK cells) and myeloid cells (CD11b+ cells) gated from total cells in the coculture system was detected by flow cytometry on day
14. (c) Statistical chart of the proportion of CD3+, CD19+, NK1.1+, and CD11b+ cells among the total coculture cells in the kupffer+LSK
+SCF and kupffer+LSK+SCF+LPS coculture groups. (d) The level of proinflammatory factor IL-6, TNF-α, and IL-1β in the coculture
supernatants from kupffer+LSK+SCF, kupffer+LSK+SCF+LPS, kupffer+CTRL, and kupffer+LPS groups was detected by ELISA. The data
are represented as the mean ± SEM. ns: not significantly different. ∗P < 0 05; ∗∗P < 0 01.
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niche remain unclarified. Cardier and Barbera-Guillem
reported that liver sinusoidal endothelial cells (LSECs) play
a key role in supporting the proliferation and differentiation
of HSPCs [39]. Moreover, evidence indicates that LSECs
provide the signals required for the migration and homing
of extramedullary hematopoietic stem cells and promote B
lymphopoiesis [40, 41]. However, the role of kupffer cells in
liver hematopoiesis has not been fully clarified. Otsuka
et al. reported that kupffer cells act as stromal cells and
support extramedullary erythropoiesis in the livers of
splenectomized mice [42]. Moreover, in a phenylhydrazine-
induced extramedullary hematopoiesis model, F4/80+ mac-
rophages were found to be tightly surrounded by erythro-
blasts in the liver sinusoids, similar to erythropoiesis in the
fetal liver [43]. However, the effects and molecular mecha-
nism of kupffer cells on lymphocytopoiesis are poorly under-
stood. In the present study, we found that kupffer cells

promote liver hematopoiesis. Our data demonstrates that
kupffer cells both contribute to supporting the proliferation
of liver HSPCs and sustain liver HSPCs, which differentiate
into lymphocytes. Regarding the associated mechanism, we
propose that (1) under steady-state conditions, kupffer cells
secrete the hematopoietic-promoting factors IL-3, IL-6, and
SCF, which support the maintenance of HSPCs and (2) kupf-
fer cells promote liver hematopoiesis and lymphogenesis via
an ICAM-1 and LFA-1 interaction. To our knowledge, this
is the first report to investigate the role and mechanisms of
kupffer cells in the promotion of lymphogenesis during liver
extramedullary hematopoiesis. Our data also provides
evidence that kupffer cells are an important component of
the liver hematopoietic niche.

Although some evidence suggests that there may be
different characteristics between liver and bone marrow
hematopoiesis, there is a lack of comprehensive comparative
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Figure 5: Kupffer cells can promote liver LSK cell proliferation. (a) A schematic map of the kupffer and LSK cell coculture. Freshly isolated
kupffer cells were stimulated with 1mg/mL LPS for 6 h, then cocultured with freshly sorted LSK cells for 24 h. (b) Statistical analysis of the
percentage and absolute number of LSK cells among the mononuclear cells in the coculture system with or without LPS treatment. (c–f)
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Figure 6: Kupffer cells promote liver hematopoiesis via the interaction between ICAM-1 and LFA-1. (a) The expression of ICAM-1 and
VCAM-1 on kupffer cells from PBS- (blue) or LPS-treated mice (orange) was analyzed by flow cytometry. (b) Flow cytometry was used to
measure the expression of LFA-1 and VLA-4 on liver LSK cells from PBS- or LPS-treated mice. (c) Immunofluorescence staining shows
CFSE-labeled LSK cells (green) in close contact with ICAM-1+ (blue) kupffer cells (F4/80+, red) in the liver. Bar: 20 μm. (d) Freshly
isolated kupffer cells were preincubated with anti-ICAM-1 (10 μg/mL) and subsequently cocultured with sorted liver CFSE-labeled LSK
cells in the presence of anti-ICAM-1 for 24 h. Nonadherent CFSE+ cells were counted by flow cytometry and compared with those from
cocultures in the absence of anti-ICAM-1. (e) 3 75 × 105 Lin- cells isolated from the liver were cocultured with freshly isolated kupffer cells
in the presence of anti-ICAM-1 in vitro. The proportion of LSKs in the coculture system was detected by flow cytometry on day 7. (f)
Statistical analysis of the absolute number of LSK cells and Lin- cells. (g) Freshly isolated LSK cells were cocultured with kupffer cells in
the presence of PBS or anti-ICAM-1. The cocultured cells were collected every seven days for analysis by flow cytometry. The statistical
percentage of lymphocytes CD3+ T and CD19+ B cells in the LSK-kupffer cell coculture system. Three replicate wells were established for
each group. Data are represented as the mean ± SEM. ∗P < 0 05; ∗∗P < 0 01.
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studies. Golden-Mason et al. [8] have reported that the
normal adult human liver is capable of supporting T cell
development. They found that the normal adult human liver
contains a considerable proportion of HSCs expressing
lymphoid-associated markers, whereas the majority of
CD34+ cells in the bone marrow express the myeloid-
associated antigen, CD33, and B cell marker, CD19+, but
exhibit fewer T cell progenitors [8]. Based on the findings
of a previous study [44], the present study compared the
hematopoietic and lymphopoietic capacity between bone
marrow- and liver-derived HSPCs using both an in vivo
model and an in vitro coculture. We observed that liver-
derived LSK cells specifically home to the liver, where they
further differentiate into lymphocytes and myeloid cells, then
enter into the peripheral circulation. However, BM-derived
LSK cells can move to both the BM and liver. It is notable
that liver LSK cells preferentially differentiate into T cells,
whereas LSK cells derived from the bone marrow mainly
produced B cells and generated fewer T cells. There are
no differences regarding the repopulation of NK and mye-
loid cells between the liver- and bone marrow-derived LSK
cells. These findings are consistent with previous reported
evidence regarding the supportive role of the human liver
in T cell development [8]. Extrathymic T cell differentia-
tion in the liver has also been observed in tumor-bearing
mice and patients with tumors or undergoing a liver trans-
plantation [8, 45–47]. It is suggested that T cells of extra-
thymic origin may be involved in tumor immunity and
contribute to immune tolerance following organ transplan-
tation [7, 48, 49]. We also found that LPS could help
kupffer cells to promote the differentiation of liver HSPCs
into T and B cells. Recent studies have highlighted the
important role of LPS production in the pathogenesis of
liver diseases, such as NAFLD/NASH and hepatocellular
carcinoma (HCC) [50]. Our results may help to study liver
hematopoiesis under the state of these liver diseases.

However, the origin of liver HSPCs and the function of T
cells derived from the liver HSPCs are still unclear. Next, we
need to further confirm whether adult liver HSPCs are
derived from a remnant of fetal HSPCs or from bone
marrow-circulating HSPCs. It is also necessary to illuminate
the function and significance of liver extramedullary hemato-
poiesis, particularly regarding therapy for liver tumors and
related diseases.

5. Conclusions

In summary, the findings of the present study demonstrate
that adult murine liver HSPCs exhibit hematopoietic activ-
ity, primarily differentiating into T and B lymphocytes.
We further confirmed that kupffer cells can promote the
adhesion, proliferation, and differentiation of adult liver
HSPCs by the interaction between ICAM-1 and LFA-1.
These findings provide important insight into understanding
the liver hematopoietic microenvironment and may aid in
the development of novel therapies for liver-related diseases
and the maintenance of immune tolerance following liver
transplantation.
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Ischemia/reperfusion- (I/R-) induced organ damage represents one of the main causes of death worldwide, and new strategies to
reduce I/R injury are urgently needed. We have shown that programmable cells of monocytic origin (PCMO) respond to I/R
with the release of angiogenic mediators and that transplantation of PCMO results in increased neovascularization. Human
regulatory macrophages (Mreg), which are also of monocytic origin, have been successfully employed in clinical transplantation
studies due to their immunomodulatory properties. Here, we investigated whether Mreg also possess angiogenic potential
in vitro and could represent a treatment option for I/R-associated illnesses. Mreg were differentiated using peripheral blood
monocytes from different donors (N = 14) by incubation with M-CSF and human AB serum and stimulation with INF-gamma.
Mreg cultures were subjected to 3 h of hypoxia and 24 h of reoxygenation (resembling I/R) or the respective nonischemic
control. Cellular resilience, expression of pluripotency markers, secretion of angiogenic proteins, and influence on endothelial
tube formation as a surrogate marker for angiogenesis were investigated. Mreg showed resilience against I/R that did not lead to
increased cell damage. Mreg express DHRS9 as well as IDO and display a moderate to low expression pattern of several
pluripotency genes (e.g., NANOG, OCT-4, and SOX2). I/R resulted in an upregulation of IDO (p < 0 001) while C-MYC and
KLF4 were downregulated (p < 0 001 and p < 0 05). Proteome profiling revealed the secretion of numerous angiogenic proteins
by Mreg of which several were strongly upregulated by I/R (e.g., MIP-1alpha, 19.9-fold; GM-CSF, 19.2-fold; PTX3, 5.8-fold; IL-
1β, 5.2-fold; and MCP-1, 4.7-fold). The angiogenic potential of supernatants from Mreg subjected to I/R remains inconclusive.
While Mreg supernatants from 3 donors induced tube formation, 2 supernatants were not effective. We suggest that Mreg may
prove beneficial as a cell therapy-based treatment option for I/R-associated illnesses. However, donor characteristics seem to
crucially influence the effectiveness of Mreg treatment.

1. Introduction

Ischemic organ injuries like myocardial infarction and stroke
contribute to the main causes of death in industrial countries
[1]. An early restoration of blood flow to the ischemic organ

by pharmacological and interventional thrombolysis, stent
implantation, or bypass surgery is essential to prevent irre-
versible tissue damage and consequent organ failure.
Although tissue ischemia already induces a proinflammatory
immune response in order to clear necrotic cells and matrix
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debris from the infarcted area, reperfusion paradoxically
amplifies the initial tissue damage, resulting in so-called
ischemia/reperfusion (I/R) injury [2, 3].

To limit the I/R-induced organ damage, the develop-
ment of novel treatment strategies is under intensive
investigation. Besides ischemic/pharmacological precondi-
tioning and antioxidative/immune-suppressive therapies,
cell-based approaches aiming at the regeneration of func-
tionally impaired tissues in organs affected by I/R injury
are emerging treatment options [2, 3].

Stem cells are defined as cells that possess the ability of
self-renewal and transdifferentiation into specialized cell
types, a feature that makes stem cells an ideal tool for the
treatment of degenerative or ischemic diseases. In general,
possible cell candidates for stem cell therapy consist of
pluripotent cells (e.g., embryonic stem cells), induced plurip-
otent stem cells (IPSC), and adult stem cells (e.g., hematopoi-
etic stem cells and mesenchymal stem cells (MSC)) [4]. It is
commonly accepted that the ideal cell type for a successful
cell-based therapy of ischemic diseases should display the
following characteristics: (i) high plasticity, (ii) ability to
transdifferentiate into mature cell types in response to
microenvironmental stimuli, (iii) promotion of angiogene-
sis and cellular survival by secretion of paracrine media-
tors, (iv) low immunogenicity and carcinogenicity, (v)
anti-inflammatory properties, (vi) high resilience in hyp-
oxic microenvironments, and (vii) simple generation and
cultivation. Although pluripotent stem cells fulfill most of
the mentioned characteristics, the main limitation of plu-
ripotent stem cells is, besides ethical and political con-
cerns, the associated risk of teratoma formation [5, 6].
The latter drawback does also apply to IPSC [7]. There-
fore, up to now, MSC have become the most investigated
and promising cell types for the treatment of ischemic
diseases like myocardial infarction [4]. MSC are mesoderm-
derived stromal cells that possess multidifferentiation poten-
tial, immunomodulatory properties, low carcinogenicity, and
immunogenicity allowing allogenic transplantation. However,
the therapeutic effects of MSC transplantation, especially in
I/R-mediated organ damage, are still mostly unclear [4].
MSC only poorly transdifferentiate (e.g., into cardiomyocytes)
and exhibit very low survival rates after transplantation into
ischemic areas [4, 8]. Despite the low cellular resilience in hyp-
oxic microenvironments and poor differentiation into func-
tional cells, several studies could demonstrate positive effects
after MSC transplantation, suggesting paracrine secretion of
angiogenic and anti-inflammatorymediators to be responsible
for the observed beneficial effects [4, 5].

Another potential cell types that might be suitable for
cell-based therapy are monocyte-derived cells. These cells
can be isolated in large numbers from peripheral blood and
are suitable for both autologous and allogeneic therapies
[9]. In general, the monocyte/macrophage axis is particularly
involved in the process of neoangiogenesis and tissue renewal
after I/R injury like myocardial infarction [9, 10]. It has been
demonstrated that peripheral blood monocytes can increase
their state of plasticity and expression of various markers of
pluripotency after growth factor-induced reprogramming
in vitro. The incubation of monocytes with M-CSF, IL-3,

and human serum for 4-6 days results in an upregulation of
pluripotency genes like C-MYC, OCT-4, and NANOG [11].
These cells are called “programmable cells of monocytic ori-
gin (PCMO)” and can be differentiated into hepatocyte-like,
insulin-producing, and chondrocyte-like cells by incubation
with specific cultivation media [12, 13]. Recently, we have
shown that PCMO are also very resistant against hypoxic
conditions and respond to I/R with the release of proangio-
genic mediators inducing in vitro angiogenesis. Additionally,
we demonstrated that transplantation of PCMO into chronic
ischemic hind limbs of mice resulted in increased neovascu-
larization and improved tissue oxygenation [14]. Another
promising cell type that could be appropriate for cell-based
therapies of I/R injury-related diseases are the so-called reg-
ulatory macrophages (Mreg). Similar to PCMO, Mreg origi-
nate from peripheral blood monocytes and can be generated
by incubation with M-CSF and human serum and an addi-
tional short-term stimulation with IFN-gamma. Hutchinson
and colleagues have described immunomodulatory proper-
ties of Mreg, suggesting Mreg as ideal cells for immunosup-
pressive therapies in solid organ transplantation [15, 16].
Several clinical studies have demonstrated that administer-
ing Mreg cell preparations to renal transplant recipients is
safe and well-tolerated [15, 17]. Based on these promising
initial trials, a large-scale collaborative project (ONE Study)
funded by the European Community is currently investigat-
ing an array of novel manufactured cell therapy products
(including Mreg: ClinicalTrials NCT02085629) regarding
their potential to reduce the life-long dependency of kidney
transplant patients on immunosuppressive drugs [18].

Due to their cellular characteristics, similarities with
PCMO, and promising results from clinical trials, we
hypothesize that Mreg cells could also be employed in the
cell-based therapy of I/R injury. Therefore, in the study pre-
sented, we characterized the angiogenic and regenerative
potential of in vitro cultured Mreg under normoxic and
hypoxic conditions.

2. Material and Methods

2.1. Ethics. The study was authorized by the local Ethics Com-
mittee of the University Medical Center Schleswig-Holstein,
Kiel, Germany (protocol numbers: D519/18 and D518/13).

2.2. Experimental Setting. Peripheral blood monocytes were
isolated from leukapheresis products from the Department
of Transfusion Medicine (University Hospital of Schles-
wig-Holstein, Kiel, Germany) by Ficoll-Paque PLUS (GE
Healthcare, Chicago, USA) density gradient centrifugation
and selective adherence to cell culture surfaces according
to established protocols [19].

Monocytes (160,000 cells/cm2) were cultured in RPMI-
1640 medium containing 10% human AB serum, 5 ng/ml
M-CSF, 2 mM L-glutamine, 100 U/ml penicillin, and 100
μg/ml streptomycin. On day 6 of culture, 25 ng/ml IFN-
gamma were administered to the cultured cells. After 24 h
of IFN-gamma stimulation, in vitro I/R was induced utilizing
our previously described two-enzyme system with minor
modifications [20]. Briefly, for induction of hypoxia, cell
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culture medium was exchanged by medium containing 120
U/ml catalase (Sigma-Aldrich, Schnelldorf, Germany) and 2
U/ml glucose oxidase (Sigma-Aldrich), resulting in a rapid
decrease of partial pressure of oxygen (pO2) below 10mmHg.
Moreover, using this system, pH and glucose concentration
in the culture medium decrease, resembling well the in vivo
situation of I/R [21]. Hypoxia was verified by using a tissue
oxygen pressure monitor (LICOX CMP Oxygen Catheter,
Integra, Plainsboro, USA) and terminated by replacing the
hypoxic medium with standard culture medium, resulting
in an immediate reoxygenation as well as increase of pH
and glucose concentration in the cultures. Control experi-
ments were performed under normoxia by omitting the
hypoxia-inducing enzymes (glucose oxidase and catalase)
from the respective culture media (Figure 1).

2.3. LDH Cytotoxicity Assays. The colorimetric Cytotoxicity
Detection Kit PLUS (Roche, Mannheim, Germany) was
used for the quantification of cell damage by measuring lac-
tate dehydrogenase (LDH) activity released from cultured
cells. Preparation of samples and measurements were per-
formed according to the manufacturer protocol. Briefly,
culture media were collected 24 h after hypoxia, and sam-
ples were stored at -20°C. LDH activity of the samples
was analyzed in 96-well plates at 492 nm using an ELISA
reader (Tecan, Mannedorf, Switzerland) in combination with
the Magellan software v1.1. The measured activities in the
samples were related to the total protein content of the
respective culture dishes.

2.4. Isolation of RNA and Reverse Transcriptase-PCR. Cells
were washed twice with phosphate-buffered saline (Sigma-
Aldrich) and lysed in RLT buffer (Qiagen, Hilden, Germany).
RNA was isolated with the Qiagen RNeasy Minikit according
to the manufacturer’s protocol (Qiagen, Hilden, Germany).
RNA concentrations in the samples were quantified with a
spectrophotometer at 260 nm. Purity of RNA was assessed
by the 260/280 nm ratio. In total, 200 ng of RNA was used
to produce cDNA by a reverse transcription kit (Applied
Biosystems, Carlsbad, USA) employing random hexamer
primers. A 2 μl sample in a final volume of 20 μl was used
as a template for PCR experiments, employing DNA Taq
Polymerase from Solis BioDyne (Tartu, Estonia). The follow-
ing primers were synthesized (metabion, Martinsried, Ger-
many) and used to amplify specific fragments of the human
transcripts: forward 5 ′-TGACCGACCCAGAGAATGTCA-
3 ′ and reverse 5 ′-GCCGGGAACACCAGCATTATT-3 ′
for DHRS9, forward 5 ′-ATGCAGACTGTGTCTTGGCA-
3 ′and reverse 5 ′-GCGCCTTTAGCAAAGTGTCC-3 ′ for
IDO, forward 5 ′-GATTTGTGGGCCTGAAGAAAACT-3 ′
and reverse 5 ′-AAAGGCTGGGGTAGGTAGGT-3 ′ for
NANOG, forward 5 ′-CTTGGCGGGAAAAAGAACGG-3 ′
and reverse 5 ′-TTCTCCTCCTCGTCGCAGTA-3 ′ for C-
MYC, forward 5 ′-GGCCACACGTAGGTTCTTGA-3 ′ and
reverse 5 ′-GAATACCTTCCCAAATAGAACCCC-3 ′ for
OCT-4, forward 5 ′-GTCAGTCCCGGGGATTTGTA-3 ′
and reverse 5 ′-ATGCTCGGTCGCATTTTTGG-3 ′ for

KLF4, forward 5 ′-TTCATCGACGAGGCTAAGCG-3 ′ and
reverse 5 ′-CATCATGCTGTAGCTGCCGT-3 ′ for SOX2,
and forward 5 ′-GTTGGTGGAGCGATTTGTCTGG-3 ′
and reverse 5 ′-AGGGCAGGGACTTAATCAACGC-3 ′
for 18sRNA. All PCR products were separated on 2.5%
agarose gels containing 0.005% Roti®-Safe GelStain (Carl
Roth) and were visualized by UV-transillumination. Images
were taken and densitometrically analyzed with the software
ImageJ (v1.41, NIH).

2.5. Profiling of Angiogenesis-Related Proteins. Analysis of
secreted angiogenesis-related proteins was performed using
human angiogenesis proteome profiling arrays (ARY007,
R&D Systems) according to the manufacturer’s protocol
provided with the assay kit. After culturing Mreg as described
above, 600 μl of cell culture supernatant was applied to
the respective array membrane. Samples from Mreg super-
natants from 5 different donors (D1, D2, D8, D13, and
D14) were analyzed separately. Expression levels of 55
angiogenesis-associated proteins were evaluated by densito-
metric analyses of the arrays using the ImageJ 1.41 software
(NIH). For each spot on the membrane, the optical density
was measured, and the cutoff signal level was set above 10%
of the respective reference spots.

2.6. Isolation of Human Umbilical Vein Endothelial Cells
(HUVEC). HUVEC were isolated from umbilical cords
as described previously [22] and cultured in endothelial
cell growth medium (ECGM) (PromoCell, Heidelberg, Ger-
many) supplemented with 4 μl/ml of endothelial cell growth
supplement, 0.1 ng/ml epidermal growth factor, 1 ng/ml
basic fibroblast growth factor, 90 μg/ml heparin, 1 μg/ml
hydrocortisone (all from PromoCell), and 10% fetal bovine
serum (Thermo Fisher, Schwerte, Germany). The cells were
cultured in a humidified atmosphere with 5% carbon dioxide
at 37°C. For further experiments, cells were detached by using
Accutase (Innovative Cell Technologies, San Diego, USA)
and seeded in respective cell culture plates.

2.7. Endothelial Tube Formation Assays. HUVEC were har-
vested as described above and resuspended in the respective
Mreg conditioned supernatants diluted 1 : 1 with HUVEC
culture media. 110 μl of cell suspension containing 10,000
cells was transferred into each well of a tube formation cham-
ber (ibidi GmbH, Munich, Germany) coated with Matrigel.
Photomicrographs of the cells were taken after 7 h of cultiva-
tion in (I) cell culture media from Mreg that were subjected
to I/R in vitro (I/R media, IRM), (II) cell culture media from
Mreg that were subjected to normoxia in vitro (normoxic
media, NM), and (III) nonconditioned control monocyte
medium (control medium, CM). Angiogenic parameters
(number of branches, number of pieces, number of segments,
and number of junctions) were evaluated from each picture
using the angiogenesis analyzer of the ImageJ software 1.41
(NIH) as described previously [23].

2.8. Statistical Analyses. All values are expressed as the
mean ± standard error of themean SEM . Data were ana-
lyzed with the GraphPad Prism version 5.01 for Windows
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(GraphPad Software; San Diego, California, USA) and tested
for normality using the Kolmogorov-Smirnov test before
employing parametric tests. Statistical comparisons of two
groups were performed using Student’s t-test or the One-
sample t-test. A p value < 0.05 was considered significant.

3. Results

3.1. Resilience of Mreg after I/R. To quantify cellular disinte-
gration of Mreg after I/R injury, LDH activity as a marker of
cell damage was quantified in cell culture media and related
to the total protein content within the cultures to account
for the respective numbers of Mreg. LDH activity measured
within the culture supernatants did not differ between
Mreg subjected to I/R in vitro and the control conditions,
suggesting high resilience of Mreg after I/R injury (I/R:
1 63 ± 0 35 a u , Ctr.: 1 33 ± 0 31 a u ; p > 0 05, Figure 2(a)).
Morphology of Mreg was slightly altered in the I/R group,
and Mreg represented a more attached and slightly flattened
and elongated phenotype (Figure 2(b)).

3.2. Effects of I/R on Mreg Gene Expression. To evaluate the
effects of I/R injury on Mreg gene expression, semiquantita-
tive analysis (relative gene expression, related to 18sRNA)
of genes involved in regulation of cell plasticity (NANOG,
C-MYC, OCT-4, KLF4, and SOX2), Mreg stability (DHRS9),
and immunomodulatory capability (IDO) was performed.
Whereas the regulatory genes NANOG (I/R: 0 60 ± 0 05,

Ctr.: 0 54 ± 0 07) and OCT-4 (I/R: 0 50 ± 0 07, Ctr.: 0 48 ±
0 07) were only moderately expressed and not regulated by
I/R, the expression of C-MYC (I/R: 0 14 ± 0 01, Ctr.: 0 22 ±
0 01; p < 0 001), KLF4 (I/R: 0 28 ± 0 07, Ctr.: 0 45 ± 0 08;
p < 0 05), and SOX2 (I/R: 0 28 ± 0 05, Ctr.: 0 32 ± 0 05)
was low under control conditions, and expression of KLF4
and C-MYC was significantly downregulated after I/R injury
(Figure 3). In our experiments, the DHRS9 gene was highly
expressed in Mreg after I/R and under control conditions
(I/R: 0 74 ± 0 02, Ctr.: 0 77 ± 0 01). The immunosuppres-
sive properties of Mreg are partly based on an upregula-
tion of indoleamine 2,3-dioxygenase (IDO) activity [16].
Interestingly, our results revealed a significant upregulation
of IDO gene expression after I/R (I/R: 0 71 ± 0 02, Ctr.:
0 17 ± 0 01; p < 0 001). Additional flow cytometry analysis
confirmed the cell type-specific surface marker expression
(Supplement 1).

3.3. Release of Angiogenic Proteins. Analyses of Mreg cell
culture supernatants revealed a high secretory activity and
release of angiogenesis-related proteins (Figure 4(a)). The
most secreted proteins were (proteins that are regulated by
I/R are shown in italic letters) angiogenin (I/R: 113 80 ±
12 27; Ctr.: 105 80 ± 11 94), CXCL16 (I/R: 69 07 ± 4 94;
Ctr.: 52 60 ± 8 96), GM-CSF (I/R: 38 29 ± 8 45; Ctr.: 1 53 ±
0 45; p < 0 05), HB-EGF (I/R: 41 19 ± 13 36; Ctr.: 26 03 ±
7 40), IGFBP-3 (I/R: 44 70 ± 7 86; Ctr.: 45 46 ± 5 20), IL-8
(I/R: 80 54 ± 11 06; Ctr.: 82 45 ± 14 41), MCP-1 (I/R: 64 73
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± 20 23; Ctr.: 4 61 ± 0 70; p < 0 001), MIP-1α (I/R: 63 54 ±
4 27; Ctr.: 2 71 ± 0 86; p < 0 001), MMP-9 (I/R: 71 91 ±
20 23; Ctr.: 72 50 ± 10 55), PTX3 (I/R: 60 77 ± 14 48; Ctr.:
10 23 ± 2 91; p < 000 1), PF4 (I/R: 55 87 ± 8 07; Ctr.:
62 67 ± 15 39), Serpin E1 (I/R: 86 61 ± 7 29; Ctr.: 87 79 ±
12 00), Serpin F1 (I/R: 87 84 ± 9 67; Ctr.: 82 36 ± 8 03),
TIMP-1 (I/R: 81 67 ± 10 86; Ctr.: 72 67 ± 8 71), and TSP-1
(I/R: 36 84 ± 7 80; Ctr.: 21 29 ± 3 84) (Figure 4(b)). The
most I/R-regulated angiogenic proteins were MIP-1α
(19.9-fold), GM-CSF (19.2-fold, p < 0 01), PTX3 (5.8-fold,
p < 0 01), IL-1β (5.2-fold, p < 0 05), MCP-1 (4.7-fold, p <
0 05), angiopoietin-2 (3.6-fold), prolactin (3.5-fold), PDGF-
AA (2.2-fold), activin A (2.1-fold), HB-EGF (1.7-fold),
TF (1.6-fold), CXCL16 (1.4-fold), TSP-1 (1.3-fold), PD-
ECGF (1.2-fold), and TSP-2 (1.2-fold) (Figure 4(c)). For
a detailed description of the array proteins, please refer to
Supplement 2.

3.4. Effect of Mreg-Conditioned Culture Media on Endothelial
Tube Formation In Vitro. Tube formation assays for the
assessment of in vitro angiogenesis were performed with
human umbilical vein endothelial cells (HUVEC) cultured
on Matrigel-coated dishes (Figure 5). HUVEC were incu-
bated with normoxia-conditioned media from Mreg (NM),
I/R-conditioned media from Mreg (IRM), and control media
(CM). There was a trend of increased formation of tube-
like structures in HUVEC cultures incubated with Mreg-
conditioned media (NM and IRM) without reaching statis-
tical significance (numbers of branches, IRM/CM: 1 20 ±
0 35, NM/CM: 1 32 ± 0 42; numbers of pieces, IRM/CM:
1 14 ± 0 33, NM/CM: 1 45 ± 0 65; numbers of segments,
IRM/CM: 1 32 ± 0 29, NM/CM: 2 04 ± 1 24; and numbers
of junctions, IRM/CM: 1 17 ± 0 34, NM/CM: 1 57 ± 0 87;
Figure 5). Interestingly, donor-based analysis of the tube
formation capacity of Mreg media revealed that Mreg
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supernatants from 3 donors (D1, D2, and D8) induced tube
formation, while 2 supernatants were not effective or even
attenuated formation of tubes in HUVEC cultures (D13
and D14; table in Figure 5).

4. Discussion

Ischemia/reperfusion- (I/R-) induced organ damage repre-
sents one of the main causes of death worldwide and is of
outstanding clinical importance. I/R injury is characterized
by the production of reactive oxygen species, the release of
proinflammatory mediators, and infiltration of leucocytes.
An early restoration of blood flow to the ischemic organ by
pharmacological or surgical intervention is essential to pre-
vent irreversible tissue damage and consequent organ failure.
Although tissue ischemia already induces a proinflammatory
immune response, reperfusion paradoxically amplifies the
initial tissue damage, resulting in so-called ischemia/reperfu-
sion (I/R) injury [2, 3].

The development of novel treatment strategies to limit or
prevent I/R-induced organ damage is urgently needed.
Besides ischemic/pharmacological preconditioning and anti-
oxidative/immune-suppressive therapies, cell-based thera-
pies aiming at the regeneration of functionally impaired
tissues in organs affected by I/R injury may represent prom-
ising future treatment options.

Recently, it has been hypothesized that regenerative and
proangiogenic effects are induced by monocytes and their
derivatives and that paracrine mechanisms rather than cellu-
lar differentiation of monocytes into vascular structures
could play a central role in these mechanisms [10, 24]. Path-
ological processes featuring ischemic areas (i.e., myocardial
infarction, critical limb ischemia, and stroke) could therefore
represent ideal potential clinical targets for the use of plurip-
otent cells of myeloid origin. In this context, we have recently
shown that in vitro differentiated programmable cells of
monocytic origin (PCMO) respond to I/R with the release
of angiogenic mediators and that transplantation of PCMO
results in increased neovascularization of ischemic areas in
a mouse model of hind limb ischemia [14].

Another monocyte-derived cell type with great promise
in cell-based therapies is the human regulatory macrophages
(Mreg). Mreg have already been successfully employed in
clinical transplantation studies due to their immunomodula-
tory properties [15–18]. We hypothesized that Mreg possess
angiogenic potential and may represent a possible cell
therapy-based treatment option for I/R-associated illnesses.

In the study presented, we have isolated peripheral blood
monocytes from different donors and differentiated these
cells to Mreg by incubation with M-CSF and human AB
serum and stimulation with IFN-gamma. Using our recently
described enzymatic hypoxia model, Mreg cultures were sub-
jected to 3 h of hypoxia and 24 h of reoxygenation in vitro
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Figure 5: Effects of cell culture media derived from Mreg cultures subjected to I/R on endothelial tube formation. Scale bars in the
photomicrographs denote 100 μm. IRM: ischemia/reperfusion-conditioned media; NM: normoxia-conditioned media; CM: control media.
Green color denotes an increase; orange color denotes a decrease of the respective tube formation parameter. D1, D2, D8, D13, and D14
classify the donors from which the respective Mreg were derived; N = 5.
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(resembling I/R), and cellular resilience, expression of pluri-
potency markers, and secretion of angiogenic proteins as well
as their influence on endothelial tube formation as a surro-
gate marker for angiogenesis were investigated.

High survival rates of transplanted cells within hostile tis-
sues are a crucial determinant of the efficacy of cell-based
therapies [8, 25]. Several studies demonstrated that due to
the hypoxic and cytotoxic microenvironment present during
and after ischemia, the survival rate of transplanted cells
remains extensively low within the first week after transplan-
tation [8, 26]. In our experiments, the measured LDH activity
within the culture supernatants did not differ between Mreg
subjected to I/R in vitro or control conditions, suggesting
strong resilience of Mreg against hypoxia and possibly also
I/R injury. Due to their central role in hypoxia-associated
pathological processes (e.g., inflammation, arteriosclerosis,
and tumor growth), macrophages possess exceptionally
strong resilience within hypoxic microenvironments [26]. It
seems that this unique property of macrophages is also
shared byMreg employed in our study supporting once again
the potential of Mreg in cell-based therapies of ischemia-
associated illnesses.

Using RT-PCR, lineage and classical markers of pluripo-
tency were investigated in Mreg. All markers of pluripotency
(NANOG, C-MYC, OCT-4, and SOX2) showed moderate
or low expression after I/R and under control conditions.
Likewise, KLF4 which has been reported as one of the
major effectors of myeloid differentiation by various authors
[27–29] also revealed low levels of expression. Riquelme et al.
suggested DHRS9 as a stable marker for Mreg characteri-
zation [30]. Our results also confirm this aspect showing that
DHRS9 was consistently expressed under normoxic and
hypoxic conditions.

The initial phase of I/R injury is characterized by the
production of reactive oxygen species, as well as a release
of metabolic intermediates and cellular fragments provoking
further secretion of proinflammatory mediators and infiltra-
tion of leucocytes. This primary proinflammatory immune
response is then followed by an anti-inflammatory, regener-
ative phase characterized by tissue renewal, neoangiogenesis,
and extracellular matrix production [2, 3]. There is emerging
evidence that regulatory T lymphocytes (Tregs) are involved
in the initiation of the reparative phase after I/R. The infiltra-
tion of Tregs into the ischemic area has been reported to be
associated with several beneficial effects like suppression of
proinflammatory cytokine secretion, reduction of tissue
remodelling, and prevention of apoptosis [2]. Mreg exert
their immunomodulatory function through their ability of
transforming naïve CD4+ T-cells into IL-10-producing
anti-inflammatory Tregs [16, 31]. This T-cell conversion is
based on an increased indoleamine 2,3-dioxygenase (IDO)
activity in Mreg [16]. Interestingly, our results revealed a sig-
nificant upregulation of IDO gene expression after I/R, sug-
gesting an increased immunomodulatory capability of Mreg
especially after I/R injury.

To investigate whether Mreg are secretory active and to
evaluate the effects of I/R on the release of angiogenic pro-
teins, Mreg-conditioned culture media were characterized
using angiogenesis proteome profiling arrays. Overall, most

of the 55 examined proteins showed a moderate to strong
secretion under control conditions as well as after I/R. How-
ever, four proteins were highly elevated in supernatants from
Mreg after I/R: GM-CSF, MCP-1, MIP-1α, and PTX-3. Inter-
estingly, all these factors have been strongly associated with
angiogenesis and tissue recovery.

GM-CSF represents a cytokine with a wide range of
biological effects, and its benefit for promoting angiogenesis
in ischemic and damaged tissue has been well described
[10]. Zhao et al. demonstrated that GM-CSF accelerates
wound healing by promoting vascular endothelial growth
factor-A (VEGF-A) expression and proliferation of endo-
thelial cells [32]. Moreover, Ito and coworkers demon-
strated that GM-CSF increases vascular collateral flow and
conductance, as shown in a short-term administration of
the cytokine in occlusive peripheral artery disease [33].
Finally, it has also been demonstrated that GM-CSF can play
a beneficial role by inducing a phenotypic switch of inflam-
matory monocytes to reparative type II macrophages (M2),
thereby affecting endothelial formation and neoangiogenesis
in injured tissue [34].

Likewise, MCP-1 and MIP-1α have been identified in
the pathways of angiogenesis and in response to vascular
inflammation by promoting the accumulation of cells with
angiogenic potential [35]. Although MIP-1α has frequently
been associated with angiogenesis, the underlying (patho)-
physiological mechanisms are still unclear [36]. Interestingly,
in ischemic areas, local production of MCP-1 is enhanced,
and monocytes are recruited via a MCP-1/CCR2-dependent
mechanism, which is associated with a second wave of mono-
cyte migration [37]. It may be hypothesized that the migrat-
ing monocytes are quickly converted to anti-inflammatory
macrophages (M2) at the site of injury where they participate
in neoangiogenesis [37].

In contrast, the influence of PTX-3 on angiogenesis has
been controversially discussed until now. Accordingly, Salio
et al. reported that lack of PTX-3 reduced the number of cap-
illaries in reperfused cardiac tissue and resulted in a detrimen-
tal outcome in a study of cardiac ischemia [38]. Likewise,
PTX-3 has also been described to be a factor that promotes
neurogenesis and angiogenesis in neuronal tissue [39].

In accordance with the results from the angiogenesis pro-
teome profiling arrays, tube formation assays demonstrated
that supernatants from Mreg positively influence in vitro
angiogenesis. There was a trend of increased formation of
tube-like structures in HUVEC cultures that were incubated
with normoxia-conditioned and I/R-conditioned media from
Mreg. However, statistical significance was not reached, and
there was also no clear difference between the effects of
normoxia-conditioned and I/R-conditioned Mreg media on
tube formation. Donor-based analysis of the tube formation
capacity of Mreg media revealed that Mreg supernatants
from 3 donors (D1, D2, and D8) induced tube formation,
while 2 supernatants were not effective or even attenuated
formation of tubes in HUVEC cultures (D13 and D14). It
could be conceivable that variables like gender, age, and
actual inflammatory state of the respective donor may influ-
ence the properties of the resulting Mreg population and
therefore the outcome of the tube formation assays.
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5. Conclusion

Our results suggest that Mreg may prove beneficial as a cell
therapy-based treatment option for I/R-associated illnesses.
However, donor characteristics seem to crucially influence
the effectiveness of Mreg treatment, and further studies
employing Mreg for cell-based therapies should focus on
the selection of suitable monocyte donors as well as a detailed
characterization of the resulting Mreg populations.
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Mesenchymal stem cells (MSCs) represent alternative candidates to chondrocytes for cartilage engineering. However, it remains
difficult to identify the ideal source of MSCs for cartilage repair since conditions supporting chondrogenic induction are diverse
among published works. In this study, we characterized and evaluated the chondrogenic potential of MSCs from bone marrow
(BM), Wharton’s jelly (WJ), dental pulp (DP), and adipose tissue (AT) isolated and cultivated under serum-free conditions.
BM-, WJ-, DP-, and AT-MSCs did not differ in terms of viability, clonogenicity, and proliferation. By an extensive
polychromatic flow cytometry analysis, we found notable differences in markers of the osteochondrogenic lineage between
the 4 MSC sources. We then evaluated their chondrogenic potential in a micromass culture model, and only BM-MSCs
showed chondrogenic conversion. This chondrogenic differentiation was specifically ascertained by the production of
procollagen IIB, the only type II collagen isoform synthesized by well-differentiated chondrocytes. As a pilot study toward
cartilage engineering, we encapsulated BM-MSCs in hydrogel and developed an original method to evaluate their
chondrogenic conversion by flow cytometry analysis, after release of the cells from the hydrogel. This allowed the
simultaneous quantification of procollagen IIB and α10, a subunit of a type II collagen receptor crucial for proper cartilage
development. This work represents the first comparison of detailed immunophenotypic analysis and chondrogenic
differentiation potential of human BM-, WJ-, DP-, and AT-MSCs performed under the same serum-free conditions, from
their isolation to their induction. Our study, achieved in conditions compliant with clinical applications, highlights that BM-
MSCs are good candidates for cartilage engineering.

1. Introduction

Articular cartilage presents poor intrinsic repair capacity and
traumatic and degenerative lesions of articular cartilage
predisposed to osteoarthritis (OA), a worldwide leading
source of disability. Current surgical options (microfracture,
mosaicplasty) are not completely satisfactory since they often

result in production of fibrocartilage. Besides, joint replace-
ment is a short-term therapy for young individuals since
knee prostheses have limited lifespan. Autologous chondro-
cyte implantation (ACI) was the first cell therapy applied to
orthopedic surgery [1] and is the most widely used cell-
based surgical procedure to treat focal damages of articular
cartilage. However, ACI causes donor-site morbidity and this
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technique also involves a step of cell expansion that induces
chondrocyte dedifferentiation [2], a process that is a major
risk of producing fibrocartilage. The mesenchymal stem cells
(MSCs) represent a promising alternative cellular reservoir
for cartilage engineering since they can be easily isolated
from different tissue sources and possess self-renewal and
multipotency and have been described as being immunopri-
vileged cells with immunosuppressive properties. A recent
study showing that MSCs isolated from bone marrow (BM)
or adipose tissue (AT) maintain their immunosuppressive
properties after chondrogenic differentiation [3] suggests
that they might represent a cellular material of choice for
off-the-shelf, allogenic strategies for cartilage engineering.

Different sources of MSCs have been studied in the liter-
ature with respect to their ability to convert into chondro-
cytes. Nevertheless, it remains difficult to identify the ideal
tissue source of human MSCs for cartilage repair since the
culture conditions and the cell model systems supporting
chondrogenesis (pellet, micromass, hydrogel, natural, or syn-
thetic scaffolds) used among research groups are diverse. In
addition, most reported protocols refer to serum or animal
products in the culture medium, preventing, therefore, clini-
cal translation for cartilage therapies. The aim of this study
was to investigate the chondrogenic potential of different cat-
egories of human MSCs using serum-/xeno-free, defined
media from their isolation and expansion and during their
chondrogenic induction. As MSCs derived from different
tissue sources comprise several subpopulations that may pos-
sess specific functional characteristics [4], it is therefore abso-
lutely necessary to deepen the molecular characterization of
the different categories of MSCs that are proposed to be used
in regenerative medicine. According to the minimum criteria
defined originally by the International Society of Cellular
Therapy (ISCT) to identify MSCs, cells should adhere to plas-
tic, express specific cell-surface antigens CD73, CD90, and
CD105, but not CD11b, CD14, CD19, CD34, CD45,
CD79a, and HLA-DR, and be able to differentiate into osteo-
blasts, adipocytes, and chondrocytes in vitro [5]. However,
these minimum criteria are not specific to MSCs and describe
features shared by other connective tissue cells [6]. Consider-
able efforts have followed to extend MSC characterization
using other surface markers but with great discrepancy or
inconsistency mainly because of a lack of standardized condi-
tions for the cell culture and immunophenotyping analysis.
The first objective of this study was to undertake an extensive
comparative polychromatic flow cytometric immunopheno-
typing of MSCs isolated from BM, AT, dental pulp (DP),
and Wharton’s jelly (WJ). In particular, we assessed expres-
sion of a panel of surface markers (here referred to as
“advanced characterization” markers) that are described in
the literature as being putative markers of skeletal precursor
cells. These markers include CD15, CD49a, CD56, CD63,
CD106, CD146, CD271, CD340, α10 integrin, and Stro-1.
This is the first study providing detailed “identity cards” by
analyzing in total 31 surface markers on MSCs isolated from
BM, AT, DP, and WJ and expanded in conditions compliant
with medicinal manufacturing. We also assessed the clono-
genicity of these cells and their amplification kinetics in
serum-free conditions.

The second objective of this study was to investigate the
chondrogenic potential of BM-, AT-, DP-, and WJ-MSCs
maintained in serum-free conditions. First, we used the
micromass model, a 3D cell model largely used to mimic
the mesenchymal cell condensation observed in the early
phase of chondrogenesis during limb development [7, 8]. In
this model, only BM-MSCs showed chondrogenic induction,
as judged by expression of selected chondrogenic markers.
Then, as a pilot study toward exploitation of the chondro-
genic potential of MSCs for cartilage engineering, we
combined BM-MSCs with a hydrogel scaffold to induce
chondrogenesis and developed an original flow cytometry
analysis using an antibody obtained and characterized in
our laboratory [9] that selectively recognizes the IIB form
of type II procollagen protein, a cartilage-specific form orig-
inally found to be expressed by well-differentiated human
chondrocytes [10]. We demonstrate that BM-MSCs synthe-
size type IIB procollagen after chondrogenic induction in
hydrogel, thus attesting to the quality of chondrocyte differ-
entiation. Taken together, our data generated by using
specific serum-/xeno-free culture conditions covering cell
isolation, expansion, and chondrogenic induction of 4 dif-
ferent MSC types indicate that BM-MSCs appear as the
most promising alternative cells to be clinically applied
for cartilage regeneration.

2. Materials and Methods

2.1. Ethics Approval and Consent to Participate. All tissue
specimens were collected upon written informed consent of
the donors or their parents and complied with local ethical
guidelines, national and European Union legislation regard-
ing human sample collection, manipulation, and personal
data protection. All experimental protocols were approved
by the French Ministry of Higher Education and Research
(Ethics Committee for research with human samples,
CODECOH: DC-2014-2325).

2.2. Explant and Cell Culture during Amplification. For the
isolation of cells by explant culture, explants were seeded in
6-well culture dishes and removed when cells reached conflu-
ence. For the isolation and amplification of MSCs, chondro-
cytes, and fibroblasts, all cell culture surfaces were precoated
with a mixture of human collagens I and III (ABCell-Bio) at a
concentration of 10 μg/cm2 for isolation and of 50 μg/cm2 for
expansion. The cells were cultivated in serum-free SPE-IV
defined medium (ABCell-Bio) containing 100 IU/mL peni-
cillin and 100 μg/mL streptomycin (P/S, Gibco, Life Technol-
ogies, Saint Aubin, France), at 37°C in a humidified
atmosphere containing 5% CO2. The culture medium was
changed 3 times a week. At confluence, cells were detached
with a xeno-free recombinant protease (TrypLE Select 1X,
Life Technologies) and seeded at 5 × 103 cells/cm2 in flasks
(Corning) for amplification. The cells were designated P0
during the isolation phase and P1 when reseeded after their
first detachment. Subsequently, the number of passages
designing cells (P2 to P10) corresponds to the number of
detachments undergone by the cells.

2 Stem Cells International



2.3. AT-MSC Isolation. AT-MSCs were collected from 18
donors undergoing an abdominal liposuction for cosmetic
purposes (age range: 28-67 years, median: 46 years; 40%male
and 60% female). The AT was aspirated via a 3 mm blunt
cannula, and AT-MSCs were isolated following two proto-
cols. In the first protocol, AT was rapidly digested with colla-
genase A (0.120 U/mL, Roche) at 37°C for 30 min under
constant shaking. Digestion was stopped by adding Dulbec-
co’s modified Eagle’s medium (DMEM) with GlutaMAX
(Invitrogen) containing 10% clinical-grade fetal calf serum
(FCS) (HyClone) supplemented with 1% P/S. Floating adipo-
cytes were discarded, and cells from the stromal-vascular
fraction were pelleted, rinsed with medium, centrifuged,
and incubated in erythrocyte lysis buffer (Hybri-Max,
Sigma-Aldrich) for 10 min at 37°C. After centrifugation
and resuspension, cells were seeded at a density of 8 × 104
cells/cm2. In the second protocol, AT aspirate was placed in
a 50 mL tube containing 20 mL of phosphate-buffered saline
(PBS) (Lonza) supplemented with 1% P/S. The mixture was
shaken thoroughly to remove the remaining blood and
potential microbial contaminants. The fat lobules (average
size 1 cm3) were transferred to a new tube, and the procedure
was repeated until the solution remained clear after agitation.
The fat lobules were rinsed with PBS and then cut with a
scalpel into 0.5 to 2 mm3 fragments to form explants. No
differences in cell growth kinetics were observed between
AT-MSCs isolated with the two protocols.

2.4. BM-MSC Isolation. BM was obtained from iliac crest
aspirations of 10 donors (age range: 2-41 years, median: 13
years; 80% male and 20% female). The aspirate was washed
once in PBS supplemented with 1% P/S and centrifuged at
1000 × g for 15 min. The cell pellet was resuspended in cul-
ture medium, and cells were seeded at 1 2 × 106 cells/cm2.
After 2 days, nonadherent cells were discarded by rinsing
with PBS and adherent BM-MSCs were cultivated to
confluence.

2.5. WJ-MSC Isolation. Umbilical cords were collected from
10 donors, before or after delivery of the placenta. A section
of the umbilical cord between 10 and 25 cm long was cut
and placed in a 50 mL tube containing 20 mL of PBS supple-
mented with 1% P/S. The mixture was shaken thoroughly to
remove the remaining blood and potential microbial con-
taminants; then, the umbilical cord fragment was transferred
to a new tube and the procedure was repeated until the solu-
tion remained clear after agitation. The cord fragment was
transversally cut into 1 to 2 mm thick slices. Circular blades
were then used to isolate standardized WJ pieces 2.5 mm in
diameter to form explants.

2.6. DP-MSC Isolation. Teeth between Nolla developmental
stages 5 and 8 were extracted from 10 donors, for orthodontic
reasons (age range: 12-17 years, median: 15 years; 30% male
and 70% female). Dental pulps were aseptically extirpated
from the pulp chamber with fine tweezers. The apical part
of the radicular pulp was removed with a scalpel to prevent
contamination by dental papilla and periapical cells. The
remaining pulp was then rinsed with PBS containing 1%

P/S and cut with a scalpel into 0.5 to 2 mm3 fragments to
form explants.

2.7. Fibroblast Isolation. Fibroblasts were obtained from fore-
skin biopsies collected from 10 donors undergoing surgical
circumcisions (age range: 2-8 years, median: 5 years). The
biopsy was placed in a 50 mL tube containing 20 mL of
PBS supplemented with 1% P/S. In order to separate dermis
and epidermis, biopsy was incubated with 25 mL of 0.25%
trypsin (Sigma-Aldrich) at 37°C for 1 to 1.5 h. After enzy-
matic digestion, dermis and epidermis could be separated
using 2 sterile tweezers. The dermis was further processed
as for WJ-MSCs: a biopsy punch was used to isolate
standardized tissue pieces that were 2.5 mm in diameter
and 1 to 2 mm thick to form explants.

2.8. Chondrocyte Isolation. Chondrocytes were extracted
from macroscopically healthy zones of articular cartilage
obtained from 5 donors undergoing total knee replacement
(age range: 50-77 years, median: 68.5 years; 40% male and
60% female) or from nasal cartilage of 7 donors undergoing
rhinoseptoplasty (age range: 50-72 years, median: 51 years;
30% male and 70% female). Small slices of cartilage were
sequentially digested with 0.2% trypsin (Sigma-Aldrich)
for 30 min at 37°C, followed by 0.15% bacterial collage-
nase A (Roche Applied Science) supplemented with 1%
P/S overnight. The cells were then seeded at a density of
0 8 × 104 cells/cm2.

2.9. Cell Viability, Proliferation Kinetics, and Clonogenic
Potential. The cell viability was estimated by flow cytometry
analysis. The nucleic acid dye 7-amino-actinomycin D (7-
AAD; BD Biosciences, Le Pont-de-Claix, France) was used
for the exclusion of nonviable cells.

The cells were counted using a Cellometer (Nexcelom) at
each passage. The population doubling (PD) level was
calculated according to following the equation: PD = log 10
NH − log 10 NS /log 10 2 , where NH is the number of
harvested cells and NS is the number of seeded cells.
The cumulative population doubling (CPD) level was
obtained by adding the PD levels of the previous passages:
CPD =∑ PD . The doubling time (DT) was calculated fol-
lowing the equation DT = CT/PD, where CT is the cell
culture time.

The colony-forming unit fibroblast (CFU-F) assays
were performed by seeding P1 cells in two replicas at a
density of 100 cells/well in 6-well plates. After 14 days,
cells were fixed with ice-cold methanol and stained with
0.3% (w/v) crystal violet (Sigma-Aldrich). Visible colonies
were quantified only when they were isolated and greater
than or equal to 50 cells.

2.10. Polychromatic Flow Cytometry Analysis

2.10.1. Sample Processing. About 1 million P1 cells (MSCs,
fibroblasts, and chondrocytes) were harvested for analysis.
To prevent unspecific binding of antibodies to the cell
surface, cells were preincubated with Human TruStain FcX
Fc Receptor Blocking Solution (BioLegend) for 10 min at
room temperature, before staining with specific antibodies.
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The cells were stained with 31 fluorochrome-conjugated
antibodies and with 7-AAD to exclude nonviable cells. The
list of antibody clones used in this study is presented in
Supplementary Figure 1, and the different combinations of
antibodies coupled with their fluorochromes are described
in Supplementary Figure 2.

2.10.2. Data Acquisition. Samples were acquired on a BD
FACSCanto II Flow cytometer (BD Biosciences) equipped
with 3 lasers (violet 405 nm, blue 488 nm, and red 633 nm)
as uncompensated events and recorded as FCS 3.0 files.
Analysis and compensation were performed using FlowJo
software. As gating strategy, a primary Boolean gate was
placed on 7-AAD-negative cells. This population was then
visualized on the height versus width signal of the side scatter
(SSC-H/SSC-W) and on the height versus width signal of the
forward scatter (FSC-H/FSC-W) dot plot to exclude doublets
and clumps. A final gate was placed on the area versus width
signal of the forward scatter (FSC-A/FSC-W) dot plot to
discriminate the cell population from the remaining debris.
This whole gating process enabled analysis of a viable single
cell population. The percentage of cells positively stained
corresponded to the percentage of cells present within a
gate established so that less than 1% of the measured
positive events represented nonspecific binding by the
fluorochrome-conjugated isotype-matched control. In
addition, fluorescence minus one (FMO) controls were
used in combination with isotype controls (Supplementary
Figure 3). Autofluorescence (when observed) was excluded
by leaving a blank detector in the violet laser line, and
autofluorescent cells were either compensated as regular
fluorochrome or gated out of the analysis.

2.11. Analysis of Procollagen IIB and α10 Integrin by Flow
Cytometry. Rabbit polyclonal antibodies to human procolla-
gen IIB (pNIIB52) [9] were fluorescently labeled using Zenon
Alexa Fluor 647 Rabbit IgG Labeling Kit (Invitrogen),
according to the manufacturer’s instructions. The resulting
antibodies are referred as AF647-IIB procollagen antibodies.
Each cell-agarose construct was dissolved with 500 μL of 100
U/mL agarase (Sigma-Aldrich) in PBS at 37° for 1 h. The cell
suspension was washed twice with PBS before resuspen-
sion in staining buffer containing bovine serum albumin
(BSA) (BD Biosciences). To prevent unspecific binding of
antibodies to the cell surface, 1 × 106 cells were incubated
with Human TruStain FcX Fc receptor blocking solution
(BioLegend) for 10 min at room temperature, before stain-
ing with Fixable Viability Dye eFluor 450 (FVD-eFluor
450) (Bioscience) for 1 h at 4°C, according to the manu-
facturer’s instructions. The cells were then incubated with
1 μg of anti-α10 integrin primary antibody (a kind gift
from Dr. Evy Lundgren-Akerlund, Xintela AB, Sweden)
for 1 to 2 h at 4°C, washed twice with stain buffer, and
incubated for 1 to 2 h with goat anti-mouse IgG2a secondary
antibody conjugated to Alexa Fluor 488 (AF488; Invitrogen).
The cells were then washed twice with stain buffer, fixed, and
permeabilized using BD Cytofix/Cytoperm solution (BD
Biosciences) following the manufacturer’s instructions and
stained with AF647-IIB procollagen antibodies for 1 h at

4°C. Acquisitions were performed in a BD FACSCanto II
flow cytometer (BD Biosciences) and analyzed using FlowJo
software.

2.12. Osteogenic and Adipogenic Differentiation. All reagents
were purchased from Sigma-Aldrich unless otherwise
specified. Osteogenesis and adipogenesis were induced in
monolayer cultures of MSCs, fibroblasts, and chondro-
cytes, after 2 passage amplification in serum-free SPE-IV
defined medium. The cells were initially plated at a density
of 1 × 104 cells/cm2 in 6-well plates, and differentiation
was performed for 21 days, when cells reached confluence.

Osteogenic medium consisted of high-glucose DMEM
(Gibco) supplemented with 10% fetal bovine serum (FBS),
10-7 M dexamethasone, 50 μg/mL L-ascorbate-2-phosphate,
10 mM β-glycerophosphate, and 1% P/S antibiotics. On
day 21, cultures were fixed in 60% isopropanol and stained
with 1% w/v alizarin red S solution (ARS) to detect matrix
mineralization. For ARS staining quantification, 10% acetic
acid solution was added to the wells for 30 min, cells were
scraped with a cell scraper, and each cell suspension was
transferred to a 1.5 mL microcentrifuge tube, heated at
85°C for 10 min, and centrifuged. The supernatant was trans-
ferred to a new tube, and acid was neutralized by addition of
0.4 volume of 10% ammonium hydroxide. Aliquots were
deposited in triplicate in a 96-well plate, and absorbance
was read at 405 nm with a microplate reader.

Adipogenic medium consisted of high-glucose DMEM
(Gibco) supplemented with 10% FBS, 1 μM dexamethasone,
100 μM indomethacin, 0.5 mM 3-isobutyl-1-methyl-xan-
thine, 1% P/S antibiotics, and 200 mUI/mL insulin (Umulin,
Lilly laboratories). On day 21, cells were fixed with 10% for-
malin (Merck), rinsed with water, and then incubated with
60% isopropanol. Isopropanol was removed, and intracellu-
lar accumulation of lipid vacuoles was visualized by staining
with 0.2% w/v oil red O for 10 min followed by rinsing with
water. For quantification, oil red O stain was extracted by
adding 100% isopropanol; then, aliquots were deposited in
triplicates in a 24-well plate and absorbance was read at 492
nm with a microplate reader.

2.13. Chondrogenic Differentiation. All reagents were pur-
chased from Sigma-Aldrich unless otherwise specified. P1
MSCs and fibroblasts amplified in serum-free SPE-IV
defined medium were used for chondrogenic induction.

For pellet induction, 3 5 × 105 cells were seeded in V-
bottomed 96-well plates and centrifuged for 10 min at
250 g. The pellets were cultivated for 28 days in high-
glucose DMEM supplemented with 1% P/S, 1 mM sodium
pyruvate (Gibco), 50 μg/mL L-ascorbate-2-phosphate, 0.1
μM dexamethasone, 1% ITS (insulin-transferrin-selenium,
Gibco) in the absence (control medium) or presence of
50 ng/mL recombinant human BMP-2 (dibotermin-alpha,
drug form of BMP-2, InductOs kit, Wyeth) and 10 ng/mL
recombinant human TGF-β3 (R&D Systems). This latter
medium was referred as BTβ3 medium. P1 chondrocytes
were used as positive control of chondrogenic differentia-
tion. The chondrocytes were amplified and induced in
pellet either by using the same culture conditions as for
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MSCs and fibroblasts or by supplementing serum-free
SPE-IV medium with 5 ng/mL FGF-2 (R&D Systems)
and 5 μg/mL insulin (UMULINE RAPIDE, Lilly) during
amplification and with 200 ng/mL BMP-2, 5 μg/mL insu-
lin, and 100 nM tri-iodothyronine (T3) during induction.
These amplification and differentiation media were desig-
nated FI medium and BIT medium, respectively. The cul-
ture media were changed every day for the first three days
and then every 2-4 days.

For chondrogenic induction in hydrogel, BM-MSCs were
embedded in 2% agarose (SeaPlaque, Cambrex Bioscience).
Briefly, 100 μL agarose disks containing 9 × 105 cells were
shaped by molding agarose suspension in precut 1 mL
pipette tips. After gelling, the constructs were moved to
24-well culture plates. The disks were then cultivated for
21 days in BTβ3 medium supplemented or not with 5%
serum-free SPE-IV medium. The culture media were chan-
ged every day for the first three days and then every 2-4
days. The cell viability was evaluated with the Cellstain
double staining kit.

2.14. Histological and Immunohistochemical Analyses. The
pellets and agarose gels were rinsed in PBS and fixed for 24
h with 4% neutral-buffered formalin. After dehydration,
samples were embedded in paraffin and sectioned at 5 μm.
To detect sulfated proteoglycans, sections were stained with
Safranin O in 0.1 M sodium acetate (pH 7.4) for 10 min.
For immunohistochemistry, sections were digested with
0.5% hyaluronidase diluted in PBS containing 3% bovine
serum albumin (PBS-BSA) for 1 h to unmask the antigenic
sites. Incubation with primary antibodies was carried out in
PBS-BSA overnight at 4°C. Polyclonal rabbit antibodies to
human type II collagen (Novotec, Ref. 20211) were used at
1 : 500. Polyclonal rabbit antibodies to human type I collagen
(Novotec, Ref. 20111) were used at 1 : 1000. Polyclonal rabbit
antibodies specific to human procollagen IIB (anti-pNIIB52)
and raised in our laboratory [9] were used at 1 : 250. After
washing with PBS and PBS with 0.2% Tween-20, endogenous
peroxidase activity was inhibited by treatment with 0.5%
aqueous H2O2 in PBS-BSA. Then, anti-rabbit horseradish
peroxidase-conjugated secondary antibodies (Dako, Ref.
K4002), used undiluted, were applied for 45 min. Finally, sec-
tions were revealed with diaminobenzidine, counterstained
with hematoxylin and eosin, and observed with a DM
4000B microscope (Leica) directly coupled to a color camera
(Digital Camera DXM1200, Nikon). Image acquisition was
achieved with MetaView software (Universal Imaging).

2.15. Gene Expression Analysis. Total RNA was isolated from
MSCs, fibroblasts, and chondrocytes that were cultivated in
monolayer (P1) or in pellets for 21 days. Three pellets for
each culture condition and for each donor were pooled for
RNA extraction. Total RNA was extracted by using the
RNeasy Mini kit (QIAGEN). Reverse Transcription (RT)
was performed using from 80 to 500 ng total RNA with
PrimeScript RT Reagent Kit (Takara) according to the
manufacturer’s instructions. Real-time PCR amplification
was performed in a 20 μL reaction mix containing 10 μL
FastStart Universal SYBR Green Master (Roche), 4 μL

cDNA (1 : 3 dilution), 300 nM primers, and 4 μL water.
Amplification was performed in a Rotor-Gene Q cycler
(QIAGEN). Cycling conditions consisted of a denaturation
step at 95°C for 2 min, 40 cycles of 95°C for 15 s, and
annealing and extension at 60°C for 30 s. The primer
sequences are listed in Supplementary Figure 4. COL2A1
and ACAN encode characteristic proteins of native
hyaline cartilage, and COL1A1, COL10A1, and MMP-13
encode extracellular matrix (ECM) molecules or enzymes of
other cartilage types. ALPL and RUNX2 encode bone
markers. LEP and PPARG encode markers of adipose
tissue. Housekeeping genes were GAPDH for pellet analysis
and GUSB for osteogenesis and adipogenesis analyses. Each
assay was performed in duplicate, and mRNA relative
quantification was done using the 2-ΔΔCt method.

2.16. Statistical Analysis. Data were generated with cells
derived from at least three donors, and n represents the num-
ber of donors in the figure legends. Statistical analysis was
carried out using GraphPad Prism software (version 5.00;
GraphPad Software, San Diego, CA, USA). Data are
presented as mean ± standard deviation (SD) or box plots.
Normally distributed samples with n ≥ 5 (amplification
kinetics, flow cytometry data) were compared using the
one-way analysis of variance followed by post hoc Tukey’s
multiple comparison test. Normally distributed samples with
n = 3 (analysis of stain quantification and gene expression in
trilineage differentiation studies) were compared to control
with a paired t-test. Probability values (p) inferior to 0.05
(∗, #), 0.01 (∗∗, ##), or 0.001 (∗∗∗, ###) were considered to
be statistically significant and marked in the figures
accordingly.

3. Results

3.1. Characteristics of MSCs in Serum-Free Culture. We first
determined the viability, clonogenicity, and proliferation
capacities of BM-, WJ-, DP-, and AT-MSCs in compari-
son with fibroblasts, the major connective tissue cell type.
The mean viability of the cells at the end of the isolation
phase (passage 0, P0) was 94 51 ± 4 75% for BM-MSCs,
94 19 ± 4 65% for WJ-MSCs, 93 3 ± 5 33% for DP-MSCs,
92 34 ± 6 25% for AT-MSCs, and 95 14 ± 3 36% for fibro-
blasts (Figure 1(a)). Morphological examination revealed
that all these cell types were spindle shaped and fibroblastic
in appearance (data not shown). The colony-forming unit
fibroblasts (CFU-Fs) are considered to represent the fre-
quency of MSCs in a cell population when colonies are gen-
erated at clonal density [11]. Because the majority of cells
isolated from BM are hematopoietic nonadherent cells
whereas the majority of cells isolated from WJ, DP, and AT
represent nonhematopoietic, adherent cells, CFU-F assays
were performed with cells that were passaged once (P1 cells).
This timing of analysis allowed BM-MSCs to adhere and
allowed us subsequently to use the same clonal density
for all the categories of MSCs. The percentage of CFU-
Fs was the highest for WJ-MSCs (51 ± 7 4%) and it was
34 ± 9 2% for DP-MSCs, similar for BM-MSCs and AT-
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MSCs (22 ± 13% and 21 ± 13 4%, respectively), while it
was 42 ± 4% for fibroblasts (Figure 1(b)).

The cells were passaged up to 10 times, and population
doublings (PD), cumulative population doublings (CPD),
and doubling times (DT) were calculated. The DT remained
relatively stable for all cell sources between P1 and P5 and
increased afterwards except for the fibroblasts that retained
their proliferative capacities (Supplementary Figure 5). At
P5, fibroblasts showed the highest CPD (15 ± 0 5) while
BM-MSCs, WJ-MSCs, DP-MSCs, and AT-MSCs showed
close CPD (10 74 ± 0 97, 11 02 ± 0 5, 10 49 ± 1 51, and
12 10 ± 0 09, respectively) (Figures 1(c) and 1(d)). The gap
between fibroblasts and MSCs increased at P10 with

fibroblasts showing again the highest CPD (30 ± 1 45) and
BM-MSCs, WJ-MSCs, DP-MSCs, and AT-MSCs showing
CPD values fairly similar (20 23 ± 0 53, 21 83 ± 0 17,
17 70 ± 3 19, and 22 53 ± 0 28, respectively).

3.2. Immunophenotypic Characterization of MSCs,
Fibroblasts, and Chondrocytes after Expansion in Serum-
Free Conditions. A comparative immunophenotypic analysis
of MSCs, fibroblasts, and chondrocytes cultivated at passage
1 (P1) was performed by flow cytometry with a panel of 31
cell surface markers. The results presented in Figure 2(b)
and Supplementary Figure 6 showed that for all cell
sources, the mean percentage of cells expressing markers
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Figure 1: Characterization of MSCs, in comparison with fibroblasts. (a) Determination of cell viability estimated at passage 0 (n = 8 for BM-
and WJ-MSCs, n = 5 for DP- and AT-MSCs, and n = 3 for fibroblasts). (b) Quantification of colony-forming unit fibroblasts (CFU-Fs)
evaluated at passage 1 (n = 5 for BM-, WJ-, DP-, and AT-MSCs and n = 3 for fibroblasts). The cell proliferation was estimated by
determining the cumulative population doubling levels (c) at passage 5 and (d) at passage 10, as indicated (n = 5 for BM-MSCs, n = 6 for
WJ-MSCs, n = 8 for DP-MSCs, n = 4 for AT-MSCs, and n = 3 for fibroblasts). Data are presented as box plots with median as a bar.
∗Statistically significant differences (∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001).
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characteristic of hematopoietic cells (CD34, CD45, and
CD133), endothelial cells (CD31), blood-circulating
progenitor cells (CD184), monocytes and macrophages
(CD14), myeloid progenitors (CD33), B cells (CD79a),
antigen-presenting cells (HLA-DR), and immune tolerance-

associated cells (HLA-G) was in overall below the 1%
threshold, or just above. These markers were referred to as
exclusion markers (Figure 2(b) and Supplementary Figure 6).
On the opposite, all MSC sources and fibroblasts were
positive for markers originally referred to as MSC markers by
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Figure 2: Comparative immunophenotypic analysis of MSCs, fibroblasts, and articular chondrocytes cultivated under serum-free conditions.
A total of 31 cell markers were analyzed at passage 1, by using multicolor flow cytometry. (a) “Classical”MSCmarkers, (b) exclusion markers,
and (c) “advanced characterization” markers (n = 8 for BM-MSCs, n = 5 for DP-, WJ-, and AT-MSCs, and n = 3 for fibroblasts and
chondrocytes). The blue line indicates the 1% threshold. Error bars: mean ± SD.
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the ISCT in 2006 (CD73, CD90, and CD105) and for other
surface MSC markers proposed more recently (CD10, CD13,
CD29, CD44, CD166, D7-Fib, and HLA-ABC). We classified
this first series of positive MSC markers as “classical” markers
(Figure 2(a) and Supplementary Figure 6). It is worth noting
that all MSC sources but only a subset of fibroblasts
(11 7 ± 12 4%) shared the expression of CD13. The
chondrocytes were positive for several MSC markers (CD29,
CD44, CD73, and CD90), but only subsets of chondrocytes
were positive for CD10 (4 6 ± 6 4%), CD13 (72 ± 0 8%),
CD105 (56 2 ± 13 7%), CD166 (51 2 ± 23 3%), D7-Fib
(48 3 ± 15 4%), and HLA-ABC (61 9 ± 14 1%). We further
explored the expression of “advanced characterization”
markers, selected from the literature as being putative
markers of the osteochondrogenic lineage (Figure 2(c) and
Supplementary Figure 6). Only two of them, CD49a and
CD63, were expressed by the majority of cells from all tissue
sources. The other markers varied in their expression
depending on the cell source. Stro-1, α10 integrin, and
CD271 were expressed to a low frequency in all cell sources
while CD15, CD56, CD106, CD146, CD340, and MSCA-1
showed expression that appeared more restricted to specific
cell sources. Of note, CD340 was absent from the fibroblast
population whereas CD15 was the only marker expressed
preferentially by fibroblasts (93 3 ± 3 3%) in comparison
with BM-MSCs, WJ-MSCs, DP-MSCs, AT-MSCs, and
chondrocytes that were stained weakly positive for this
marker (4 1 ± 2 3%, 4 ± 5 3%, 5 5 ± 3 9%, 16 4 ± 10 1%,
and 2 2 ± 1 1%, respectively).

3.3. Osteogenic and Adipogenic Differentiation Capacities
of MSCs. We first investigated the potential of the MSCs
to differentiate into osteoblasts and adipocytes in vitro in
comparison with that of fibroblasts and chondrocytes
(Supplementary Figure 7(a)). After exposure to osteogenic
medium, signs of extracellular matrix mineralization were
detected in all cell sources, as judged by alizarin red S
staining, while control cells cultivated in standard growth
medium remained negative. Quantification of alizarin red
staining revealed that the level of mineralization was the
lowest for fibroblasts and the highest for chondrocytes. To
better characterize the differentiation stage of the cells,
mRNA expression of RUNX2 (coding for the Runt-related
transcription factor 2, a master gene of osteogenesis) and
that of ALPL (coding for alkaline phosphatase, a bone
matrix protein) were examined. RUNX2 was stimulated
under osteogenic condition in all MSC sources, although to
variable levels, whereas no significant differences in the
levels of RUNX2 expression were noted in fibroblasts and
chondrocytes between control and osteogenic conditions.
ALPL was stimulated in osteogenic condition in all cell
sources except WJ- and DP-MSCs.

Regarding adipogenic differentiation (Supplementary
Figure 7(b)), all cell sources except fibroblasts showed lipid
droplets in their cytoplasm under adipogenic conditions
and quantification of oil red O staining confirmed that
fibroblasts were the only cell type to present no sign of
adipogenesis. We also looked for mRNA expression of
PPARG, a key regulator of adipocyte differentiation coding

for the peroxisome proliferator-activated receptor gamma
and of LEP, coding for the adipokine leptin. All MSC
categories showed significant but variable inductions of
PPARG. This induction remained modest in chondrocytes
and was absent in fibroblasts. All cell sources except
fibroblasts and WJ-MSCs showed significant induction of
LEP in adipogenic conditions.

3.4. Chondrogenic Differentiation Capacity of MSCs in Pellet
Cultures under Serum-Free Conditions. We next compared
the chondrogenic differentiation potential of the different
sources of MSCs after amplification and chondrogenic
induction under serum free-conditions. Pelleted MSCs were
cultivated in the absence (control medium) or in the presence
of BMP-2 and TGF-β3 (chondrogenic BTβ3 medium) for 28
days. Safranin O staining, revealing proteoglycans, and type
II collagen immunostaining demonstrated promotion of the
chondrogenic phenotype only in BM-MSCs whereas type I
collagen production was induced in all MSC categories
(Figure 3(a)). Noticeably, type I collagen immunostaining
appears to be weaker in BM-MSCs, when compared with
the other MSC sources and fibroblasts (a cell source classi-
cally known for robust type I collagen expression) treated
with chondrogenic medium as negative control of chondro-
genesis (Figure 3(a)).

In order to better evaluate the degree of chondrogenic
differentiation reached by the BM-MSCs, chondrocytes were
also cultivated in pellets as positive controls of chondrogene-
sis. The chondrocyte pellets were induced with BTβ3
medium or with a culture medium (referred to as BIT
medium) containing a cocktail of soluble factors (BMP-2,
insulin, and thyroxin T3) originally shown to be efficient
for inducing human auricular or articular chondrocytes to
produce a cartilage matrix in collagen biomaterials [12–14].
The chondrocyte pellets showed strong Safranin O staining
and type II collagen immunostaining after culture with
BTβ3 or BIT medium while these stainings appeared weaker
and sparser in control medium (Figure 3(b)). On parallel
sections, the chondrocytes showed homogenous and
comparable levels of type I collagen immunostaining in
control and chondrogenic media. The BM-MSC pellets
were stained positive for Safranin O and type II collagen
only upon induction with BTβ3 medium, with sparse
staining for Safranin O and homogenous staining for type
II collagen (Figure 3(b)). The BM-MSCs were also positive
for type I collagen after induction with BTβ3 medium.
The intensity of this staining was equivalent with that seen
with chondrocytes but much weaker than that seen with
fibroblasts (Figure 3(b)).

Type II collagen can be synthesized as two isoforms, a
nonchondrogenic IIA form and a cartilage-specific IIB form.
A shift from IIA to IIB forms has been reported to occur at
the mRNA level during the chondrogenic differentiation of
MSCs originated from different sources [15, 16]. Thus, type
IIB procollagen represents a unique marker of well-
differentiated chondrocytes. We recently characterized the
first antibody (referred as anti-pNIIB52) able to selectively
detect the IIB form of human type II procollagen in Western
blot or IHC analysis [9]. Here, we used this tool to refine the
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chondrogenic status of the BM-MSCs by immunostaining.
The chondrocyte pellets were stained clearly positive for pro-
collagen IIB after induction with the two chondrogenic
media, with stronger staining at the periphery of the pellets
(Figure 3(c)). The BM-MSC pellets were also stained
positive for procollagen IIB, and this staining appeared
restricted mainly to the peripheral zone of the pellets. After

culture in control medium, chondrocytes showed weak stain-
ing and BM-MSCs showed no staining for procollagen IIB
(Figure 3(c)).

In order to complement these histological observations
at the gene level, we next specified the differentiation
status of the MSCs, fibroblasts, and chondrocytes, by mon-
itoring mRNA levels at the end of chondrogenic induction

AT-MSCsDP-MSCs FibroblastsWJ-MSCsBM-MSCs

Safranin O

Type II
collagen

Type I
collagen

Ctrl BT�훽3 Ctrl Ctrl Ctrl CtrlBT�훽3 BT�훽3 BT�훽3 BT�훽3 

(a)

Fibroblasts BM-MSCs Chondrocytes

Safranin O

Type II
collagen

Type I
collagen

BITCtrl BT�훽3 Ctrl BT�훽3 Ctrl BT�훽3

(b)

Ctrl Ctrl
BM-MSCs Chondrocytes

Type IIB
procollagen

BT�훽3 BT�훽3 BIT

(c)

Figure 3: Histological and immunohistochemical evaluation of MSC pellets cultivated for 28 days under serum-free conditions, in control
medium (Ctrl) or in chondrogenic medium (BTβ3 or BIT), as indicated. (a) Pellets from BM-MSCs, WJ-MSCs, DP-MSCs, AT-MSCs, and
fibroblasts. Adjacent paraffin sections were stained with Safranin O or analyzed immunohistochemically for type I collagen and total type
II collagen. The scale bars represent 200 μm. (b) Comparison of BM-MSC pellets with pellets from fibroblasts and nasal chondrocytes,
representing negative and positive control of chondrogenesis, respectively. Adjacent paraffin sections were stained with Safranin O
or analyzed immunohistochemically for type I collagen and total type II collagen, as indicated. The scale bars represent 50 μm.
(c) Comparison of BM-MSC pellets with chondrocyte pellets. Adjacent sections were analyzed immunohistochemically for type IIB
procollagen. The scale bars represent 50 μm.
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in pellet cultures. These mRNA levels were compared with
those of control medium-treated cells or cells at the end of
the amplification phase in the monolayer (day 0). We first
analyzed expression of two chondrocyte marker genes,
COL2A1 coding for type II collagen and ACAN coding
for the core protein of aggrecan, the major cartilage
proteoglycan. A significant upregulation of COL2A1 was
observed in BTβ3- and BIT-treated chondrocytes (over
244- and 114-fold, respectively) and in BTβ3-treated BM-
MSCs (37-fold), relatively to control or day 0 cells
(Figure 4(a)). Similarly, ACAN was found significantly
upregulated in BTβ3- and BIT-treated chondrocytes (96-
and 21-fold, respectively) and weakly upregulated in BTβ3-
treated BM-MSCs (16-fold), in comparison with control or
day 0 cells (Figure 4(a)).

We also analyzed COL1A1, coding for the α1 chain of
type I collagen. BTβ3 treatment significantly upregulated
expression of COL1A1 in AT-MSCs (236-fold relatively to
day 0 and 3.7-fold relatively to control cells) and in chondro-

cytes (303-fold relatively to day 0 and 5.3-fold relatively to
control cells) (Figure 4(b)).

Since a main challenge of using MSCs for cartilage
engineering is to prevent MSC-derived chondrocytes from
undergoing hypertrophic maturation, we next looked for
expression of two genes characteristic of hypertrophic
chondrocytes, COL10A1 coding for type X collagen and
MMP-13 coding for matrix metalloproteinase-13. No sig-
nificant upregulation of COL10A1 or MMP-13 was found
in BTβ3-treated MSCs and fibroblasts, in comparison with
day 0 or control cells (Figure 4(b)). The only significant
upregulation was found for COL10A1 (37-fold) in BTβ3-
treated chondrocytes, when compared with control or
day 0 cells (Figure 4(b)).

3.5. Chondrogenic Induction of BM-MSCs in Hydrogel under
Serum-Free Conditions. As a next step towards cartilage
engineering based on hydrogel and MSCs, we evaluated the
chondrogenic potential of BM-MSCs embedded and
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Figure 4: Effect of culture conditions on the mRNA steady-state levels of gene markers of chondrocyte differentiation. Pellets of MSCs,
fibroblasts, and nasal chondrocytes were cultivated for 21 days under serum-free conditions in control medium (as indicated by -) or in
chondrogenic medium containing BTβ3 or BIT cocktail (as indicated by +). The values obtained in pellets are expressed relative to P1
cells amplified in monolayer under serum-free conditions and used as a reference before differentiation (day 0, reference value = 1). Data
are presented as box plots with median as a bar (n = 3). ∗Statistically significant differences between BTβ3- and BIT-treated cells and
control cells (∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001). #Statistically significant differences between cells cultivated in pellets and day 0 cells
(#p < 0 05, ##p < 0 01, and ###p < 0 001).
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cultivated in agarose, under serum-free conditions. First,
we found that the serum-free conditions (DMEM high
glucose + 1%ITS + BTβ3) used for chondrogenic differenti-
ation of MSCs in pellets were not able to support the via-
bility of the BM-MSCs in agarose but supplementation of
this chondrogenic medium with 5% of SPE-IV serum-free
medium maintained good viability, as shown after 10 days
of culture (Supplementary Figures 8(a) and 8(b)). We also
used chondrocytes as reference control of chondrogenesis
in this hydrogel. Of note, chondrocyte viability was not
affected in agarose in the presence of the serum-free BTβ3
or BIT culture medium (data not shown). We then
examined chondrogenic differentiation of BM-MSCs after
21 days of culture in agarose, by immunohistochemical
staining for type II collagen. Most BM-MSCs were positive
for type II collagen in chondrogenic medium while they
remained negative in control medium (Figure 5). This first
observation seemed to indicate that BM-MSCs could
engage in chondrogenesis in agarose.

3.6. Development of an Original Quality Control of
Chondrogenic Conversion in Hydrogel by Flow Cytometry.
Since the main theme of this study was to investigate if MSCs
can represent reliable alternative candidates to chondrocytes
in cartilage transplantation strategies, it was important to
determine if BM-MSCs embedded in hydrogel are capable
of fully differentiating into chondrocytes, after chondrogenic
induction in serum-free conditions. With this aim, we used
anti-pNIIB52 and flow cytometry to estimate the frequency
of type IIB procollagen-expressing cells in the population of
BM-MSCs embedded in agarose. First, we developed
experimental conditions to validate the use of anti-pNIIB52

in flow cytometry. A titration assay was performed by
incubating chondrocytes with different concentrations of
anti-pNIIB52 labeled with Alexa Fluor 647 dye, in order to
detect IIB expression with optimal signal to noise ratio
(Supplementary Figure 9(a)). We then used fluorescently
labeled anti-pNIIB52 to analyze IIB procollagen expression
in dedifferentiated or redifferentiated chondrocytes. After
amplification in monolayer, chondrocytes were negative to
IIB procollagen whereas redifferentiation triggered by 21
days of BTβ3 treatment resulted in 37 6 ± 4 2% or 94 6 ±
2 1% of positive cells, for chondrocytes redifferentiated in
monolayer or in agarose, respectively (Supplementary
Figure 9(b)). The higher percentage of procollagen IIB-
expressing chondrocytes observed in agarose was consistent
with the well-known 3D effect of agarose on cytoskeletal
organization and re-establishment of the differentiation
state of chondrocytes, independently of the role of growth
factors [17]. Furthermore, to establish staining specificity of
anti-pNIIB52 in flow cytometry, we used the immunizing
peptide that was originally shown to block anti-pNIIB52 in
Western blotting and immunohistochemistry analyses [9].
Indeed, well-differentiated chondrocytes remained negative
to IIB procollagen when fluorescently labeled anti-pNIIB52
was first preincubated with the immunizing peptide
(Supplementary Figure 9(c)). In addition, we confirmed by
using imaging flow cytometry that anti-pNIIB52 recognizes
type IIB procollagen in intracellular vesicles (data not shown).
This series of pilot experiments conducted with chondrocytes
demonstrated that anti-pNIIB52 was a suitable and specific
tool to recognize IIB procollagen by flow cytometry.

Our next step was to analyze BM-MSCs by flow cytome-
try, after 21 days of culture in agarose in the presence or

Ctrl

(a)

BT�훽3

(b)

Figure 5: Immunohistochemical staining for total type II collagen in BM-MSC/agarose constructs. After expansion in monolayer under
serum-free conditions, P1 BM-MSCs were seeded in agarose. The constructs were then cultivated under serum-free conditions for 21 days
in control medium (Ctrl) or in chondrogenic medium (BTβ3). Paraffin sections were revealed with diaminobenzidine and counterstained
with hematoxylin and eosin. Cells that are negatively or positively stained for type II collagen appear blue or brown, respectively (scale
bars represent 10 μm). Insets show cells at higher magnification (scale bars represent 1 μm).
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absence of BTβ3. For both culture conditions, a mortality
rate of about 50% was observed when BM-MSCs were
released from hydrogel and stained with FVD-eFluor 450
fixable viability dye (data not shown). Of note, signs of cell
death were not observed when chondrocytes were released
from agarose (data not shown), suggesting that BM-MSCs
were particularly sensitive to agarase treatment and/or loss
of their pericellular environment. The dead cells were gated
out of the analysis based on FVD-eFluor 450 staining, and
we compared expression of type IIB procollagen with that
of the α10 integrin subunit, one of the “advanced characteri-
zation” markers analyzed by flow cytometry in this study.
Integrins are transmembrane proteins consisting of α and β
subunits, and α10β1 integrin was originally identified as a
collagen-binding receptor on chondrocytes [18]. A more
recent study has shown that α10 is expressed at low levels
by BM-MSCs in monolayer culture and that α10 expression
increases during in vitro chondrogenesis in pellet culture
[19]. Very interestingly, the same study has reported that
FGF-2-induced upregulation of α10 in BM-MSCs in
monolayer culture enhances subsequently chondrogenesis
and synthesis of type II collagen and aggrecan in pellet
culture [19]. Thus, α10 can be considered as a quality
marker of chondrocytes and predictive marker of MSCs
with chondrogenic potential. Our flow cytometry analysis
revealed that BTβ3-treated BM-MSCs and BIT-treated
chondrocytes expressed relatively comparable levels of type
IIB procollagen (83 3 ± 9 2% for BM-MSCs and 86 3 ±
7 6% for chondrocytes) and α10 (45 3 ± 5 1% for BM-
MSCs and 61 2 ± 11 4% for chondrocytes), after 21 days
of culture in agarose (Figure 6(a)). Regarding coexpression
of IIB procollagen and α10, BM-MSCs and chondrocytes
displayed similar profiles with a major double-stained
α10+/IIB+ population (44 6 ± 7 8% for BM-MSCs and 57 ±
5 4% for chondrocytes (Figure 6(b)). Further, single-stained
populations were also clearly visible among BM-MSCs and
chondrocytes, with an α10-/IIB+ population (36 4 ± 6 1%
for BM-MSCs and 32 ± 7 4% for chondrocytes) and a more
minor α10+/IIB- population (3 3 ± 2 2% for BM-MSCs and
5 1 ± 3 1% for chondrocytes) (Figure 6(b)). These results
together revealed that type IIB procollagen and α10 expres-
sions were not strictly correlated.

4. Discussion

MSCs have already entered the clinical arena, and they are
increasingly considered for cell-based tissue engineering for
cartilage repair. They may provide an alternative to chondro-
cytes, but their properties, including the ability of chondro-
genesis, are reported to depend on their source [4, 20, 21].
In this study, we compared the characteristics of BM-, WJ-,
DP-, and AT-MSCs by a detailed flow cytometry analysis of
cell surface markers and their potential to differentiate into
chondrocytes by using 3D cultures. In view of their clini-
cal potential, we strove to perform this analysis using
serum-/xeno-free cell culture medium.

A reliable MSC-based approach for tissue engineering
first implies efficient cell isolation and expansion. Our cell
isolation procedures used with BM, WJ, DP, and AT allowed

high rates of cell viability and our cell culture conditions
ensured constant cell doubling times, from P1 to P5. The
overall decrease in cell proliferation observed after the fifth
passage is consistent with previous studies showing that
MSCs have a limited lifespan and enter senescence after a
certain number of cell divisions [22]. Interestingly, for each
category of MSCs, we harvested a minimum of 106 cells at
P1 from one donor, a number consistent with that required
for hydrogel-based cartilage tissue engineering. For instance,
in a pilot study aiming at reconstructing permanent cartilage
applicable for clinical use, Liu et al. [13] created columnar
implants 10 mm in diameter and 1 mm in thickness by add-
ing 106 auricular chondrocytes to atelocollagen gel combined
to poly(L-lactic acid) scaffold. In addition, we calculated that
a minimum of 300 × 106 cells (for BM-MSCs) and up to
800 × 106 cells (for AT-MSCs) could be obtained after 5 pas-
sages, starting with 106 cells. This short-term expansion
should allow genomic stability. In fact, by using the same cell
culture conditions as here, we recently showed that DP-
MSCs retain a normal karyotype after 4 passages [23]. Thus,
the cell isolation and amplification procedures used in this
study represent an efficient medicinal manufacturing
approach to produce MSCs. Specifically, we showed that this
approach can be beneficial for cartilage regeneration since
expansion over one passage already generates a cell number
sufficient to create a cartilage implant.

As a first step in the extensive characterization of MSCs
derived from the different tissue sources, we analyzed their
immunophenotype by flow cytometry, in comparison with
fibroblasts and chondrocytes. We chose to analyze the cells
at early passage (P1) since we were concerned that prolonged
amplification could differentially modify cell surface marker
expression in the different MSC sources. As we were also
concerned that inappropriate cell-detaching methods could
alter cell immunophenotype, we avoided the use of enzymes
for isolating MSCs from tissues, as exemplified by our
explant cultures. Moreover, to harvest cells in culture, we
used the animal-origin free, recombinant dissociating
enzyme TrypLE that has been shown to be more respectful
of the cell surface antigens than the animal trypsin com-
monly used [24]. First, our results showed that all MSC
sources, fibroblasts, and chondrocytes failed to express
MSC exclusion markers originally defined by the ISCT
(CD14, CD34, CD45, CD79a, and HLA-DR). We also
showed that these three cell categories failed to express other
surface antigens more recently excluded from MSCs, CD31,
and CD33 [25]; CD133 [26]; CD184 [27]; and HLA-G [28].
On the other hand, all MSC sources expressed the ISCT-
recommended markers (CD73, CD90, and CD105) and other
markers now widely recognized as MSC markers in the liter-
ature: CD10 [29], CD13 and CD29 [30], CD44 [31], CD166
[32], D7-Fib [33], and HLA-ABC [30]. Furthermore, our
comparative analysis revealed that a large proportion of
fibroblasts and chondrocytes express several of these “classi-
cal” MSC markers, which is in line with previous studies
showing that fibroblasts and chondrocytes share surface
markers utilized for MSC characterization [34–36].

A major goal of this study was to compare the capacities
of MSCs to engage chondrogenesis after amplification in the
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same conditions. Thus, we extended our immunophenotypic
analysis to additional, more “advanced characterization”
markers presented in the literature as being promising to
identify cellular precursors of the osteochondrogenic lineage.
CD15 is a carbohydrate molecule that has been identified at
the surface of MSCs present in the periodontal ligament
[37]. CD49a corresponds to the α1 integrin subunit and has
been found associated with MSCs from synovium [38].
CD56 was identified as a neural cell adhesion molecule [39]
and MSCA-1 as a tissue nonspecific alkaline phosphatase
[40]. Interestingly, Battula et al. [41] have shown that the

subpopulation of BM-MSCs coexpressing CD56 and
MSCA-1 presents strong chondrogenic differentiation capa-
bility whereas the MSCA-1+/CD56- subpopulation can dif-
ferentiate into adipocytes only. CD63 is a glycoprotein
member of the tetraspan transmembrane family originally
found to be expressed by BM-MSCs and bone cells [42].
More recent studies have shown that CD63 is also expressed
by chondrocytes [35, 43]. CD106 (vascular cell adhesion
molecule 1 (VCAM-1)) and CD271 (nerve growth factor
receptor (NGFR)) are expressed by MSCs derived from syno-
vial membranes (SM), and Arufe et al. [44] have shown that
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Figure 6: Flow cytometry analysis of α10 integrin and IIB procollagen expression. After expansion in monolayer under serum-free
conditions, P1 BM-MSCs and nasal chondrocytes were seeded in agarose hydrogel. The cell-agarose constructs were then cultivated under
serum-free conditions for 21 days in the presence of BTβ3 (for BM-MSCs) or BIT (for chondrocytes). The cells were released from the
constructs by agarase digestion and analyzed by flow cytometry. Percentage of cells expressing (a) type IIB procollagen or (b) α10 integrin.
Data are presented as box plots with median as a bar (n = 3). (c) Single-stained populations (α10-/IIB+ and α10+/IIB-) and double-stained
populations (α10+/IIB+) are present in relatively equivalent proportions in BM-MSCs and chondrocytes, as reported in the quadrants
(percentage of positive cells is represented as mean ± SD, n = 3). Red contour: IIB procollagen; blue contour: α10 integrin.
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the capacity to form chondrogenic spheroids was superior
with CD271- and CD73-enriched SM-MSCs, in comparison
with CD106-enriched SM-MSCs. Along the same lines,
Mifune et al. [45] have shown that CD271+ BM-MSCs have
greater ability than nonsorted BM-MSCs to form chondro-
genic pellets in vitro and to restore cartilage after transplan-
tation of the pellets in chondral defects created in rats.
CD146 is a transmembrane glycoprotein belonging to the
immunoglobulin family, and Sacchetti et al. [46] found that
CD146+ cells, but not CD146- cells, derived from BM-
MSCs were osteogenic in vivo and could reestablish the
hematopoietic microenvironment in a xenotransplantation
model. Furthermore, a recent study combining flow cytome-
try, microarray, and functional analysis has revealed that
CD146 and CD166 are expressed by prechondrogenic mes-
enchymal cells in developing human limb buds and that tran-
sition of mesenchymal cells to differentiated chondrocytes is
associated with their loss [47]. CD340 (human epidermal
growth factor 2 (HER2)) was among additional markers for
BM-MSCs described about a decade ago [48]. More recently,
it has been shown that the level of CD340 expression depends
on the composition of the culture medium used to expand
BM-MSCs and that addition of FGF-2 increases its expres-
sion and chondrogenic differentiation potential of these cells
[49]. STRO-1 is a surface marker initially identified in BM
stromal cells. It distinguishes a clonogenic cell fraction that
can differentiate into osteoblasts, chondrocytes, adipocytes,
or smooth muscle cells [50]. Interestingly, a recent study
has reported robust expression of hyaline cartilage-specific
markers by STRO-1+ cells immunoselected from BM and
combined with porous polystyrene membranes. However,
hypertrophic differentiation was not prevented indicating
that strategies of in vitro chondrogenesis avoiding this phe-
notyping drift are still needed [51]. The integrin subunit
α10 closes this list of “advanced characterization” markers.
Globally, our analysis revealed wider variations in expression
of these markers between the different cell sources, in com-
parison with the more “classical” MSC markers. These data
indicate that BM-, WJ-, DP-, and AT-MSCs, cultivated rigor-
ously in the same conditions, are not totally equivalent in
their profiles of cell surface antigens. Whether these differ-
ences in surface phenotype correspond to different abilities
of MSCs to engage chondrogenesis requires larger investiga-
tions. It is widely recognized that the use of cocktails rather
than single antibodies will provide the most effective means
of isolating specific precursors among MSC populations.
Our extended dataset offers valuable information to explore
further the benefits of cell selection for tissue engineering
applications. Indeed, the results of our multiparametric flow
cytometry analysis allow determination of coexpression of
markers that could be exploited to isolate MSC subpopula-
tions and evaluate their differentiation potentials.

The ability of BM-, WJ-, DP-, and AT-MSCs to differen-
tiate toward osteoblasts and adipocytes in the presence of
serum was demonstrated in this study, with variable effi-
ciency depending on the cell source. These four types of
MSCs have also been shown to maintain their chondrogenic
ability after amplification in the presence of serum, as
reported by us or other groups [32, 52–63]. Here, when

serum-free conditions were specifically chosen from the iso-
lation to the chondrogenic induction of MSCs, we found that
only BM-MSCs succeeded in maintaining their chondro-
genic potential. This chondrogenic capacity was unequivo-
cally ascertained by production of the cartilage-specific IIB
isoform of type II procollagen. The preferential distribution
of type IIB procollagen observed in IHC images at the
periphery of the pellets most likely results from a gradient
of cell differentiation and/or collagen maturation occurring
from the peripheral zone to the central core of the pellets.
In addition, our real-time PCR studies showed induction of
COL2A1 and ACAN expression in BM-MSCs but did not
reveal upregulation of COL10A1 and MMP-13 expression,
indicating that hypertrophic maturation did not occur in
the pellets. In concordance with this, we did not detect signs
of cellular hypertrophy in the pellets. Further, the intensities
of immunostaining and the levels of gene expression
observed for type I collagen in BM-MSCs and in chondrocyte
pellets appeared equivalent. These results together suggest
that our culture conditions promote mainly a chondrocyte-
characteristic phenotype in BM-MSCs. The reason why only
BM-MSCs in our hands respond to chondrogenic induction
is unclear although it could conceivably be related to their
intrinsic properties. A recent study comparing MSCs derived
from BM, AT, skin, and umbilical cord revealed that only
BM-MSCs form spontaneously a hematopoietic niche
in vivo through a vascularized cartilage intermediate [64].
In the same study, a restricted set of genes involved in skeletal
development, including ITGA10, was found significantly
upregulated and hypomethylated in BM-MSCs in culture,
suggesting that this MSC source is specifically primed for
skeletal development [64]. In this context, it is worth men-
tioning that the highest level of α10 in our flow cytometry
analysis was found in BM-MSCs, in comparison with the
other cell sources even with chondrocytes (Figure 2). Still,
the proportion of α10+ BM-MSCs remained of modest value
but this can be related to the low concentration of FGF-2
(0.33 ng/mL) present in SPE-IV medium [23]. In support
of this, Varas et al. [19] showed that amplification of BM-
MSCs for 2 weeks in the presence of 10% FBS generated
70% of α10+ cells provided that they were treated with 10
ng/mL FGF-2 whereas only 10% of cells were α10+ in the
absence of FGF-2 treatment. Other studies have also shown
that the chondrogenic potential of MSCs depends on the
culture conditions. For instance, equivalent chondrogenic
differentiation capacities have been found for BM- and AT-
MSCs in serum-supplemented medium [65] whereas BM-
MSCs showed higher chondrogenic differentiation potential
than AT-MSCs when they were cultivated with human plate-
let lysate as a substitute to FBS [66]. Thus, our study rein-
forces the general view that it is crucial to identify the most
suitable MSC source according to the culture process envis-
aged for a given clinical application.

For successful cartilage engineering, the use of a scaffold
may be advantageous to maintain the transplanted cells in
the defect. As a next step toward clinical application, we
combined BM-MSCs with a hydrogel to support chondro-
genesis under serum-free culture conditions. Hydrogels
are good candidates for cartilage repair since they are 3D
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polymer networks rich in water and up to 80% of articular
cartilage wet weight consists of water [67]. Here, we used
agarose, a natural polymer that shows strong capacity to
support the chondrocyte phenotype and cartilage matrix
production [68, 69]. Interestingly, agarose has already been
used to construct cartilage patches in clinical trials [70].
Our microscopic observations showed that most BM-
MSCs were stained intracellularly for type II collagen after
3 weeks of chondrogenic induction in agarose, indicating
good cell anabolic activity despite the serum-free condi-
tions. However, there was no sign of extracellular type II
collagen, suggesting that production of a structured ECM
was not yet achieved within the timeframe of this experi-
ment. In fact, a known limitation in using porous scaffolds
is that they fail to accumulate most of the ECM proteins
until the pericellular matrix is sufficiently developed [71].
Our flow cytometry analysis of BM-MSCs released from
agarose further confirms that the cells acquired a phenotype
typical of well-differentiated chondrocytes, as judged by the
levels of expression of type IIB procollagen and the α10
integrin subunit, found to be in the same range as for true
chondrocytes. In this investigation, we report the efficacy of
anti-pNIIB52 for flow immunocytometry analysis. We
believe that this antibody can be of great interest to evaluate
the quality of chondrogenic conversion of MSCs since it
detects the intracellular precursor form of a cartilage-
specific matrix protein. Of note, after chondrogenic induc-
tion, about a third of BM-MSCs were α10- but synthetized
procollagen IIB (as observed with chondrocytes). This result
probably reflects the fact that the presence of the α10 subunit
at the surface of cells is not necessary for the production of
this chondrocyte marker. In any case, evaluation of coexpres-
sion of α10 and procollagen IIB strengthens the quality assur-
ance of the chondrocyte phenotype.

Here, in a relatively short in vitro study, we demon-
strated the suitability of the agarose hydrogel as a 3D
matrix to support chondrogenic differentiation of BM-
MSCs in defined serum-free culture conditions. Longer
studies are now required to determine if a sufficient carti-
lage matrix can be produced by BM-MSCS in these condi-
tions and if agarose can be envisaged as a cell carrier for
MSC-based cartilage repair. More generally, we think that
the cell/agarose model, combined to flow immunocytome-
try analysis with known or candidate chondrogenic
markers, may serve as a useful platform to optimize chon-
drogenic cultivation conditions or to identify the most
suitable cell sources for cartilage engineering applications.
Furthermore, mechanical conditioning has been reported
to stimulate chondrogenic induction of MSCs [72, 73].
Therefore, the cell/agarose model could be used to moni-
tor chondrogenesis under mechanical stimulation, as we
have shown for chondrocytes [68].

5. Conclusions

This investigation represents the first head-to-head com-
parison of detailed immunophenotypic analysis and chon-
drogenic differentiation potential of BM-, WJ-, DP-, and
AT-MSCs performed under serum-free conditions. We

have reported an unprecedented coverage of 31 cell surface
markers which contribute to refine molecular description
of these MSCs. Our flow cytometry analysis showed that
most “classical” MSC markers are expressed by BM-MSCs,
WJ-MSCs, DP-MSCs, AT-MSCs, fibroblasts, and chondro-
cytes and this is in line with the general view that connective
tissue cells and MSCs share similar biological characteristics.
However, we found notable differences between MSC
sources, based on the expression levels of several “advanced
characterization” markers described as potential markers of
the osteochondrogenic lineage. Whether these differences
reflect different capabilities to engage chondrogenesis under
serum-free conditions needs further studies, and the profiles
of expression that we have identified can be exploited for
sorting experiments. Importantly, we were able to generate,
after short-term expansion, MSCs in sufficient number to
substitute chondrocytes in a hydrogel plug of volume clini-
cally relevant for cartilage repair. It will be interesting to
determine the number of passages that MSCs can tolerate
without adversely affecting their chondrogenic potential.
Thus, our study performed in conditions compliant with
medicinal manufacturing highlights that MSCs are a
reliable cell source for cartilage tissue engineering. BM-
MSCs appear as best candidates, but we do not exclude
that MSCs from other tissue sources could present equiv-
alent chondrogenic potential, in the presence of defined
serum-/xeno-free cell culture conditions different than
those presented here. We should also say that other factors
such as donor sex and age are known to influence cell
expansion and differentiation capacities of MSCs [74, 75]
but our small-size cohorts of donors in our study preclude
this type of analysis. Therefore, it will be interesting to
supplement our work by studies with large tissue samples
in order to assess the impact of cell sex and age on the
chondrogenic potential of MSCs that are isolated, ampli-
fied, and induced in serum-free conditions.
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Fetal dermal mesenchymal stem cells (FDMSCs), isolated from fetal skin, are serving as a novel MSC candidate with great potential
in regenerative medicine. More recently, the paracrine actions, especially MSC-derived exosomes, are being focused on the
vital role in MSC-based cellular therapy. This study was to evaluate the therapeutic potential of exosomes secreted by
FDMSCs in normal wound healing. First, the in vivo study indicated that FDMSC exosomes could accelerate wound closure in a
mouse full-thickness skin wound model. Then, we investigated the role of FDMSC-derived exosomes on adult dermal fibroblast
(ADFs). The results demonstrated that FDMSC exosomes could induce the proliferation, migration, and secretion of ADFs. We
discovered that after treatment of exosomes, the Notch signaling pathway was activated. Then, we found that in FDMSC
exosomes, the ligands of the Notch pathway were undetectable expect for Jagged 1, and the results of Jagged 1 mimic by peptide
and knockdown by siRNA suggested that Jagged 1 may lead the activation of the Notch signal in ADFs. Collectively, our
findings indicated that the FDMSC exosomes may promote wound healing by activating the ADF cell motility and secretion
ability via the Notch signaling pathway, providing new aspects for the therapeutic strategy of FDMSC-derived exosomes for the
treatment of skin wounds.

1. Introduction

The skin is the largest tissue of the human body and its main
function is to guard the underlying tissues. Wound healing is
a complex process, and successful cutaneous wound healing
needs a series of steps including inflammation, new tissue
formation, and remodeling. Furthermore, skin cell migra-
tion, proliferation, differentiation, and apoptosis make great
contributions to this process. These steps are tightly coordi-
nated and well regulated to restore the multilayered structure
of the skin in the normal wound-healing process [1]. Dermal
fibroblasts are one of the most important cell lines involved
in the normal wound-healing process [2]. The main func-
tions of the dermal fibroblast are extracellular matrix

(ECM) production, collagen synthesis, wound contraction,
reepithelialization, and tissue remodeling. Once hurt, hemo-
stasis takes place immediately. Fibroblasts, along with other
cells including neutrophils, macrophages, and endothelial
cells, are attracted to the wound by the blood clot. Then,
fibroblasts are activated by macrophages and play a vital role
in the proliferative and remodeling phase. Fibroblasts start
proliferating and producing ECM proteins like collagen, hya-
luronan, and fibronectin to provide a foundation of wound
repair [3]. There is a paucity of pharmacological therapeutics
that can accelerate wound healing of a large area burn wound
and chronic, nonhealing wounds. These wounds adversely
affect the life quality of the patients and put great economic
pressures on the family and society. Therefore, it is important
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to seek an effective therapeutic method to promote wound
healing [4].

Mesenchymal stem cells (MSCs) have a significant prom-
ise for regenerative medicine. Previous studies demonstrated
the therapeutic potential of MSCs for tissue regeneration,
including the liver, heart, bone, cartilage, neural, and skin
[5–10]. Recent literature suggests that the regenerative effect
of MSCs is mainly mediated through paracrine signaling to
regulate host cells, instead of cell replacement [5, 11]. Fetal
dermal MSCs (FDMSCs), which are derived from the dermis
of accidentally aborted fetuses, exhibit advantages of high
expansion potential, high differentiation properties, and low
immunogenicity. As an advantageous MSC source, FDMSCs
have great potential in the tissue regeneration field for their
scarless wound-healing characteristic [12–14]. In our previ-
ous research, we found that FDMSCs can inhibit the bioac-
tivity of keloid fibroblasts by a paracrine manner.

In the last decades, researchers have shown increased
interest in exosomes. Exosomes are 40-100 nm small mem-
branous vesicles secreted by most cell types. There are
nuclear acids, lipids, and proteins in them, and their main
function is to transfer bioactive moleculars in cell-cell com-
munication [15, 16]. Moreover, recent studies have shown
the role of exosomes in pathogenesis, tissue regeneration,
diagnosis, and drug delivery [17–21]. Exosomes are released
from MSCs due to paracrine signaling and transfer their
cargo of proteins, RNAs, and lipids to recipient cells to regu-
late the cell state and behaviors. Exosomes derived from
MSCs are involved in the acceleration of wound healing
[20–22]. We used the promising MSC type, FDMSCs, to
investigate the paracrine effect on wound healing process
in vivo and in vitro, and to analyze the signal pathway asso-
ciated with this process.

Notch signaling is an evolutionarily conserved pathway
with numerous functions ascribed. Studies over the past
decades have proved that Notch plays key roles in stem cell
maintenance, development, homeostasis regulation, and cell
fate decisions, and its dysfunction can contribute to a variety
of diseases in humans [23]. There are 5 ligands (delta-like-
(Dll-) 1, Dll-3, Dll-4, Jagged 1, and Jagged 2) in mammals,
which can activate Notch signaling. Once activated, Notch
receptors are cleavaged by tumor necrosis factor alpha convert-
ing enzyme (TACE) and γ-secretase, which results in the release
of the Notch intracellular domain (NICD). Cleaved NICD can
translocate into the nucleus and conjunct with a DNA-
binding protein to regulate target gene expression [24, 25]. A
number of studies have identified that the Notch signal plays
a critical role in wound healing by regulating the proliferation
and migration of endothelial cells, keratinocytes, fibroblasts,
epidermal stem cells (ESCs), and other wound-healing-related
cells [25–28]. Furthermore, the cell secretion ability is under
the regulation of Notch signaling [29]. In this study, we hypoth-
esized that exosomes derived from FDMSCs can promote cuta-
neous wound healing via the Notch signaling pathway.

2. Material and Method

2.1. Cell Culture. FDMSCs were extracted from the dorsal
skin of fetal samples while adult dermal fibroblasts (ADFs)

were extracted from adult skin samples of patient surgical
waste. The extraction and identification steps were described
in our previous study [30]. These cells were cultured in
DMEM/low glucose (HyClone, USA) containing 10% fetal
bovine serum (FBS, Gibco, USA) and 1% 100 U/ml
Penicillin-Streptomycin (Gibco, USA).

2.2. Isolation and Identification of FDMSC Exosomes. The
exosomes were isolated using an ExoQuick-TC kit (SBI,
USA) following the instruction. In brief, approximately 80%
confluent FDMSCs were washed with PBS twice and cultured
for an additional 48 hours in serum-free medium (SFM)
containing 1% 100 U/ml Penicillin-Streptomycin. The CM
(conditioned media) was collected and centrifuged at
3,000 × g for 15 minutes to remove cells and cell debris.
The supernatant was filtered using a 0.22 μm filter sterilized
SteritopTM (Millipore, USA), and then the supernatant was
transferred to an Amicon® Ultra-15 10K Centrifugal Filter
Unit (Millipore, USA) to concentrate to 1/5 volume. Appro-
priate volume of ExoQuick-TC was added in the supernatant
in a ratio of 1 : 5 and mixed with the supernatant. After stor-
ing at 4°C overnight, the mixture was centrifuged at 1500 × g
for 30 minutes to collect the exosomes. The exosomes were
quantitated using the BCA Protein Assay Kit (Beyotime,
China) following the manufacturer’s protocol. The morphol-
ogy of the exosomes was observed using a FEI Tecnai G2
Spirit transmission electron microscope (TEM, FEI, USA)
after being fixed with 2% glutaraldehyde and counterstained
with 4% uranyl acetate. The exosome markers, CD63, Alix,
and Tsg101, were detected by Western blot using the spe-
cific antibodies. The diameter of exosomes was measured
by a ZetaView Nanoparticle Tracking Microscope (Particle
Metrix Inc., USA).

2.3. Animal Assay.Animal experiments were approved by the
Ethics Committee of the Second Hospital of Shandong Uni-
versity. Studies were performed in 8-10-week-old BALB/c
mice weighing 25 ± 5 g. Mice were anesthetized using tribro-
moethanol and the dorsal hair was shaved. 1 cm × 1 cm
full-thickness dermal wounds were created in the skin
on the back of the mouse. 200 μg FDMSC-exosomes in
200 μl PBS or 200 μl PBS were injected subcutaneously
at four sites around the wound. On days 0, 7, and 14, digital
photographs of the injury site were taken. Some mice in each
group were euthanized to obtain the skin tissue samples from
the wound site by dissection. These samples were collected for
histopathological examination by hematoxylin and eosin
(H&E) and immunohistochemistry (IHC). In IHC, primary
antibodies PCNA (Servicebio, China) and CK19 (Servicebio,
China) were used.

2.4. Exosome Internalization. Exosomes were labeled with
PKH26 (Sigma-Aldrich, USA) according to the manufac-
turer’s protocol. Briefly, 5 mg of exosomes was resuspended
in 0.5 ml 2 × Diluent C. PKH26 was diluted in 0.5 ml 2 ×
Diluent C (4 × 10−6 M). Immediately mix the exosomes and
dye solutions to make the final concentrations of PKH26
2 × 10−6 M. Then, the exosome dye suspension was incu-
bated for 3 min with periodic mixing. 1 ml 1% BSA was then
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added to stop the staining. The labeled exosomes were
washed by centrifugation in PBS in the Amicon® Ultra-15
10K Centrifugal Filter Unit. The labeled exosomes were
added to cultures of ADFs and incubated for 8 hours at
37°C. ADFs were washed thrice, and then the nuclei were
stained with DAPI. Then, the cells were observed by fluores-
cence microscope (Olympus, USA).

2.5. Western Blot.Western blotting was performed following
standard protocols. Western blotting was used to identify
exosome markers CD63, Alix, and Tsg101. Briefly, exosomes
were resuspended by PBS and loading buffer and then heated
at 95°C for 5 minutes. Cell samples were lysed in RIPA lysis
buffer (Beyotime, China) on ice. Then, the samples were
loaded and separated in SDS-PAGE gels and transferred onto
nitrocellulose membranes (Pall Life Sciences, USA). After
incubating with specific antibodies, protein expression and
phosphorylation were and imaged with FluorChem Q (Pro-
teinSimple, USA). The images were quantified using ImageJ.
Primary antibodies used in this study were as follows: exo-
some markers Alix (1 : 1000, Abcam, USA), CD63 (1 : 500,
Millipore, USA), Tsg101 (1 : 1000, Abcam, USA), activated
Notch1 (1 : 1000, Abcam, USA), Jagged 1 (1 : 1000, CST,
USA), Hes 1 (1 : 1000, Abcam, USA), Jagged 2 (1 : 1000,
CST, USA), Dll-1 (1 : 1000, CST, USA), Dll-3 (1 : 1000, CST,
USA), Dll-4 (1 : 1000, CST, USA), and GAPDH (1 : 1000,
ZSGB-bio, China).

2.6. Cell Proliferation. 2 × 103 fibroblasts were seeded in
96-well plates in SFM. After overnight plating, a Cell
Counting Kit (CCK-) 8 (Beyotime, China) assay was per-
formed to evaluate the cell proliferation according to the
manufacturer’s protocol. In brief, cells were treated with
MSC exosomes (1 μg/ml, 10 μg/ml, and 100 μg/ml) or
SFM for 24 h, and each group contained three parallel
holes. 20 μl CCK-8 solution was added to each well and
incubated for 2 hours at 37°C. The optical density of each
well was measured at 450 nm using the Victor spectropho-
tometer (Thermo Fisher Scientific, USA).

2.7. Cell Migration. The migration assay was used to analyze
the migration effect of FD-MSC exosomes to ADFs. 1 × 104
ADFs were seeded in the upper chamber in FDMSC exo-
somes (1 μg/ml, 10 μg/ml, and 100 μg/ml) or vehicle, and
the bottom chambers contained culture media containing
10% FBS and 1% P/S. 24 hours later, cells were fixed with

4% paraformaldehyde and stained with 0.1% crystal violet,
and then the upper surface cells were removed with a cotton
swab. The cells of the lower membrane surface were counted
under a microscope (Nikon, Japan) at ×100 magnification,
and 5 random fields were selected.

2.8. Quantitative Real-Time PCR. The primers were synthe-
sized by BGI (China), and the sequences are listed in
Table 1. Total RNA was isolated from ADFs and mouse-
excised skin wounds using a TRIzol reagent (Invitrogen,
USA) according to the manufacturer’s instructions. cDNA
was synthesized using a HiScript II Q RT SuperMix for qPCR
(Vazyme Biotech, China), and real-time PCR was performed
using a SYBR Green Master Mix (TAKARA, China) reagent.
GAPDH was used as the reference gene for calculations. The
ΔΔCt method was used to analyze the real-time PCR data.

2.9. DAPT Treatment. γ-Secretase inhibitor DAPT was pur-
chased from Sigma-Aldrich. In an inhibiting assay, ADFs
were incubated with SFM, 100 μg/ml FDMSC exosomes, or
10 μMDAPT + 100 μg/ml FDMSC exosomes for 24 hours.
Then, the cell proliferation and migration were evaluated
by CCK-8 and Transwell assays.

2.10. Jagged 1 Peptide Treatment. Jagged 1 peptide
(CDDYYYGFGCNKFCRPR) with Notch agonist activity
and scrambled control (SC) peptide (RCGPDCFDNYGRY-
KYCF) was synthesized at the Qiangyao Biological Technol-
ogy Company (China) [31]. Peptide stock solutions (10 mM)
were prepared in sterile distilled water and diluted to 15 μM
in culture medium before use.

2.11. siRNA Knockdown. FDMSCs were transfected with
Jagged 1 siRNA and control RNA (RiboBio, China). A Lipo-
fectamine™ RNAiMAX Transfection Reagent (Thermo
Fisher Scientific, USA) was used according to the manufac-
turer’s instructions. 10 hours after transfection, ADFs were
washed with PBS twice and cultured with SFM. 48 hours
later, CM was collected from Jagged 1 siRNA or control
siRNA-transfected FDMSCs to isolate Jagged 1 siRNA exo-
somes and control siRNA exosomes separately.

2.12. Statistical Analysis. Statistical analyses were performed
using GraphPad Prism 5. Three or more independent
experiments were performed for each result, and the mean
and SD were calculated. One-way ANOVA or Student’s t-test

Table 1: Primer sequences for quantitative real-time PCR.

Gene name Forward Reverse

Type I collagen 5′-CGGCGAGAGCATGACCGATGG-3′ 5′-TCCATGTAGGCCACGCTGTTC-3′
Type III collagen 5′-ACAAAGAGGAGAACCTGGACC-3′ 5′-GGAGGACCCCGGGCTCCCATC-3′
Fibronectin-1 5′-AATAGCCCTGTCCAGGAGTTCA-3′ 5′-GTAATTAATGGAAATTGGCTTGC-3′
Elastin 5′-GAGGCAAACCTCTTAAGCC-3′ 5′-AGCCCAGCGCCAGCCTTAGCAGCT-3′
α-SMA 5′-CATCACCAACTGGGACGACA-3′ 5′-TCCGTTAGCAAGGTCGGATG-3′
GAPDH 5′-GCACCGTCAAGGCTGAGAAC-3′ 5′-TGGTGAAGACGCCAGTGGA-3′
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was used to detect statistically significant differences. A
P value < 0.05 was considered as statistically significant.

3. Results

3.1. Characterization of FDMSC Exosomes. FDMSCs were
successfully isolated from fetus dorsal skin and identified by
flow cytometry analysis and differentiation potential analysis
in our previous study [30]. FDMSC exosomes were isolated
and then analyzed by TEM and Western blotting. We used
TEM to analyze the size, shape, and morphology of exo-
somes, and the result clearly revealed that FDMSC exosomes
have a size range of about 100 nm with an appearance of cup-
shaped or round-shaped morphology (Figure 1(a), black
arrow). The result showed the presence of exosome marker
proteins, CD63, Tsg101, and Alix, in exosome lysates
(Figure 1(b)). Then, we measured the size of the exosomes,
and the results showed that the diameter of exosomes was
about 100 nm (Figure 1(c)).

3.2. FDMSC Exosomes Promote Cutaneous Wound Healing
In Vivo. We established a mouse full-thickness dermal
wound injury model to investigate the roles of FDMSC exo-
somes in wound healing. In the exosome-treated group, the
wounds healed more rapidly than those in the control group
(Figures 2(a) and 2(b)). H&E results indicated that in the
exosome-treated group, there are more cells in ECM and
the ECM proteins are more regular and denser, with a thicker
layer of collagen than that in the control group on 7 days and

14 days posttreatment (Figure 2(c)). Furthermore, in
FDMSC exosome-treated wounds, there were more cells with
a higher proliferative rate in the wound area evaluated by
PCNA IHC results (Figure 2(d)). The IHC result of CK19
illustrated that the reepithelialization in the exosome-
treated group was accelerated and the regenerative epidermis
is thicker than that in the control group (Figure 2(e)). In
summary, our in vivo results indicated that FDMSC exo-
somes can accelerate cutaneous wound healing by promoting
cell proliferation, ECM deposition, and reepithelialization in
the wound area.

3.3. FDMSC Exosomes Enhance Proliferation, Migration, and
Secretion of ADFs. Themain functions of ADFs are to synthe-
size, secrete, and deposit collagen and elastic fibers of the
ECM. Therefore, the proliferation, migration, and protein
synthesis abilities of ADFs are vital factors in wound healing.
To explore the mechanisms for FDMSC exosome-induced
repair, we treated ADFs with FDMSC exosomes. FDMSC
exosomes (red) were found to be internalized by the ADFs
(Figure 3(a)). To determine the effect of FDMSC exosomes
on ADF growth and mobility, CCK-8 and Transwell assays
were performed. The results showed that cell proliferation
ability of ADFs was significantly improved after being treated
with exosomes in a dose-dependent manner (Figure 3(b)).
Compared to the control group, the migratory capabilities
of ADFs were also significantly improved in the presence
of exosomes (Figures 3(c) and 3(d)). These results demon-
strated that exosomes significantly enhanced the proliferation
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Figure 1: Characterization of FDMSC exosomes. (a) Morphology of FDMSC exosomes under TEM (black arrow). Scale Bar = 100 nm.
(b) Western blotting analysis of exosomal CD63, Alix, and Tsg101 protein in FDMSC exosomes. (c) Diameter analysis of FDMSC exosomes.
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and migration of ADFs in a concentration-dependent man-
ner. Fibroblasts, due to their abilities of synthesis and secre-
tion of ECM proteins, play a significant role during repair of
skin wounds. These proteins, to a certain extent, determine
the speed and quality of wound healing. Here, we analyzed
the mRNA expressions of ECM proteins and wound-
healing-related proteins (Type I and III collagen, fibronectin,

elastin, and α-SMA) of ADFs by real-time PCR after being
treated with FDMSC exosomes.We found that in ADFs incu-
bated with exosomes (1 μg/ml, 10 μg/ml, and 100 μg/ml) for
48 hours, Type I and III collagen, elastin, and fibronectin
mRNA production was increased in a dose-dependent
manner (Figure 3(e)). The results suggested that the FDMSC
exosomes can promote the ECM secretion of ADFs.
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Figure 2: FDMSC exosomes accelerate cutaneous wound healing in vivo. (a) Representative photos of mouse dorsal full-thickness wound
healing. (b) Quantitative analysis of wound size (n = 5 − 7 per group). (c) Representative H&E stain images of the wound at 1 week
and 2 weeks after treatment (×100 magnification). (d) Representative images of IHC of PCNA in each group (×200 magnification).
(e) Representative images of IHC of CK19 in each group (×200 magnification). ∗P < 0 05.
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3.4. FDMSC Exosomes Activate the Notch Signaling Pathway.
Recently, researchers have shown the importance of the
Notch signal in skin development and tissue regeneration.
Therefore, we hypothesized that Notch signaling might be
involved in the exosome-mediated wound-healing process.
To investigate the underlying mechanism of the effect of
FDMSC exosomes on ADFs, the expression level of Notch1,

Jagged 1, components of the Notch signaling pathway, and
hairy and enhancer of split-1 (Hes 1), a Notch target gene,
were analyzed by Western blot. The results showed the
increased expression of active Notch1, Jagged 1, and Hes 1,
which illustrated the activation of Notch signaling in the
presence of FDMSC exosomes (Figures 4(a) and 4(b)). To
find how the Notch signaling was activated, we detected the
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Figure 3: FDMSC exosomes regulate proliferation, migration, and secretion of ADFs. (a) The internalization of exosomes by ADFs.
(b) FDMSC exosomes can significantly stimulate ADF proliferation in a dose-dependent manner. (c, d) Transwell assay of the migration
of ADFs in different exosome-treatment groups. (c) Cell migration is expressed as a percentage of control. (d) Representative images of
the migration (×100 magnification). Cells were counted for at least five random microscope fields. Results are shown as mean ± SD from
three independent experiments. (e) FDMSC exosomes promote ECM protein secretion of ADFs. Real-time PCR analysis of the mRNA
levels of Type I and III collagen, elastin fibronectin, and α-SMA genes (normalized to GAPDH) in ADFs of different groups. Results are
shown as mean ± SD of three independent experiments. Two-tailed Student’s t-test was used. ∗∗∗P < 0 001, ∗∗P < 0 01, or ∗P < 0 05.
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Notch ligands in exosomes and found that Jagged 1 was
packaged into MSC exosomes while the others were unde-
tectable by Western blot (Figure 4(c)).

3.5. DAPT Can Partly Block the Promoting Effect of FDMSC
Exosomes of ADF Proliferation and Migration. To determine
whether exosomes can promote ADF proliferation and
migration in a Notch-dependent manner, we treated ADFs
with DAPT, the γ-secretase inhibitor, to block Notch recep-
tor cleavage at the cell surface. ADFs were treated with
SFM, 100 μg/ml exosomes or DAPT 10μM + exosomes
100 μg/ml . We found that DAPT partly abolished the
positive regulating effect in cell proliferation (Figure 5(a))
and migration (Figures 5(b) and 5(c)) of FDMSC exosomes
on ADFs. These results indicate that FDMSC exosomes can
activate the wound-healing capacity of ADFs via the Notch
signaling pathway, and these effects can also be inhibited
when DAPT was used, illustrating the role of the Notch path-
way in wound healing.

3.6. Jagged 1 in FDMSC Exosomes Promote the Wound-
Healing Capacity of ADFs. To further investigate the func-
tional role of Jagged 1 expressed in exosomes in wound-
ing, we used the Jagged 1 peptide to mimic Jagged 1 in
activating the Notch signal and knockdown Jagged 1
expression in FDMSCs by siRNA. The expression of Jagged
1 in FDMSC exosomes was reduced after siRNA knockdown
(Figure 6(a)). ADFs were incubated with SFM, 100 μg/ml
FDMSC exosomes, 15 μM Jagged 1 peptide, or 100 μg/ml
Jagged 1 knockdown exosomes for 24 hours. We found that
in the FDMSC exosome and Jagged 1 peptide treatment
groups, the Notch pathway was activated, and the prolifera-
tion and migration ability of ADFs was increased, while

depletion of Jagged 1 in FDMSC exosomes by siRNA blocked
the activation of Notch signaling and blocked the promoting
ability of FDMSC exosomes on the proliferation and migra-
tion of ADFs (Figures 6(b)–6(e)). These results indicated that
Jagged 1 in FDMSC exosomes can activate the wound-
healing capacity of ADFs via the Notch signaling pathway.

4. Discussion

Wound healing is an integrated and coordinated process of
different cells functionally relevant to skin tissue repair, alone
with the microenvironment around them. There are a large
number of published studies that describe the treatment
methods for the management of cutaneous wound healing;
however, the questions and difficulties are still remaining in
this field. Especially for nonhealing and chronic wounds,
effective therapeutic approaches need to be further explored
to deal with this prevalent and costly public health issue.
Thus, it is urgent to find an effective approach to prompt
wound healing [32].

In the last decades, researches and clinical trials of MSC
applications in tissue regeneration have made great progress.
Studies focused on MSC transplantation suggested that
instead of direct cell differentiation and replacement, MSCs
play regulation and stimulation roles via paracrine signaling
by releasing factors that promote angiogenesis, immunomo-
dulation, and recruitment of different cells [5, 9, 33]. Litera-
ture has proved the positive effect of MSC CM on tissue
regeneration [5, 34, 35]. Growth factors, cytokines, immuno-
modulatory proteins, and other biologically active proteins
are the major components of CM. Besides, the discovery of
exosomes helps us gain a better understanding of the under-
lying mechanism of the multiple effects of MSCs throughout
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Figure 4: FDMSC exosomes activate the Notch signal pathway. (a, b) Western blot analysis of key Notch signaling-related protein levels in
ADFs treated with SFM or exosomes. GAPDH served as a loading control. Notch1, Jagged 1, and Hes 1 were upregulated in ADF by exosome
treatment. (c) Western blot analysis of Notch ligands in FDMSC exosomes. Jagged 1 is the only Notch ligand expressed in FDMSC exosomes
while Jagged 2, Dll-1, Dll-3, and Dll-4 were undetectable. CD63 was used as a loading control of exosomes. Two-tailed Student’s t-test was
used. ∗∗∗P < 0 001, ∗∗P < 0 01, or ∗P < 0 05.
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the body [36–38]. Exosomes can mediate the cell-cell com-
munication by transferring RNAs, proteins, and lipids to
recipient cells and modifying their bioactivity state [15].
Nowadays, exosomes are considered as novel therapeutic
tools and diagnostic markers [17, 39, 40].

MSC exosomes can exhibit repair effect, consistently with
the MSCs, on the injured tissues through modifying recipient
cell gene expression, protein production, and status, as well
as activating regeneration-associated pathways including
Wnt/β-catenin, AKT, ERK, and STAT3 [41–43]. Recently,
investigators have examined the regenerative effects of
exosomes derived from MSCs on tissues of the lung, heart,
kidney, liver, brain, and so on. Therefore, exosomes derived
from MSC exosomes may become potential therapeutic
agents in cell-free tissue regeneration therapy. According to
advanced research in wound healing, MSC exosomes can
increase the proliferation and migration of skin cells and
inhibit their apoptosis.

Fetal MSCs are a new potential source of MSCs. The dor-
sal skin of aborted fetuses, which is considered as clinic dis-
cards, is an alternative abundant source of MSCs, and the
clinic significance needs to be further explored. Compared
with adult MSCs, fetal MSCs exhibit low immunogenicity,
higher proliferation, and differentiation potential. FDMSCs
are derived from accidental aborted fetuses, and they are
thought as the main functional cells involved in scarless
wound healing [12]. Furthermore, owing to the histological
origin of FDMSCs, they may deserve unique properties on

skin regeneration. In summary, FDMSCs are better candi-
dates than adult MSCs in wound healing.

Fibroblasts, as the important target of exosomes in
wound healing, are the major cell type to synthesize, secrete,
and deposit collagen and elastic fibers of the ECM [2].
Recently, there has been renewed interest in the different
fibroblast lineages [24, 44]. Researchers found that fibroblasts
isolated from different dermal sources exhibit diverse func-
tions, and the underlying mechanism needs to be explored
further. Fibroblasts from diabetic patients showed impaired
function in wound healing with reduced migration response
and growth factor expression [45, 46]. In summary, the pro-
liferation, migration, and protein synthesis abilities of dermal
fibroblasts are vital for wound repair. Activation of fibro-
blasts in the early phase of wound healing can accelerate
the wound closure and matrix protein production, providing
a foundation for wound repair.

In our study, results suggested that FDMSC exosomes
have an enhancing effect on ADF cell growth and migration.
Further analysis by real-time PCR showed significantly ele-
vated ECM protein levels compared to those of the control
group, indicating that FDMSCs can promote ECM protein
synthesis. The upregulation of Notch1, Jagged 1, and Hes 1
exhibited the activating effect of FDMSC exosomes on Notch
signaling. Furthermore, Western blot analysis of exosome
components showed Jagged 1 was the only ligand that can
be detected, and the inhibition of Notch signaling by DAPT
significantly decreased the proliferation and migration of

Con Exosomes DAPT +
exosomes

0

200

400

600

Re
la

tiv
e c

el
l v

ia
bi

lit
y 

(%
)

⁎⁎

⁎⁎

⁎⁎⁎

(a)

Con Exosomes DAPT +
exosomes

0

100

200

300

400

Re
lat

iv
e m

ig
ra

tio
n 

(%
)

⁎⁎

⁎⁎⁎

⁎⁎⁎

(b)

Control Exosomes 
DAPT +

exosomes 

(c)

Figure 5: Activated Notch signaling by FDMSC exosomes can be partly blocked by DAPT. (a) DAPT can partly block the proliferation of
ADFs. (b, c) DAPT can partly block the migration of ADFs. (b) Cell migration is expressed as a percentage of control. (c) Representative
images of the migration (×100 magnification). ∗∗∗P < 0 001 or ∗∗P < 0 01.
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ADFs. In contrast, ADFs treated with FDMSC exosomes and
Jagged peptide showed significantly enhanced proliferation
and migration, and knockdown of Jagged 1 in exosomes
abolished the promoting effect. These results emphasizing
that the Notch pathway is a mediator of exosome communi-
cation in regulating wound repair and Jagged 1 in exosomes
play a vital role.

As one of the important Notch ligands, Jagged 1 can reg-
ulate maturation of the human epidermis by activating Notch
signaling [31]. In addition, Jagged 1 is present in exosomes
from different kinds of cells and is biologically active, but
the role of Jagged 1 in exosomes in wound healing is largely
unknown [47–49]. In this study, we found that Jagged 1 is
sorted in FDMSC exosomes to regulate the Notch signal
pathway activity in ADFs. However, the quantity of Jagged
1 in FDMSC exosomes is variable and unstable because the
biogenesis of exosomes is largely depending on cell types, cell
functions, and physiological statuses. Due to the complexity
of FDMSC exosomes, the important components of the
exosomal cargo and other factors which can activate Notch
signaling and the mechanism are still studying. Further
research is needed to elucidate a detailed molecular mecha-
nism of the sorting process and biological functions of Jagged
1 and the exact mechanism of FDMSC exosomes in wound

healing and to develop new therapeutic strategies for non-
healing and chronic wounds.

In conclusion, we successfully obtained FDMSC exo-
somes and investigated their role on cutaneous wound
healing. Our results demonstrated that FDMSC exosomes
can exert promoting effect on the proliferation, migration,
and protein synthesis abilities of ADFs via Notch signal
activation.

5. Conclusion

The results demonstrated that FDMSC exosomes could
accelerate cutaneous wound healing in vivo and promote
the wound-healing capacities of ADFs by activating the
Notch signal pathway in vitro. Our findings provided new
aspects for the therapeutic strategy of FDMSC-derived exo-
somes for the treatment of skin wounds.
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Endogenous neural stem cells (NSCs) exist in the central canal of mammalian spinal cords. Under normal conditions, these NSCs
remain quiescent and express FoxJ1. After spinal cord injury (SCI), the endogenous NSCs of a heterogeneous nature are activated
and proliferate and migrate towards the lesion site and mainly differentiate into astrocytes to repair the injured tissue. In vitro,
spinal cord NSCs are multipotent and can differentiate into neurons, astrocytes, and oligodendrocytes. The altered
microenvironments after SCI play key roles on the fate determination of activated NSCs, especially on the neuronal specification
potential. Studies show that the activated spinal cord NSCs can generate interneurons when transplanted into the adult
hippocampus. In addition, the spinal cord NSCs exhibit low immunogenicity in a transplantation context, thus implicating a
promising therapeutic potential on SCI recovery. Here, we summarize the characteristics of spinal cord NSCs, especially their
properties after injury. With a better understanding of endogenous NSCs under normal and SCI conditions, we may be able to
employ endogenous NSCs for SCI repair in the future.

1. Introduction

Neural stem cells (NSCs) exist mainly in two regions in the
adult central nervous system (CNS): brain and spinal cord
[1–6]. NSCs remain quiescent under normal physiological
conditions and can be activated under certain conditions
such as CNS injury [7]. The activated NSCs can self-renew
to maintain stem cell pool size and differentiate into neural
cells for tissue repair. In this review, we will focus on the
properties and behavior of endogenous spinal cord NSCs in
normal situations and SCI.

2. Endogenous Spinal Cord NSCs

The identity of endogenous spinal cord NSCs has been
debated in the past years. Astrocytes, oligodendrocyte
progenitors, and ependymal cells have all been suggested as
spinal cord stem cells previously by different groups [8–10].

Cortical astrocytes gain some NSC properties and assume a
proliferative status after brain injury, but these cells cannot
give rise to cell types other than astrocytes [11]. Some studies
have suggested that oligodendrocyte progenitors can differ-
entiate into astrocytic lineage in addition to oligodendro-
cytes, but recent studies failed to prove this and these cells
seem to have a restricted potential for oligodendrocyte line-
age only [12–14]. The only cell type that has been confirmed
to be multipotent and retains a neurosphere-forming and
passaging ability in vitro is ependymal cells [8]. What is note-
worthy is that some parenchymal progenitors in regions
other than the ependymal zone can proliferate after SCI
and give rise to neurons and glia in vitro, but these cells can
hardly be expanded in vitro (fewer than 2-3 passages) [15, 16].

2.1. Spinal Cord NSCs Lining the Central Canal. Ependymal
cells lining the central canal are referred as spinal cord NSC
niche. In the mouse spinal cord, ependymal cells originate
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at mid embryonic stages (E15.5) and completely surround
the central canal by birth (P0) [17]. Based on studies on
FoxJ1-CreER transgenic mice, the ependymal cells can be
categorized into 3 basic types according to cell morphology
rather than function: cuboidal ependymal cells, tanycytes,
and radial ependymal cells [10]. Cuboidal ependymal cells
are the most abundant multiciliated cells, and the radial
ependymal cells are the less numerous type [18]. In adult
macaque, there are 3 subtypes according to the number of
cilia: uniciliated, biciliated, and multiciliated, and the first
two subtypes give rise to new ependymal cells [19]. In addi-
tion, another cell type, cerebrospinal fluid- (CSF-) contacting
neurons (CSF-CNs), exists in lower vertebrates, such as fish
and amphibians but not in higher mammals such as dogs
and cats [20, 21]. NSCs extend an apical protrusion in the
ependymal zone to contact with CSF; the flow of CSF can
be sensed through a transmembrane sodium channel which
can regulate the proliferation of these cells by activating Erk
cascade [22].

2.2. Ependymal Cells Are Heterogeneous. Studies show that
ependymal cells are heterogeneous and express radial glia cell
markers such as RC1 and BLBP and NSC markers such as
CD15 (also known as Lewis X antigen or SSEA-1), GFAP,
PSA-NCAM, Musashi1, CD133/prominin-1, Sox2, Sox3,
and Sox9, as well as vimentin and nestin [10, 23–26]. Nestin
is expressed in dorsal and ventral poles of ependymal cells
and CD15 and BLBP in dorsal regions [24]. In adult mouse
spinal cord, the numbers of nestin-containing cells (NCCs)
are the greatest in cervical vertebrae 1–7, the second in tho-
racic 1–12, and the smallest in lumbar 1–5, and no significant
difference exists in the left vs. right side [27].

3. Response of Endogenous Spinal Cord NSCs
after Injury

Following injury, endogenous spinal cord NSCs go through 3
steps: activation, migration, and differentiation.

3.1. Spinal Cord NSC Activation. Studies have shown that spi-
nal cord injury induces activation of spinal cord NSCs which
otherwise would remain in a quiescent state or assume very
slow proliferation under normal conditions [7, 28–30]. Epen-
dymal cells, astrocytes, and NG2+ oligodendrocytes are all
stimulated to divide after injury [9, 31, 32]. Spheres derived
from injured spinal cords grow 3-4 times faster and larger
than those from intact spinal cords [8]. Some ependymal cell
markers such as Sox2, Sox3, and FoxJ1 are downregulated
when the progeny cells leave the central canal and contribute
to glial scar formation [10]. Another cell population called
radial glia that express vimentin, BLBP, and nestin increase
the expression of these markers after injury [33, 34]. Reports
show that SCI increases the number of Nestin+/Sox2+ cells in
the spinal cord, especially in the central canal in rats [35–37].
The expression of nestin, which is a marker of NSCs, is
upregulated in the central canal after acupuncture injury with
a 25 G needle (Figure 1).

Changes of microenvironment, such as an increased level
of certain soluble factors, a hypoxic condition due to vascular

destruction, and immune responses, may contribute to NSC
activation after CNS injury [38–43]. In human spinal cords,
multipotent NSCs have been isolated and studied in vitro,
and the number of Nestin+/GFAP+ cells is increased after
traumatic injury as examined by histopathological analysis
of the spinal cord tissues [44–46]. Mitogenic agents such as
EGF and FGF promote spinal cord NSC proliferation
in vitro and in vivo, and EGF promotes migration from the
central canal [47–49]. VEGF, whose expression level is
increased after SCI, activates spinal cord NSC proliferation
through VEGFR2 and EGFR signal pathways [37]. Spinal
cord extracts of rats after SCI promote embryonic rat NSC
proliferation in vitro through elevating Notch1 and Hes1
expression, and Notch pathway activation might be one com-
ponent in the injury niche of the spinal cord that promotes
NSC self-renewal [50].

3.2. Spinal Cord NSC Migration and Differentiation.
Migration of the activated NSCs away from the central
canal towards the lesion site can be detected by 3 days after
spinal cord injury [10, 51]. The migrating cells change their
morphologies and lose expression of FoxJ1, Sox2, and Sox3
[10]. Reports show that the recruited NSCs at lesion sites
mainly differentiate into astrocytes and, to a less degree,
oligodendrocytes, but into no neurons after injury [10].
Yet controversy still exists in the field. Using Nestin-Cre-
ERT transgenic mice as a tracing model, Ren et al. and
Zukor et al. indicated that ependymal cell-derived proge-
nies contribute minimally to the protective scar-forming
astrocytes [52, 53].

4. Cellular Strategies for SCI Repair

Spinal cord injury is a neurodegenerative disease that results
in loss of neurons, astrocytes, and oligodendrocytes, leading
to physical impairments [54, 55]. In addition, inflammatory
reactions, ischemia, and apoptosis cause secondary damage
to spinal tissues. Cell therapy, or combined with the
administration of growth factors and/or biomaterials, has
shown promising potentials for SCI repair [56–61]
(Figure 2). Transplantation of derivatives of embryonic cells,
induced pluripotent stem cell (iPSC), NSC, or induced NSC
(iNSC) has produced regenerative effect and partial recovery
from injury [62–64].

Culture of mouse embryonic stem (ES) cells was first
reported by Evans and Kaufman in 1981 [65] and human
ES cells by Thomson and colleagues in 1998 [66]. ES cells
can be easily propagated in vitro and form teratoma when
injected in vivo; therefore, ES cells need to be differentiated
into neural lineage precursors prior to transplantation. Stud-
ies have shown that neurally differentiated cells derived from
mouse ES cells, when transplanted into a rat spinal cord 9
days after traumatic injury, could survive and differentiate
into astrocytes, oligodendrocytes, and neurons and migrate
as far as 8 mm away from the lesion boundary. Engraftment
also improves the hind limb functions of the injured rats [67].
Transplantation of human ES-derived oligodendrocyte pro-
genitor cells (OPCs) promotes remyelination and restores
locomotor performance after SCI [68].
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iPSCs are generated by a reprogramming process through
overexpression of transcription factors such as Sox2, Klf4,
Oct4, and c-Myc (SKOM) as reported by Takahashi and
Yamanaka in 2006 [69]. Generation of iPSCs can also be real-
ized via viral transduction, mRNA transfection, and/or small
molecules [69–75]. iPSCs can be easily expanded to a large
scale in culture and also of an autologous origin, thus circum-
venting most of the immune recognition-associated prob-
lems. However, a manufacturing scale-up process may affect
the differentiation ability of iPSCs and thus the purity of
desired derivatives accordingly; enrichment by applying
immune-magnetic beads may be used to address this issue
in some contexts. Researchers have grafted human iPSC-
derived neurospheres into the injured mouse spinal cords,
and the grafts can form synapses and improve locomotor
recovery [76, 77].

ES and iPSCs are pluripotent and can be differentiated
into many lineages of cells, and thus have remarkable poten-
tials to be used in a wide spectrum of conditions; however,
the clinical application of ES cells is complicated by ethical

problems; NSCs derived from embryos have similar issues
in some countries, albeit to a less degree. Use of iPSC-
differentiated NSCs may circumvent these ethical issues.
Researchers have examined embryonic NSCs in repair of
SCI in animal models. Neurons derived from transplanted
NSCs extracted from embryonic forebrains restore disrupted
neuronal circuitry in mouse SCI models; nevertheless,
another study shows that NSCs from the E14 rat cerebral cor-
tex or the adult rat subventricular zone are restricted to a glial
lineage when engrafted into the normal or lesioned spinal
cord [78, 79]. The seemingly difference between these
two studies may be due to the fact that the former study
transplanted embryonic NSCs together with valproic acid
(VPA), which may promote neuronal differentiation from
NSCs [79]. Okubo and colleagues have reported that
iPSC-derived neural progenitor cells, together with gamma-
secretase inhibitors, promote functional recovery in the
subacute and chronic phases of SCI [80, 81], and they are
proposing an initiative to conduct a first-in-human clinical
trial using hiPSC-NPCs to treat chronic SCI patients [82].

CC

(a)

CC

(b)

(c) (d)

Figure 1: Transverse sections show an elevated expression of nestin in the rat central canal (CC). (a) Intact spinal cord. (b) 3 days after injury.
(c and d)Magnified CC of the insets in (a) and (b), respectively. Nestin, green; DAPI, blue. Arrows show the Nestin+ cells. Scale bars: (a and b):
200μm; (c and d): 50 μm.
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5. Potential of Endogenous Spinal Cord
NSCs for SCI Repair

Even though exogenous cell transplant may promote recov-
ery after SCI, the carcinogenic risk, the invasive nature, and
complications associated with transplantation procedures
pose some challenges in the field. Furthermore, it is difficult
to fully control the fate of the transplants [83]. Ependymal
cells have been shown as the endogenous spinal cord NSCs.
Some animals such as tailed amphibians exhibit powerful
endogenous neurogenic capacity and are able to almost
fully repair their damaged spinal cords and functionality
after SCI [84–87]. Turtles spontaneously reconnect their

severed spinal cords, leading in some cases to substantial
recovery [88]. It has attracted a lot of interest with the idea
that endogenous spinal cord NSCs might contribute to func-
tional recovery. An in-depth understanding of the molecular
mechanisms underlying the regeneration-permissive niches
in these organisms may lend critical knowledge to help
promote endogenous neurogenesis of the mammalian
spinal cord after injury [89]. Also, it is reasonable to
predict that, given the complicated nature of SCI, an
individual approach targeting a single molecule/pathway
may not be sufficient to offer a panacea, and tailoring
specific combinations of therapies would provide a better
outcome [90].

Celluar grafts

Aligned biomaterials Non-aligned biomaterials

Cocktail

Growth factors

Small molecules

Specific antibodies

Lesion site

Transplantation

Figure 2: Combined cellular strategies for SCI repair.
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Ependymal cells differentiate into astrocytes to form scar
tissues, and about half of the scar-associated astrocytes are
derived from ependymal cells. The astrocytes migrate
towards the core of the scar and produce laminin that is help-
ful for axon growth [91]. The GFAP+ astrocytes derived from
the resident astrocytes are localized in the brim of the scar
and secrete chondroitin sulfate proteoglycans (CSPG) which
are inhibitory to axon growth [92, 93]. Eliminating ependy-
mal cell-derived astrocytes or total reactive astrocytes in the
scar tissue may enhance immune cell infiltration and lead
to enlarged lesion volume, increased neuronal death, and
aggravation of the functional outcome [94, 95]. Blocking
the generation of ependymal cell progenies results in 79%
animals failing to form compact scar tissues, secondary
enlargement of lesions, and further axonal loss [96]. In addi-
tion, the recent studies report that astrocyte scar aids in axon
growth, and RNA sequencing reveals that astrocytes and
nonastrocytic cells in SCI lesions express multiple axon
growth supporting molecules [97]. More interestingly, in
fresh water turtles, the activated ependymal cells contributed
to the generation of cycling cells that are an important part of
the reconstructive bridging scaffold permissive for axon
regrowth after SCI [98].

Isolation of ependymal cells from SCI rats and transplan-
tation of these cells into severe contusion models lead to
long-distance migration from the transplant bolus to the
neurofilament-labeled axons in and around the lesion zone
[99]. Retrovirus-mediated overexpression of the Neuro-
genin2 and Mash1, with growth factor treatment, enhances
the production and maturation of new neurons and oligo-
dendrocytes, when directly injected into the injured spinal
cord [100]. Spinal cord NSCs also possess a property of plas-
ticity. For example, adult spinal cord-derived stem cells that
normally do not generate neurons after injury can differenti-
ate into interneurons if injected into the adult hippocampus
[101, 102]. These studies indicate that ependymal cells have
a potential to repair SCI, given sufficient conditions to
manipulate the intrinsic properties of these cells and/or
the surrounding microenvironment [103]. Furthermore,
enhanced physical activity promotes the proliferation and
differentiation of endogenous ependymal cells, indicating a
key role of exercise on SCI recovery [104, 105]. Siegenthaler
et al.’s work showed that voluntary exercise attenuates
age-related reparative deficits following contusion SCI
and the recovery rate of locomotor functions in injured
aged rats is comparable to that of injured young rats without
excise [106].

6. Discussion

There are 3 types of dividing cells in an intact spinal cord,
NG2+/Olig2+ oligodendrocyte progenitors, GFAP+/CX30+/-
Sox9+ astrocytes, and FoxJ1+ ependymal cells, which consti-
tute around 80%, <5%, and <5%, respectively, of the
dividing cells. Among these 3 types of cells, only ependymal
cell-derived neurospheres are multipotent and can generate
neurons, astrocytes, and oligodendrocytes in vitro. In vivo,
ependymal cells are activated after injury and mostly differ-
entiate into astrocytes and oligodendrocytes but few neurons.

The limited ability to differentiate into neurons may be partly
due to the high expression of Notch1 and Hes1 in the niche
after injury, which could be one of the components that
inhibit neuronal differentiation [107]. A better understand-
ing of the inhibitory microenvironment will help to find
means to unleash the neuronal specification potential, both
of the endogenous ependymal cells and of the incoming
NSC transplants [108, 109]. In addition, how the NSC trans-
plants interact with the endogenous ependymal cells is not
very clear and warrants a further study.

Previously, researchers have tried to transplant NSCs into
the injured spinal cord immediately after SCI. However, this
may not be the optimal time window for cellular inter-
vention. Expression of inflammatory factors is increased
in 6-12 hours after SCI and remains elevated in the fol-
lowing 4 days [110]. Astrocytes release various immune
chemicals, such as CSPG, which is beneficial for acute
SCI recovery but may be detrimental with chronic exposure,
and MCP-1, which plays potent roles in the recruitment of
macrophages and monocytes. The infiltrated neutrophils
and macrophages can secrete myeloperoxidase, MMP-9,
TNF-α, TGF-β, IL-1α, IL-1β, IL-6, IL-10, iNOS, Arg-1, etc.
[111–113]. The inflammatory responses are the major cause
of secondary tissue degeneration, namely, secondary SCI. In
addition, neurotrophic factors, CNTF for example, which
promotes differentiation into astrocytes, are increased after
injury. However, factors that promote neuronal and oligo-
dendrocytic genesis, such as NT3 and BDNF, remain at a
low level. This contrasting expression of factors that block
neurogenesis vs. enhance neurogenesis may be, at least in
part, a reason for nonneuronal generation of endogenous
NSCs after injury. It is possible that the optimal time for cel-
lular intervention may not be the acute phase after injury.
The secretion of inflammatory factors would last for 1 week,
and the vascular reconstruction that is beneficial for neuro-
genesis occurs during 7-14 days [114]. Therefore, some
researchers proposed that the optimal time window for cell
transplantation might be 7-14 days postinjury [115].

The number of endogenous spinal cord NSCs is small
in the central canal, despite their potential for SCI repair.
A sufficient number of spinal cord NSCs may be essential
to achieve certain reparative effects. To promote prolifera-
tion of endogenous NSCs, researchers have attempted to
inject VEGF into spinal cords [37] or by electrical stimu-
lation [116]. To promote the differentiation of endogenous
NSCs into neurons, researchers have employed linearly
organized biomaterials together with drugs such as cetuxi-
mab and taxol to repair the injured tissue [117]. However,
more work is required to achieve a desirable level of acti-
vation and neuronal differentiation of endogenous spinal
cord NSCs following SCI.

Furthermore, promoting both neurogenesis and oligo-
genesis is important for cell therapies for SCI repair. Some
molecules or drugs, such as erythropoietin and cetuximab,
have been reported to promote differentiation into neurons
or oligodendrocytes [118–123]. Repression of the immune
system in a balanced manner would also be conducive to
recovery. For example, chondroitinase ABC (ChABC) deliv-
ery increases the digestion of CSPG and shifts themacrophage
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towards a M2 phenotype [124]; a single injection of rapamy-
cin, a blocker of the mTOR pathway, reduces macrophage/
neutrophil infiltration and inhibits astrocyte activation, lead-
ing to increased neuronal survival and axonogenesis towards
the lesion site [125]. Finding an optimal interventional strat-
egy, possibly with a combinatory approach, to promote neu-
rogenesis and oligogenesis and eventually reconstruct the
damaged neuronal circuitry and functionality, is the goal in
the field for SCI repair. Manipulating the intrinsic properties
of ependymal cells at the central canal and turning the inhib-
itory niche at injury site to a permissive one, together with the
exogenous application of NSC/neural precursor grafts and
modulatorymolecules/drugs, may be tailored to suit the com-
plex conditions of individual patients with SCI in the future.
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Toll-like receptors (TLRs) represent one of the bridges that regulate the cross-talk between the innate and adaptive immune
systems. TLRs interact with molecules shared and preserved by the pathogens of origin but also with endogenous molecules
(damage/danger-associated molecular patterns (DAMPs)) that derive from injured tissues. This is probably why TLRs have been
found to be expressed on several kinds of stem/progenitor cells (SCs). In these cells, the role of TLRs in the regulation of the
basal motility, proliferation, differentiation processes, self-renewal, and immunomodulation has been demonstrated. In this
review, we analyze the many different functions that the TLRs assume in SCs, pointing out that they can have different effects,
depending on the background and on the kind of ligands that they recognize. Moreover, we discuss the TLR involvement in the
response of SC to specific tissue damage and in the reparative processes, as well as how the identification of molecules mediating
the differential function of TLR signaling could be decisive for the development of new therapeutic strategies. Considering the
available studies on TLRs in SCs, here we address the importance of TLRs in sensing an injury by stem/progenitor cells and in
determining their behavior and reparative activity, which is dependent on the conditions. Therefore, it could be conceivable that
SCs employed in therapy could be potentially exposed to TLR ligands, which might modulate their therapeutic potential in vivo.
In this context, to modulate SC proliferation, survival, migration, and differentiation in the pathological environment, we need
to better understand the mechanisms of action of TLRs on SCs and learn how to control these receptors and their downstream
pathways in a precise way. In this manner, in the future, cell therapy could be improved and made safer.

1. Introduction

Toll-like receptors (TLRs) are noncatalytic molecules with a
single transmembrane segment. TLRs belong to the most
extensive family of pattern recognition receptors (PRR) [1]
and play a crucial role in innate defense against microorgan-
isms and in the recognition and response to endogenous
molecules that derive from injured tissues (damage/danger-
associated molecular patterns, or DAMPs [1]). Although
all classes of DAMPs can bind to TLRs and have some

overlap in molecular machinery with PAMPs, there is evi-
dence that DAMPs utilize different binding sites [2] and dis-
tinct mechanisms of action [3, 4]. Moreover, interesting
findings demonstrated that there are also differences in the
downstream TLR signaling [5] and subsequent biological
outcomes [3, 4]. TLRs have been named after the identifica-
tion of the TOLL gene in Drosophila more than 30 years ago,
and within the past three decades, 13 different types of
human TLRs have been identified, as have many polymor-
phic forms in several other mammalian species. Commonly,
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Toll-like receptors have been subdivided into two groups
based on cellular localization: TLR1, TLR2, TLR4, TLR5,
TLR6, TLR10, TLR11, TLR12, and TLR13 are typically
expressed on the cell surface; TLR3, TLR7, TLR8, and
TLR9 localized mainly on intracellular endosomes.

Their expression throughout both animal and plant king-
doms [6–8] highlights their important role in physiological
and pathological conditions. TLRs recognize a wide range
of structurally conserved molecules commonly expressed
on bacterial, viral, and fungal surfaces, collectively grouped
as pathogen-associated molecular patterns (PAMPs) [9, 10].
PAMPmolecules interact with pattern recognition molecules
(PRMs) on the surface of immune cells [11]. TLRs are
included within PRMs. As opposed to PRRs, the term PRMs
has been used to refer to a more broad group of components
of the innate system, which include secreted molecules that
bind to microorganisms [12].

TLRs have been localized on macrophage, neutrophil,
dendritic, and NK cells. Following recognition, TLR acti-
vates the immune response; indeed, the interaction
between TLR and PAMP leads to a typical inflammatory
response characterized by a cascade of intracellular signals
[1, 6, 10, 13]. Nonetheless, TLRs are also involved in anti-
gen presentation and process, accentuating their key role
in regulating the cross-talk between innate and adaptive
immune responses [10, 14–16].

In addition to several cells of the immune system, TLRs
have been found on several kinds of stem/progenitor cells
(SC). In such cells, the role of TLR has been ascribed to basal
motility, self-renewal, differentiation potential, and immuno-
modulation. In this review, we will describe several different
functions that TLR carries out in SC, focusing on SC’s plastic
role in response to specific ligands. Moreover, TLR has been
shown to take over important functions during the reparative
processes carried out by the SCs, consistent with the TLR
dependence for the correct establishment of dorsoventral pat-
terning during development in Drosophila [17].We intend to
describe and discuss the role played by TLRs in such repara-
tive processes performed by different tissue stem/progenitor
cells, with a specific interest in new therapeutic strategies.

2. TLRs and Mesenchymal Stromal Cells

Since their first description more than 30 years ago, mesen-
chymal stromal cells (MSCs) have been identified in essen-
tially all the tissues of the human body, with a major source
of cells for clinical uses in bone marrow (BM-MSC), adipose
tissue (AT-MSC), and perinatal tissues as placenta or umbil-
ical cord (Wharton jelly (WJ-MSC) or umbilical cord blood
(UCB-MSC)) [18, 19]. MSC is a term coined by Caplan
[18] during the first clinical applications, and since then
autologous BM- and AT-derived MSCs have been the most
extensively studied sources of stromal cells. Often misinter-
preted, indicated as mesenchymal stem cells instead of stro-
mal cells, adult and perinatal MSCs have recently led to
evidence supporting similar, but not identical, behavior and
properties in most if not all the human MSCs [20, 21].

MSCs have been shown to express high levels of TLRs,
broadly distributed on the cell surface. TLRs have been

proposed to modulate MSC proliferative, immunomodula-
tory, and migratory and differentiation potential [19, 22].
Several studies have measured the expression and transduc-
tion pattern of TLR in MSCs from different sources, with
BM-MSC once more as the most characterized source, while
limited evidence has been collected so far on adipose tissue
and umbilical cord, sometimes with opposite results [23].

Nowadays, it is well-accepted that human BM-MSC,
AT-MSC, and UCB-MSC express high levels of TLR3 and
TLR4, in addition to low levels of TLR1, TLR2, TLR5,
TLR6, and TLR9 [24]. Lack of expression in TLR7, TLR8,
and TLR10 forms has been reported in almost all the MSCs
examined. Interestingly, a limited expression of the TLR3
isoform has been described on WJ-MSC, and such receptors
appear to be nonfunctional as its ligation did not release
TLR-inducible cytokines. Such peculiar expression has been
coupled with a low immunogenic phenotype and inefficient
response to LPS activation by WJ-MSC [19, 25].

The expression of TLR on MSC prompted researchers to
investigate the potential link between TLR signaling and MSC
anti-inflammatory and immune-modulatory properties [26].

2.1. TLRs in Immunomodulatory Properties of MSC. MSCs
possess immunoregulatory properties which have been
extensively characterized for their relevance in immune
responses and exploited in clinical applications. Human
MSCs can alter inflammatory conditions and might influ-
ence different effector cells, moving from lymphoid cells
(T, B, and NK cells), to myeloid components (monocytes,
dendritic cells) [27–30]. The MSC effect has been ascribed
mainly to cell-to-cell contact and the release of soluble
factors, such as transforming growth factor- (TGF-) β1,
hepatocyte growth factor (HGF), prostaglandin E2, interleu-
kin- (IL-) 10, indoleamine 2,3-dioxygenase (IDO), inter-
feron- (IFN-) γ, and nitric oxide (NO), upon activation in
response to inflammation [22, 24, 27].

The antiproliferative effect on T cells has been widely
studied, showing different and sometimes contrasting
results. AT-MSCs do not constitutively express immuno-
modulatory factors, yet releasing inhibitory factors upon
activation [31]. Moreover, TLR activation does not affect
the AT-MSC immunomodulatory properties [32]. Almost
10 years ago, a study showed how TLR3 and TLR4
ligation enhances the immunomodulatory properties in
BM-MSC [28] (Figure 1(a)). Notch signaling and upregu-
lation of delta-like 1 (DL1) have been shown to enhance
Treg induction driven by TLR3- and TLR4-activated
MSCs [33]. In contrast, another study showed how liga-
tion of TLR3 or TLR4 on BM-MSC negatively affects
T-cell proliferation inhibition by hampering T cell
Jagged-1 expression and, therefore, impairing its signaling
to the Notch receptor [27]. Such opposite effects have
been explained by the influence of the inflammatory envi-
ronment exercised on cells. Short-term, low-level exposure
with TLR4 agonists polarizes MSCs toward a proinflam-
matory phenotype, critical for early injury responses.
TLR4-primed MSC results in collagen deposition, expres-
sion of proinflammatory mediators, and reversal of the
T-cell suppressive mechanisms. By contrast, TLR3 agonist
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Figure 1: Comparison of biological functions of TLRs on stem cells. (a) In MSCs, TLR3 and TLR4 triggering induces an immunomodulation
increase, while TLR2 is involved in differentiation processes. (b) TLR4 and TLR2 play a major role in influencing the cell biology of HSCs.
TLR4 triggers hematopoietic cell development. TLR2 induces an increase in HSC proliferation, avoiding depletion of lymphoid
progenitors and B cell precursors. (c) Both TLR2 and TLR4 have distinct and even opposite functions, concerning the self-renewal,
proliferation, and differentiation of NPC. The activation of TLR9 leads to neuroprotective effects by anti-inflammatory mechanisms.
(d) Among TLRs, TLR2 is strongly upregulated in ARPCs, and it is principally involved in reparative properties of ARPCs. TLR2 is
responsible for the secretion of several reparative cytokines and chemokines, including IL-6, IL-8, C3, MCP-1, inhibin-A, and
decorin. (e) AEC expresses various TLR family members and responds to multiple TLRs ligands that heavily influence the cell behavior.
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exposure has appeared to prompt MSC committing
toward an immunosuppressive phenotype, critical to
anti-inflammatory reactions that assist with resolving the
tissue damage. In addition to TLR3, stimulation of TLR9
by DSP30 (a CpG ODN) was also shown to induce prolif-
eration and the suppressive potential of BM-MSC, protect-
ing them from TLR4 stimulation by LPS, which restricted
the ability of MSC to suppress the proliferation of T lym-
phocytes [34]. Therefore, MSCs have been described as
switching toward pro- or anti-inflammatory phenotypes,
depending on which TLR forms (TLR3 or TLR4) are
expressed on their surface or which ligands they can sense
[35]. Another characteristic response to TLR ligands has
been described on WJ-MSCs, which do not respond to
TLR4 or TLR3 ligation. Such an effect might rely on the
overexpression of factors involved in immune system
modulation (i.e., HGF) or on the expression of nonfunc-
tional TLR [19].

Together, these data represent a serious warning for
clinical use of MSCs. Their immunomodulatory aptitude
represents a key factor for therapeutic application [31]. The
beneficial contribution of MSCs might be diminished or
erased if inflammation is present [22]. Consequently,
WJ-MSCs, with their aforementioned TLR3 limited expres-
sion, represent an attractive source of cells with proficient
immunomodulatory properties [24]. Although silencing
some TLR forms might represent an effective way to maxi-
mize the immunomodulatory effect of several MSCs, the
molecular mechanisms and effects on TLR-primed MSCs
need to be elucidated before moving to the bedside.

2.2. TLRs in Differentiation Capacity of MSC. The differenti-
ation capacity of different MSCs towards multiple tissue phe-
notypes has been largely mentioned and often described as an
age-dependent mechanism [24]. However, recent studies
highlight the important role played by TLR molecules in
MSCmaturation into different cell phenotypes. The activation
of TLRs has been shown to influence MSC maturation into
osteocytes. Osteoblastic maturation has been described by a
specific agonist triggering TLR2, TLR3, and TLR4 activation
[27, 32, 36–38]. Moreover, the activation of TLR-9 by CpG
oligodeoxynucleotides (CpG-ODN) can reduce AT-MSC
proliferation and enhance osteocyte differentiation [37]
(Figure 1(a)). The TLR9 agonist CpG oligodeoxynucleotide
(CpG-ODN) with a phosphorothioate backbone (PTO-Cp-
G-ODN) has been described to antagonize BMP-induced
Smad signaling in a TLR9-independent manner, thus inhibit-
ing osteoblast maturation by AT- and UCB-MSCs [31]. Fur-
thermore, during osteogenic differentiation, TLR9 expression
has been shown to be significantly decreased [26]. Differently,
LPS (TLR4 agonist) or flagellin (TLR5 agonist) has been
shown to trigger osteogenic differentiation in UCB-MSCs
[39]. However, these data need to be confirmed by more
rigorous studies.

There are no data supporting a role for TLR in adipogenic
differentiation. Notably, few and contradictory reports sup-
port the role of TLR2 in chondrogenic maturation, underly-
ing a need to deepen this specific feature of MSC biology.

2.3. TLRs in Migration of MSCs.MSCs also have the impor-
tant capacity to transfer to the places of ischemic, inflam-
matory, or mechanical damage or to the site of tumor
growth [40].

The effect of TLR stimulation on MSC migration has
been examined using different TLR agonists as chemoat-
tractants. The results showed TLR3 as the main mediator
in migration responses [41]. However, this effect seems to
be strongly related to the time of exposure: after 1 hour
of incubation, both TLR3 and TLR4 promoted migration,
while 24 h incubation with the same TLR chemoattractants
suppressed migration and invasion of the treated MSCs [27,
35]. Moreover, the inhibition of TLR3 and TLR4 expression
with knockdown plasmids cut in half the migration poten-
tial of unprimed MSCs [41]. Nevertheless, LPS or poly(I:C)
treatment of the transfected cells resulted in enhanced
migration when compared with unstimulated controls
[35]. In addition to the role played by TLR3 and TLR4,
TLR9 activation has also been shown to facilitate MSC
migration towards target tissues, in an MMP-13-mediated
mechanism [26].

The different responses of MSCs, depending on the even
minimal changes in the environment, again support the TLR
regulation of these cells by complex and mostly unknown
molecular mechanisms.

3. TLRs and Dental Mesenchymal Stem Cells

Mesenchymal stem cell populations with high proliferative
capacity and multilineage differentiation have been isolated
from the dental tissues. These are dental pulp stem cells
(DPSCs), stem cells from human exfoliated deciduous teeth
(SHEDs), periodontal ligament stem cells (PDLSCs), dental
follicle progenitor stem cells (DFPCs), and stem cells from
apical papilla (SCAPs). DPSCs and SHEDs are characterized
by the expression of markers for both mesenchymal and
neuroectodermal stem cells and derive from the cranial
neural crest. DPSCs can differentiate into several cell types
including odontoblasts, neural progenitors, chondrocytes,
endotheliocytes, adipocytes, smooth muscle cells, and
osteoblasts [42].

To date, the role of TLRs linked to the regenerative prop-
erties of dental stem cells has not been reported. Few studies
have explored TLR expression profiles in dental stem cells.
In an uninflamed environment, DPSCs expressed high levels
of TLR10, followed by TLR2, TLR1, TLR5, TLR4, TLR9,
TLR7, TLR6, TLR3, and TLR8 in descending order of
expression. The inflammatory environment upregulated
TLR2, TLR3, TLR4, TLR5, and TLR8; downregulated
TLR1, TLR7, TLR9, and TLR10; and abolished TLR6 expres-
sion in DPSCs [43].

TLR4’s role in regulating immunomodulation or osteo-
genic capacity in some kind of dental mesenchymal stem cells
has been shown. In fact, during neuroinflammation, in neu-
rodegenerative diseases, TLR4 in DPSCs can induce the
secretion of soluble factors, such as interleukin-8, interleu-
kin-6, and TGF-β-enhancing cell immunomodulatory prop-
erties [44]. In vitro, LPS can activate the TLR4-regulated
NF-κB pathway of human PDLSCs, thus decreasing their
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osteogenic potential. This potential can be reverted by
impeding the TLR4 binding or neutralizing the NF-κB path-
way, thereby avoiding bone loss triggered by LPS in rats [45].

4. TLRs and Hematopoietic Stem Cells

Of all stem cells, hematopoietic stem cells (HSCs) are by far
the most studied and infused in patients with cancers, such
as multiple myeloma or leukemia. Since HSCs represent
the capstone of the blood hierarchy, they can reconstitute
the entire hematolymphoid system, making them a powerful
tool for blood disorders [46].

Early HSCs expressed functional TLR2 and TLR4. Dur-
ing infection, microbial components could activate quiescent
stem cells through TLR signaling promoting myeloid differ-
entiation and rapidly replenishing the innate immune sys-
tem. Signaling in granulocyte and macrophage progenitors
through Myd88 downstream TLR2 and TLR4 eliminates
the need for growth and differentiation factors. LPS were
efficaciously recognized in HSC by the TLR4/MD-2 complex
interacting with the CD14 coreceptor. Moreover, common
lymphoid progenitors are preferentially directed toward
dendritic cell differentiation [47] (Figure 1(b)). Interestingly,
in response to TLR ligand stimulation, murine short-term
HSC has been proved more efficient in producing cytokines
than mature immune cells [48].

TLR expression on myeloid cells has been shown to
sense bacterial products, inducing myelopoiesis. HSCs have
been shown to be activated by LPS exposure, either directly
through cell-intrinsic TLR signaling or indirectly through
the upregulation of myeloid-derived inflammatory cyto-
kines. In vivo chronic treatment with LPS leads to HSC
cycling and to myeloid differentiation with a consequent loss
of their repopulating activity in transplantation experiments
[49, 50]. Indeed, the TLR4/Sca-1 axis contributes to granulo-
poiesis starting from HSC during bacterial infection or LPS
treatment [51]. Notably, the time and the entity of the stim-
ulation can influence cell lymphopoiesis as proved by
chronic low-dose LPS perturbation in human HSC and
B-lineage progenitors. The increased amount of proliferating
HSC couples with a higher level of IFN-γ protein, suggesting
a potential local source of this cytokine. This leads to a
depletion of lymphoid progenitors and B precursors [52]
(Figure 1(b)). LPS treatment increases demand for myeloid
cells and specifically employs myeloid-biased HSCs
(MB-HSCs) and progenitors into the cell cycle. In addition
to LPS receptor TLR4, histamine also plays an important
role in HSC expansion, hampering cycling MB-HSC deple-
tion [53]. LPS stimulation in vivo induces proliferation of
HSC directly through TLR4 interaction; however, prolonged
LPS exposure weakens HSC self-renewal and repopulation
activity. Therefore, while initial TLR4 activation in HSC
might be advantageous to counteract systemic infection,
protracted TLR4 signaling might have deleterious effects
and lead to inflammation-related dysfunction [54]. How-
ever, systemic exposure to the TLR2 agonist leads to a loss
of HSC self-renewal in bone marrow. Such effects have been
shown, at least in part, to be mediated by the granulocyte
colony-stimulating factor and tumor necrosis factor-α [55].

In conclusion, these studies support a mechanism medi-
ated by TLR signaling, in which HSCs sense non-self
PAMPs, allowing them to rapidly respond to infections in
order to replenish the hematopoietic system; however, pro-
longed exposure may affect self-renewal and differentiation
leading to HSC pool exhaustion.

5. TLRs and Neuronal Stem/Progenitor Cells

In the adult brain, TLRs regulate neurogenesis, as shown in
the murine hippocampus. TLRs may also have a role in the
protection of neurons, by favoring remyelination and tro-
phic support [56]. It has been shown that the TLR3 form
triggers secretion of anti-inflammatory cytokines as IL-9,
IL-10, and IL-11, with an inhibitory effect on astrocyte
growth, and enhanced neuronal survival [57].

Moreover, neuronal stem/progenitor cells (NPC) are
responsive to TLR3 stimulation with poly(I:C), secreting
proinflammatory cytokine as IL-6 but not TNF-a, whereas
the microglia are responsive to ligands of both TLR3 and
TLR4 (through poly(I:C) and LPS exposure, respectively)
[58]. The TLR2, TLR3, and TLR4 forms have been proven
to inhibit NPC cell proliferation when exposed to specific
ligands [58–60].

TLR2 and TLR4 are abundant isoforms in the central
nervous system [61, 62], and their presence extends to the
neurogenic niche rich in adult stem/progenitor cells. Both
TLR2 and TLR4 have been identified on adult NPC with dis-
tinct and sometimes opposite functions in proliferation and
neuronal differentiation. The distinct effects played by the
two TLR receptors, normally present on the same neuronal
cell, suggested a specific action yet not completely eluci-
dated. The absence of TLR2 has been associated with delays
in neuronal differentiation, but with no direct effect on pro-
liferative rhythm. On the contrary, lack of TLR4 leads to an
increased rate in proliferation and differentiation [63].
Moreover, in vivo, TLR2 knockout mice have been shown
to have extremely hindered neuronal differentiation, with
preferred astrocytic maturation [63]. These data together
suggest that TLR2 might play a direct role in neuronal stem
cell maturation, as confirmed by wild-type mice where neu-
ronal differentiation was increased using increasing doses of
TLR2 activators [63]. The different effect produced by the
two TLRs could be explained by the activation of a dissimilar
transduction pathway. TLR2 activation leads to
MyD88-mediated activation of NF-κB pathways with the
contribution of PKC-alpha. The inhibition of PKC kinase
in the presence of TLR2 activators leads to reduced differen-
tiation capacity. On the other hand, inhibiting NF-κB in the
presence or absence of TLR2 ligands results in a drastic
decrease in neuronal maturation [63] (Figure 1(c)).

Unlike TLR2, TLR4 can exert its effects through an inde-
pendent MyD88 pathway, with a reported delay in NF-KB
activation [6]. The activation of TLR4, by ultrapure LPS for-
mulation, significantly decreases the neurodifferentiation
process; on the contrary, TLR4 silencing promotes neural
stem cell differentiation. In addition to the different molecu-
lar adapters, there are also differences concerning the timing
of activation of NF-KB, which is delayed in the case of the
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independent MyD88 pathway [6] (Figure 1(c)). Instead, in
both cases, there are no differences regarding cell survival.

The distinct effects of the two receptors, constitutively
present on the same neuronal cell, have been proved, with
a predominant role played by TLR4 in neuronal
self-renewing and differentiating power [64]. Such results
suggest that TLR2 might behave as an antagonist towards
TLR4, attenuating its effect on differentiation. Further-
more, by inhibiting MyD88, common to both molecular
pathways, there is an increase in proliferation and differ-
entiation, effects similar to those seen in the absence of
TLR4. Notably, several TLR forms have been identified
on the surface of immune cells and astrocytes, exclusively
in the neurogenic niche [65, 66].

The contributions of the different cells expressing
TLRs might differ depending on the physiological or
pathological conditions.

In the setting of neural development, recent evidence
supports an important role in cellular proliferation, differ-
entiation, and survival/migration at different developmen-
tal phases for additional TLR isoforms. Indeed, TLR8 has
been found to suppress neurite outgrowth and to induce
neuronal apoptosis by means of a NF-κB-independent
mechanism [67].

Finally, TLRs have a role in the regeneration or neuro-
protective effect exerted by NPCs. Thus, TLR9 stimulation
by CpG oligodeoxynucleotides (ODN) has been shown to
produce the secretion of neuroprotective molecules, such
as CX3CR1 and insulin growth factor 1, and to the activa-
tion of the TLR9-ERK1/2 pathway. In such context,
CpG-ODN might prompt NPC to direct microglia towards
a beneficial phenotype through the release of diffusible fac-
tors and to switch microglia from a proinflammatory to an
anti-inflammatory setting [68] (Figure 1(c)).

These observations further underline the importance of
TLRs, according to their specificity to bind various stimuli,
to trigger the NPC response under physiological and patho-
logical conditions.

6. TLRs and Renal Stem/Progenitor Cells

Resident adult renal progenitor cells (ARPCs) have been
recently isolated from both tubules and glomeruli of the
human kidney. These two cell populations share surface
markers, CD24, CD133, and Pax2, a transcription factor
found in undifferentiated mesenchyme, and their gene
expression profiles are similar [69–73]. To date, studies by
other groups [73–76] and our research group [69, 77–79]
suggest that both tubular and glomerular ARPCs could be
an alternative source for the cellular therapy in kidney dis-
eases for their multipotent differentiation ability and for
their reparative properties [74, 75, 77, 79]. Once injected
into acute or chronic renal injury models, these cells have
been shown to regenerate tubular cells and improve renal
function [70, 71, 73, 76]. Additional studies support the con-
tribution of ARPCs in repairing injured renal parenchyma in
patients with acute or chronic tubular damage [80].

Several publications have demonstrated the expression
of TLRs in several tissues, but the importance of these

receptors in ARPCs is novel. Since the TLRs respond to
PAMPs and DAMPs, initial studies focused on TLR expres-
sion and function in renal tissue. Leemans et al. elucidated
the role of TLR2 in chronic renal injury which is character-
ized by inflammation, apoptosis, and fibrosis [81]. They
found that TLR2 is involved in the renal inflammatory
response in the first phase of obstructive nephropathy, but
not in the development of renal fibrosis and in subsequent
progressive injury [81]. For the first time, our group showed
that TLR2 is upregulated in ARPCs and it is responsible for
their activation promoting the renal repair after kidney
injury [69]. TLR2 might serve as a tissue damage sensor.
Indeed, ARPCs secrete MCP-1 and C3, via NF-κB activation,
in response to TLR2 stimulation, as well as proinflammatory
cytokines (IL-6 and IL-8) [69] (Figure 1(d)). The production
of these cytokines and chemokines can be useful for the
renal repair processes, as supported by preclinical experi-
ments in a rat model of glycerol-induced acute kidney
injury, where IL-6 has been shown to induce tubular regen-
eration and protect from further injuries [82, 83]. The cleav-
age fragments of C3, IL-8, and MCP-1 play important roles
in mobilizing SC and modulate their trafficking [77, 84].
Moreover, upon TLR2 stimulation, ARPCs increased their
proliferation rate in order to augment the pool of resident
cells and prevent depletion [69].

In addition, TLR2 activation on resident tARPCs
induces reparative processes by avoiding cisplatin-induced
apoptosis in renal proximal tubular epithelial cells
(RPTECs). Tubular ARPCs, after RPTEC damage and upon
TLR2 activation, have been shown to produce and secrete
inhibin A and decorin (both as protein and as mRNA shut-
tled by microvesicles) involved in the tubular cell regenera-
tive process. All these regenerative processes can be null in
the presence of TLR2-blocking agents. Interestingly, glomer-
ular ARPCs have been shown unable to induce tubular cell
regeneration in similar preclinical settings [79].

These data highlight the importance of TLR2 in medi-
ating the reparative properties of tARPCs (Figure 1(d)).
Finally, TLR2 overexpression in ARPCs can be mediated
by miRNAs. miRNAs are important regulators of stem cell
fate and behavior and regulate many target genes. Among
several miRNAs differentially modulated in tARPCs rela-
tive to RPTECs, the low level of miR-1225-5p has been
shown to induce high TLR2 expression and regulate other
important genes, such as PAX-8, IL-8, BMPR2, IGF1, inhi-
bin-A, cyclin D1, and WNT1, all involved in ARPC regen-
erative processes [69, 85, 86].

Together, results of Leemans and our group support the
use of ARPCs in the treatment of renal failure. However, the
TLR efficiency in sensing an injury and in determining
stem/progenitor cell behavior and reparative activity
depends on the conditions in which cells are located.

7. TLRs and Placental Stem Cells

Toll-like receptors are also widely expressed in perinatal tis-
sues, and particularly in the placenta. TLR’s presence on tro-
phoblasts, decidual cells, and the amniotic epithelium has
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been measured and linked to specific functions at the
maternal-fetal interface [87, 88].

The expression of different TLR forms is characterized
by a temporal and spatial manner. For example, TLR6 is
not expressed during the first trimester, while a late gesta-
tional fetus has been shown to be positive for its expression
[89]. TLR2 and TLR4 are constitutively expressed by villous
cytotrophoblast and extravillous trophoblast, but not by syn-
cytiotrophoblast (which will form the outer trophoblast
layer). Such temporal expression allows placental tissues of
fetal origin (such as amnion membrane) to perform a punc-
tual response to microbial contamination that might happen
during the 9 months of human pregnancy. In contrast to
fetal tissue, very little is known about the expression of TLRs
in the maternal decidua. Recent studies demonstrated that
TLR4 is expressed by amniotic epithelial cells (hAEC), sug-
gesting their key role in preserving amniotic fluid sterility
[90]. Interestingly, soluble TLR2 forms have been found in
amniotic fluid, interfering with the binding of the respective
ligand to TLR2 and downregulating the host inflammatory
response to bacteria. Altogether, these pieces of evidence
underline the importance of the TLR system as a sentinel
for a wide range of pathogens that might trigger the inflam-
matory response in amniotic fluid [88].

The placenta-derived stem cells have been suggested as an
important therapeutical strategy in regenerative medicine due
to their easy isolation, cellular multipotency, low immune
response, and immunomodulatory capacities, as well as the
lack of ethical issue [91, 92]. Fetal-origin placental cells have
been commonly divided into four populations: hAEC and
amniotic mesenchymal stromal cells (hAMSC) isolated from
the amnion membrane, human chorionic mesenchymal stro-
mal cells (hCMSC), and human chorionic trophoblastic cells
(hCTC) from chorion and decidua, respectively [91–93].

The presence of TLR4 in hAMSC and its role in preterm
premature rupture of the membrane in response to fetal
fibronectin have been recently illustrated [94]. Another inter-
esting study showed the expression of TLRs in hAMSC, with
a particular interest in immune surveillance during infection
and in eliciting a proinflammatory response upon TLR2 and
TLR6 activation [95]. Such initial results suggest hAMSC and
its role in immunomodulation during pregnancy.

Amniotic epithelial cells express several TLR family
members (TLR5 and TLR6/2 are expressed and functionally
active) and respond to multiple TLR ligands [96]. After
stimulation with TLR6/2 and TRL5 agonists, hAECs pro-
duce and secrete proinflammatory cytokines, metallopro-
teinases (MMP-9), and activate the NF-κB signaling
pathway [92, 93, 96]. By contrast, TLR4 induction does not
result in an inflammatory response but does activate apopto-
tic processes, which can lead to preterm premature rupture
of membranes [96] (Figure 1(e)). It has been proposed that
hAEC’s response in the presence of intrauterine infection
depends upon which TLR is activated [96]. However, further
investigations are necessary to determine the role played by
hAEC in the immune response and their importance as sen-
tinels for a wide range of pathogens.

Similar to MSCs, hAECs have been reported to have
immunomodulatory and anti-inflammatory properties that

might be of particular benefit in regenerative medicine after
an insult [97–100]. The expression of complement inhibi-
tory proteins, CD59 antigen (decay-accelerating factor),
membrane attack complex, and Fas antigen/CD95/APO1
has been shown to have significant effects in xenogeneic
immunoregulation [97] (Figure 1(d)). Altogether, the
expression of TLR in hAEC and their immunomodulatory
properties suggest that these cells have the ability to correct
inflammatory disease, and thus this approach has been pro-
posed as the first allogeneic cell therapy that may not require
supporting immunosuppression therapy [101]. The promis-
ing results obtained in recent preclinical studies for correc-
tion of liver diseases [92, 97, 98, 102] have suggested the
use of hAEC in several acute and chronic disorders, not only
liver-related.

8. TLRs and Intestinal Stem Cells

Intestinal stem cells (ISCs) reside at the base of the crypt
region of the intestinal epithelium and have both the
self-renewal capacity and the potential to differentiate into
different cell types as Paneth cells, absorptive enterocytes,
goblet cells, and enteroendocrine lineages [103].

The regulatory mechanisms that control stem cell prolif-
eration in normal conditions and in response to injury are
just beginning to be explored. When ISCs replicate by over-
coming the normal controls of cell division, they can result
in cancer; thus, maintaining a balance between self-renewal
and differentiation of ISCs is a hallmark of an intestinal
functional niche. An increasing number of signaling path-
ways, including Wnt, BMP, Hedgehog, and Notch, may play
important roles in regulating stem cell proliferation [104].

To date, factors regulating the proliferation and apo-
ptosis of ISCs remain incompletely understood. Because
ISCs are in contact with microbial ligands, immune recep-
tors such as Toll-like receptors could play a critical role
[105]. In particular, during enterocolitis, overstressed
TLR-4 repressed ISC proliferation and induced apoptosis
through p53 upregulated modulator of apoptosis (PUMA).
Therefore, the TLR4-PUMA axis might be a therapeutic
target for this disorder [105]. It was also observed that
putative human colonic stem cells express TLR-2, TLR-4,
and TLR-5. In these cells, TLR-4 regulated Wnt signaling
that controls stem cell function [106].

However, little is known about the effects of microbiota
and TLR signaling on ISCs which may influence regenera-
tion and protection of the damaged mucosal barrier [107,
108]. Recent studies demonstrated the protective effect of
Lactobacillus reuteri D8 on the integrity of intestinal mucosa
[108]. In particular, this lactobacillus caused the IL-22
release by lymphocytes of the lamina propria inducing ISC
proliferation and promoting the intestinal epithelium recov-
ery after a damage caused by TNF-α [108]. Moreover, even if
the cross-talk among the entire microbiota and the
TLR/MyD88 signaling on the ISCs is not yet well elucidated,
it has been shown that MyD88−/−mice are more susceptible
to acute dextran sodium sulfate- (DSS-) induced colitis and
develop a more severe disease [109].
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In addition, LPS (the TLR-4 agonist) is found in the
crypt-specific core microbiota and can regulate intestinal
epithelium proliferation by inducing death of stem cells by
necroptosis and enhancing cell differentiation toward the
goblet cell lineage. Besides, low and nontoxic concentrations
of LPS increase the resistance to tissue damage after trans-
plantation, improving parenchymal regeneration. Therefore,
TLR-4 could have a great impact in modulating stem cell
activity after intestinal transplantation [110].

TLR4 signaling could also be implicated in response to
hypoxic stimulation, inducing ISC proliferation. Hypoxic
preconditioning can enhance ISC activation before intestinal
insults, such as intestinal transplantation. Therefore, the
TLR pathway might be a therapeutic target likely to improve
small intestine graft survival [103].

9. TLRs Differentially Expressed by Different
Stem Cells: Implications for Stem
Cell-Based Therapy

From the analyzed data, many different TLR functions
emerge in SC, pointing out that SC can have different roles
depending on the background and on the kind of ligands
that they can recognize. Moreover, we have discussed the
TLR involvement in the SC response to a specific tissue
damage and in the reparative processes and how the identi-
fication of molecules mediating the differential function of
TLR signaling could be decisive for the development of
new therapeutic strategies. These considerations offer new
perspectives for stem cell-based therapy: a pretreatment of
the SC with a specific TLR ligand may be conceivable. It
could allow a sort of commitment towards cytokine produc-
tion or else differentiation, for example. On the other side,
data on the response of TLR-stimulated cells provides a fur-
ther element on which to pay attention in order to obtain the
success of stem cell therapy. Results on TLRs in immuno-
modulatory properties of MSC represent a serious warning
for the use of MSCs in clinical application. In fact, if on
the one hand the immunosuppressive capacity of MSCs rep-
resents a key factor for their therapeutic use [32], on the
other hand the benefit of using MSCs could be lost when
inflammation is present, MSCs can lose their immunosup-
pressive functions involved in pathogen eradication and in
the control of the allogeneic reaction [22]. In this scenario,
WJ-MSCs may represent the most attractive tool when
immunosuppressive properties are required [24]. Although
silencing of some TLR could be a way to maximize the immu-
nosuppressive effect of MSCs, the molecular mechanisms and
effects of TLR-priming MSCs need to be still completely
understood before paving the way for new immune therapies.

Moreover, we would also highlight that the same TLR
could have different effects depending not only on what stim-
uli it perceives but also on the kind of stem/progenitor cells in
which the TLR is expressed and the specificity of the signal-
ing that it can activate. For example, TLR4 triggering can
induce very different effects in the different stem/progenitor
cells: in MSCs, it induces an immunomodulation increase;
in HSC, it induces hematopoietic cell development, in NPC

the proliferation and in the hAEC the apoptosis (Figure 1).
On the contrary, TLR2 seems to give more similar effects: it
induces differentiation in MSC, HSC, NPC, and ARPC, and
it induces proliferation and activation with inflammatory
response in HSC, ARPC, and hAEC (Figure 1). On the other
hand, some TLRs can be expressed specifically in some SCs
and can have definite functions that depend on the ligand
affinity. As previously reported, TLR5 and TLR6 can bind
flagellin and diacylated ligand, respectively, and are
expressed in hAECs inducing, when activated, proinflamma-
tory cytokines and metalloproteinases (MMP-9) (Figure 1).

10. Conclusion

Considering the available studies on TLRs in SCs, the role
and importance of TLRs in sensing an injury by stem/pro-
genitor cells clearly emerges. In some SC types, TLRs can
determine their behavior and reparative activity, depending
on the conditions in which the cells stand. Therefore, it
could be conceivable that SCs employed in therapy could
be exposed to TLR ligands, which might modulate their
therapeutic potential in vivo [31]. TLR agonists are being
exploited as vaccine adjuvants for infectious disease or can-
cer and as therapeutics against tumors. Also, TLR antibodies
and inhibitors of TLR signaling pathways have considerable
potential as therapeutics for inflammatory disorders [111].
In recent years, some TLR agonists have shown therapeutic
potential in different diseases. Imiquimod is a TLR7 agonist
with proven antitumor activity as a topical treatment for
skin cancer. At the moment, it is approved by US FDA
and many phase 2 clinical trials show its safety and efficacy
in other types of cancer, such as carcinoma in situ bladder
cancer [112], cervical intraepithelial neoplasia [113], or
breast cancer cutaneous metastases [114].

Recently, TLR9 agonists have been proposed as a treat-
ment option for glioblastoma (CpG oligonucleotide) [115]
or asthma [116], but the phase 2 clinical trials concluded
with no additional benefit for patients.

In this context, we need to better understand the mech-
anisms of action of TLRs on SC and learn how to control
these receptors and their downstream pathways in a very
precise way, in order to modulate SC proliferation, survival,
migration, and differentiation in the pathological environ-
ment. In this manner, in the future, cell therapy could be
improved and made safer.
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Mesenchymal progenitors within bone marrow have multiple differentiation potential and play an essential role in the maintenance
of adult skeleton homeostasis. Mesenchymal progenitors located in bone regions other than the bone marrow also display bone-
forming properties. However, owing to the differences in each distinct microenvironment, the mesenchymal characteristics of
skeletal progenitor cells within different regions of long bones may show some differences. In order to clearly elucidate these
differences, we performed a comparative study on mesenchymal progenitors from different regions of long bones. Here, we
isolated mesenchymal progenitors from the periosteum, endosteum, and bone marrow of rat long bones. The three groups
exhibited similar cellular morphologies and expressed the typical surface markers associated with mesenchymal stem cells.
Interestingly, after cell proliferation assays and bidirectional differentiation analysis, periosteal mesenchymal progenitors showed
a higher proliferative ability and adipogenic differentiation potential. In contrast, endosteal mesenchymal progenitors were more
prone to osteogenic differentiation. Using in vitro osteoclast culture systems, conditioned media from different mesenchymal
progenitor cultures were used to induce osteoclastic differentiation. Osteoclast formation was found to be significantly promoted
by the secretion of RANKL and IL-6 by endosteal progenitors. Overall, our results provide strong evidence for the importance of
selecting the appropriate source of skeletal progenitors for applications in future skeleton regeneration therapies.

1. Introduction

Mesenchymal stem cells (MSCs) or mesenchymal progen-
itors (MPs) are plastic-adherent fibroblast-like cells that
are able to form colony-forming unit-fibroblasts (CFU-
Fs) [1, 2]. According to the International Society for Cel-
lular Therapy (ISCT), to identify and characterize MPs,
they should express several cell surface markers, such as
CD90, CD105, and CD73 and should not express CD45,
CD34, CD14 or CD11b, CD79a or CD19, and HLA-DR
[3, 4]. In a controlled environment in vitro, MPs exhibit
the potential to differentiate into multiple cell types with
mesodermal lineages, including osteoblasts, adipocytes,
and chondrocytes [5–7]. Additionally, MPs have immuno-
suppressive effects [8]. These characteristics make MPs a
promising resource for regenerative medicine, clinical cell
therapies, and tissue engineering.

Usually, MPs are isolated from bone marrow. In recent
years, MPs have also been found within multiple perinatal
and adult tissues such as muscle, adipose, brain, and periph-
eral blood [9]. Owing to the differences in each microenvi-
ronment, the cell surface markers and functions of MPs
from different sources are distinct. Recent studies have iden-
tified mouse and human skeletal stem cells (SSCs) that are
enriched in the growth plate and express specific surface
markers. SSCs are able to generate progenitors for bone, car-
tilage, and bone marrow stroma [10–14]. Lineage tracing
studies have also revealed cathepsin K-Cre recombinase-
(Ctsk-Cre-) labeled MPs in the perichondrium [15, 16]. In
addition to bone marrow, the periosteum and endosteum
are membranous structures that also contain MPs. The peri-
osteum is composed of two layers: the outer “fibrous” layer
and the inner “cambium” layer [17]. The outer layer contains
attachment points for tendons, ligaments, and muscles; it
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contains an abundance of elastic fibers and collagen to allow
sensitive responses to mechanical stresses. The inner layer is
directly attached to the outer surface of the cortical bone and
is highly cellularized and vascularized; it contains cells
including MPs, fibroblasts, osteoblasts, microvessels, and
sympathetic nerve cells [17–20]. Upon bone injury, MPs
are stimulated to differentiate into osteoblasts and chondro-
cytes to form new bone tissues for repair. Periosteum graft
experiments have shown that periosteal MPs have a high
regenerative ability [21]. In periostin-knockout mice, the
functionality of periosteal MPs and fracture consolidation
were shown to be impaired [22]. The endosteum is a layer
of vascularized membrane attached to the inner surface of
the cortical bone and is found at a distance of twelve cell
diameters (~96μm) from the bone surface [23]. The coupling
of osteoblasts and osteoclasts within the endosteum sustains
bone remodeling. The endosteum and bone marrow create
microenvironments to support the growth and survival of
hematopoietic stem cells (HSCs). Interestingly, HSCs are
not randomly distributed in the bone marrow; rather, they
are preferentially distributed in the endosteum region and
in periarterial sites; HSCs within the endosteum show an
enhanced capacity for proliferation, homing, and hematopoi-
esis [24–26]. By isolating and comparing endosteal and bone
marrowMPs, it was found that endosteal MPs show a greater
efficiency for proliferation, differentiation, and metabolic
activity [27].

Osteoclasts are multinuclear cells that are differentiated
from mononuclear cells with a monocyte or macrophage lin-
eage [28] and are mainly located on the surface of trabecular
bone and the endosteum. The balance between osteoblastic
bone formation and osteoclastic bone resorption maintains
bone homeostasis. Osteoblasts affect osteoclast formation
via direct contact and paracrine secretion [29]. RANK ligand
(RANKL), which is secreted by osteoblasts and osteocytes, is
a key factor for the stimulation of osteoclast differentiation
[30]. In addition to mature osteoclasts, F4/80+ macrophages
and TRAP+ osteoclasts have been found in the periosteum
and endosteum; these cell types regulate the maintenance of
mature osteoblasts in vivo [31]. Crosstalk between osteoclast
progenitors and MSCs within the bone marrow is also
important for osteoclast differentiation [32, 33].

In this study, we isolated and compared the properties of
three samples of MPs extracted from different regions of long
bones. We aimed to determine any differences in cell prolif-
eration and differentiation and the effects on osteoclasts
among the three MPs.

2. Materials and Methods

2.1. Isolation of MPs Derived from the Periosteum,
Endosteum, and Bone Marrow. Femurs and tibiae were har-
vested from 4-week-old Sprague-Dawley rats. All experi-
ments and animal care procedures were performed in
accordance with the recommendations and guidelines of
the NIH and were approved by the Animal Care and Use
Committee of Fourth Military Medical University (Xi’an,
China). The surrounding muscles and tendons were removed
carefully, and the long bones were well preserved. First, to

obtain periosteal MPs, the outer surface of the diaphysis
was scraped using a scalpel blade. Then, the collected mem-
branous tissues and long bones were digested in 0.25% tryp-
sin (Invitrogen, Carlsbad, CA, USA) for 20min. The samples
were subsequently digested in 0.2% type I collagenase
(Worthington, Lakewood, NJ, USA) solution for 90min.
After centrifugation and the removal of culture medium,
the periosteum-derived cells were collected from the precip-
itate. Next, the remaining long bones were washed several
times in PBS, and both epiphyses at the ends of the femurs
and tibiae were removed. Bone marrow was flushed out using
α-minimal essential medium (α-MEM; HyClone, South
Logan, UT, USA). After centrifugation, the pellet was resus-
pended and collected as marrow-derived cells. Finally, bones
were cut in half longitudinally to expose the endosteum.
After washing several times in PBS, the bone fractions were
subjected to the same protease digestion protocol described
above, and the medium was collected to obtain endosteum-
derived cells. All collected pellets were resuspended in growth
medium (α-MEM supplemented with 15% FBS, 100U/ml
penicillin, and 100μg/ml streptomycin) and filtered through
a 70μm cell strainer (Corning Inc., Corning, NY, USA);
finally, cells were plated into 100mm dishes for cell culture.

2.2. Cell Culture. Upon reaching approximately 80% conflu-
ence, the adherent cells were detached using trypsin (0.25%
trypsin, 1mM EDTA) and plated at a seeding density of ~1
× 105 cells/100mm dish. After at least three passages, MPs
were collected from different bone fractions and used for sub-
sequent experiments. After culturing the primary bone mar-
row overnight, nonadherent cells were collected and cultured
for further 3 days in monocyte culture medium (α-MEM)
supplemented with 10% FBS and 50ng/ml macrophage
colony-stimulating factor (M-CSF; PeproTech, Rocky Hill,
NJ, USA) to obtain osteoclast precursors.

2.3. Flow Cytometric Analysis. To evaluate the percentage of
MPs compared to total cells at the third passage, samples
containing approximately 5 × 105 cells/sample were counted
and suspended in PBS containing 1% BSA for 20min at room
temperature. Next, the cells were incubated with anti-CD90-
PerCP, anti-CD45-PE-Cy7, anti-CD11b-FITC (BioLegend,
San Diego, CA, USA), and anti-CD34-PE (Abcam, Cam-
bridge, UK) antibodies for 40min at 4°C. All flow cytometric
analyses were performed with FASCanto II (BD Biosciences,
San Jose, CA, USA).

2.4. CFU-F Assay. Third passage MPs were seeded on 6-well
plates and cultured in growth medium for 7 days for colony
formation. Cells were fixed with methanol and stained with
2.5% crystal violet solution for 15min, and colonies contain-
ing more than 50 cells were counted.

2.5. Cell Viability, Proliferation, and Apoptosis. A total of 5
× 103 cells/well were seeded on 96-well plates, and cell
counting kit-8 (CCK-8) solution was added to the medium
for 2 h. According to the manufacturer’s instructions
(Dojindo, Kumamoto, Japan), after culturing for 24, 48, 72,
or 96h, the absorbance of each well was measured on a
microplate detector (BioTek Instruments, Winooski, VT,
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USA) at 450nm. To detect the proliferative abilities of MPs,
100μM EdU solution was added to the medium for 2 h.
Using the BeyoClick EdU Cell Proliferation Kit with Alexa
Fluor 488 (Beyotime, Jiangsu, China), Hoechst 33342 was
used for nuclear staining according to the manufacturer’s
instructions. Cells stained with both green and blue were
considered EdU-positive cells. Apoptosis analysis of cells
was performed using the Annexin V-FITC Apoptosis Detec-
tion Kit (Beyotime) and measured by flow cytometry.

2.6. Osteogenic and Adipogenic Differentiation. Third passage
MPs were seeded on 12-well plates. After culturing for 24h,
the medium was replaced with either osteogenic medium
(α-MEM with 10% FBS, 10mM β-sodium glycerophosphate,
50μM ascorbic acid, and 10nM dexamethasone (Sigma-
Aldrich, St. Louis, MA, USA)) or adipogenic medium (α-
MEM with 10% FBS, 0.5mM IBMX, 200μM indomethacin,
1μM dexamethasone, and 10μg/ml insulin (Sigma-
Aldrich)). After induction for 14 days, cells in the adipogenic
differentiation group were stained with oil red O solution.
After induction for 21 days, cells in the osteogenic differenti-
ation group were stained with alizarin red solution. Alizarin
red solution was extracted using 10% cetylpyridinium chlo-
ride (Sigma-Aldrich) and quantified based on the absorbance
at 562 nm. Intracellular oil red O was extracted using 60%
isopropanol and quantified based on the absorbance at
570nm on a microplate detector.

2.7. Conditioned Medium and Osteoclastic Differentiation.
The medium used to culture third passage MPs for 3 days
was collected and concentrated for use as conditioned
medium (CM) using the Amicon Ultra centrifugal filter
device (10K) (Millipore, Billerica, MA, USA). Osteoclast pre-
cursors were incubated with osteoclastic differentiation
medium (α-MEM with 10% FBS, 50 ng/ml M-CSF, and
100ng/ml RANKL (PeproTech)) for 7 days to induce matu-
ration into osteoclasts. CM was also added to these wells,
while samples without CM were used as a positive control.
Osteoclasts were characterized by staining for TRAP activity
using a commercial kit (Sigma-Aldrich), and TRAP-positive
multinuclear cells (n ≥ 3) were counted.

2.8. RNA Isolation and PCR Analysis. Total RNA was isolated
from cells using the E.Z.N.A. Total RNA Kit (Omega Bio-tek,
Norcross, GA, USA), and cDNA was obtained using reverse
transcription with the PrimeScript RT Master Mix (Takara
Bio, Shiga, Japan). Quantitative real-time PCR (qRT-PCR)
was performed with TB Green Premix Ex Taq II (Takara
Bio) using the CFX-96 PCR System (Bio-Rad Laboratories,
Hercules, CA, USA). Semiquantitative PCR and agarose gel
electrophoresis were used to detect several surface markers
of MPs—CD105, CD29, and CD49e. The optical densities
of bands were analyzed and quantified using ImageJ software.
All primers used in this study are listed in Table S1 in
Supplementary Materials.

2.9. Enzyme-Linked Immunosorbent Assay (ELISA). The
supernatants of the culture media after osteogenic or adipo-
genic differentiation in the different groups of MPs were col-
lected to detect the protein levels of rat OCN and LPL using

commercial ELISA kits (AMEKO; Lianshuo Bio Tec, Shang-
hai, China), according to the manufacturer’s protocols.

2.10. Statistics. Data represent the mean ± SD. Analysis was
performed using GraphPad Prism version 5. Statistical signif-
icance was assessed using one-way analysis of variance
(ANOVA) with the Bonferroni post hoc test. A value of p
< 0 05 was considered significant.

3. Results

3.1. Cells Derived from Different Regions of Rat Long Bones
Contain Mesenchymal Progenitors. Like the bone marrow,
the periosteum and endosteum are enriched with MPs to
maintain skeleton homeostasis. Cells were isolated from the
above three regions for analysis (Figure 1(a)). Notably, com-
pared to the number of bone marrow cells obtained by
directly flushing the bone marrow cavity, far fewer periosteal
and endosteal cells were initially extracted by enzymatic
digestion (data not shown). After culturing for three pas-
sages, adherent cells exhibited a fibroblastic morphology
(Figure 1(b)). Flow cytometric analysis was also used to
detect the presence of common MP-associated cell surface
antigens. CD34- and CD11b-double-negative cell popula-
tions were selected, and the proportions of CD90-positive
and CD45-negative cell populations were then evaluated. A
total of 94.4% of CD90+CD34-CD11b-CD45- cells were
detected in the endosteal MP (E-MP) group, which is higher
than that in the periosteal MP (P-MP) group (91.5%) and
that in the marrow MP (M-MP) group (85.9%)
(Figure 1(c)). These data showed that third passage perios-
teum- and endosteum-derived cells contained more MPs
than bone marrow-derived cells. To confirm whether the
adherent cells positively expressed other MP markers, the
expression of CD29, CD49e, and CD105 was analyzed
through semiquantitative PCR. Rat arterial endothelial cells
(RAOECs) were used as a control, as they are known to
express the endothelial marker CD31. All the three groups
positively expressed CD29, CD49e, and CD105; RAOECs
showed the highest expression of CD31 but did not
express CD105 (Figure 1(d) and Figure S1). The results
of our flow cytometric analysis and semiquantitative PCR
suggested that MPs indeed made up the majority of
whole adherent cells.

3.2. Periosteal MPs Have Higher Proliferative and Clonogenic
Potential. During the cell culture process, despite the differ-
ences in the initial cell numbers from the three groups, the
number of cells in each group became more similar with each
passage. To detect the proliferative differences between the
different groups of MPs, a CCK-8 assay was performed. Cell
viability curves were drawn based on the absorbance at each
checkpoint. Interestingly, the curves showed that the cells in
the P-MP group at 96 h were the most viable compared to the
other two groups. The M-MP group showed the lowest via-
bility, with values slightly lower than those of the E-MP
group (Figure 2(a)). Next, an EdU assay was used to analyze
cell proliferation. The proliferation in each group was deter-
mined by calculating the percentage of green fluorescent cells
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Figure 1: Mesenchymal progenitors were isolated and identified. (a) The schematic diagram of isolating MPs from different regions of rat
long bones. Detailed procedures were described in Materials and Methods. (b) P-MPs, E-MPs, and M-MPs showed similar morphologies.
Scale bar, 200 μm. (c) Flow cytometric analysis was used to detect the presence of common MP-associated cell surface antigens, and the
proportions of CD90+CD34-CD45-CD11b- cells were evaluated. (d) Semiquantitative PCR and agarose gel electrophoresis analysis were
used to detect the expression of other stem cell surface markers, and CD31 was a marker of endothelial cells.

4 Stem Cells International



within each group. The E-MP and M-MP groups showed
similar proliferative abilities; however, the P-MP group
showed the highest proportion of EdU-positive cells
(Figures 2(b) and 2(c)). To determine whether this prolif-
erative discrepancy in the different groups was due to their
self-renewal abilities, we performed an analysis of CFU-F.
Third passage cells were cultured for 7 days, and the num-
ber of clones containing more than 50 cells was counted
after crystal violet staining. P-MPs showed the highest clo-
nogenic ability (Figures 2(d) and 2(e)). To detect the per-
centages of cell apoptosis in the three groups of MPs,
annexin V-FITC/PI staining was used and flow cytometry
was performed. The proportion of apoptotic cells in each
group was low, and no obvious differences were observed
between the different groups (Figure S2). Taken together,
these data demonstrated that periosteal MPs had higher

proliferative and clonogenic potential than endosteal or
bone marrow MPs.

3.3. The Bidirectional Differentiation Potential of Different
MPs Is Distinct. In addition to their self-renewal ability, the
differentiation potential of these three skeletal MPs was fur-
ther determined in vitro. Bidirectional differentiation into
either osteoblasts or adipocytes was individually induced in
P-MPs, E-MPs, and M-MPs. After culturing for 21 days in
osteogenic medium, cells were stained with alizarin red solu-
tion to detect the levels of calcium deposition in the mature
osteoblasts. The E-MP group showed the highest rate of cal-
cium nodule formation (Figures 3(a) and 3(b)). qRT-PCR
analysis showed that the expression of the major marker of
mature osteoblasts, osteocalcin (Ocn), was increased several
hundred-fold, far more than that of the other two groups.
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Figure 2: P-MPs displayed higher proliferative and clonogenic abilities. (a) The cell viability was measured with the CCK-8 assay at 24, 48, 72,
and 96 h after seeding, and the curves were drawn according to the data of absorbance. (b) The EdU assay was used to analyze the proliferation
of MPs. Hoechst 33342 for nuclear staining (blue). (c) EdU-positive cells (green) were counted to calculate the percentage. Scale bar, 100μm.
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was shown as mean ± SD. ∗p < 0 05; ∗∗p < 0 01.
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The key transcriptional factors for osteoblastic differentia-
tion, Runx2 and Osterix (Osx), also showed significant
increases. Compared to the P-MP group, the expression of
Osx and Ocn in the M-MP group was slightly higher, while

the expression of Runx2 was not significantly different
(Figure 3(c)). Our analysis of OCN protein levels also
indicated that E-MPs displayed the strongest mineralized
matrix formation ability (Figure S3A). For adipogenic
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Figure 3: The bidirectional differentiation potential of different MPs was distinct. (a) After culturing for 21 days in osteogenic differentiation
medium, alizarin red staining was performed. (b) Quantification of the mineralized matrix was measured. (c) The expression of osteoblast
marker genes was detected by qRT-PCR. (d) After culturing for 14 days in adipogenic differentiation medium, oil red O staining was
performed. Scale bar, 100μm. (e) Quantification of intracellular oil red O was measured. (f) qRT-PCR was performed to detect the
expression of adipocyte marker genes. Data was shown as mean ± SD. ∗p < 0 05; ∗∗p < 0 01; ∗∗∗p < 0 001.
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differentiation, cells were cultured for 14 days in adipogenic
medium. In contrast to the results of osteoblastic
differentiation, oil red O staining showed that the P-MP
group had the highest proportion of adipocytes, while
significantly fewer cells were differentiated to adipocytes in
the E-MP group (Figures 3(d) and 3(e)). qRT-PCR analysis
showed that the mRNA expression of the adipocyte markers
C/EBP-α, PPAR-γ, and lipoprotein lipase (LPL) in the P-MP
group was upregulated at least two-fold compared to those in
the other groups. Consistent with the results of oil red O
staining, the expression of these genes was slightly higher in
the M-MP group than in the E-MP group (Figure 3(f)).
Additionally, the protein levels of LPL were consistent
with their mRNA expression levels (Figure S3B). These
data indicated that E-MPs more readily differentiated
into osteoblasts, while P-MPs showed higher adipogenic
differentiation potential.

3.4. Endosteal MPs Promote Osteoclast Formation via
Secretion of RANKL and IL-6. The crosstalk between osteo-
blasts and osteoclasts is essential for adult bone mass regula-
tion through direct contact and paracrine secretion, which
results in a functional balance between bone formation and
bone resorption. Generally, osteoclasts are located within
the trabecular region and the inner surface of the cortical
bone. Recently, several studies revealed the presence of
TRAP-positive cells within the periosteum [31]. Therefore,
we investigated whether there were any differences in the reg-
ulation of osteoclasts by MPs in different regions.

Osteoclast precursors were seeded; then, the culture
medium was collected from MPs and concentrated into
CM. CM was collected from each of the three groups and
added to the osteoclastic differentiation medium. After 7
days, multinucleated mature osteoclasts were stained, and
TRAP-positive cells were counted. Compared to the control,
the E-MP group showed a major increase in TRAP-positive
cells. In contrast, there were no significant changes in the
M-MP group, while in the P-MP group, the number of
TRAP-positive cells was reduced (Figures 4(a) and 4(b)).
The mRNA expression of mature osteoclast marker genes
(Atp6v0d2, Trap, and Mmp9) was markedly upregulated in
the E-MP group and decreased in the P-MP group, consistent
with the results of staining (Figure 4(c)). These data sug-
gested that MPs derived from different regions showed
inconsistent effects on osteoclast formation in vitro. To deter-
mine the mechanism by which MPs regulate osteoclast for-
mation, we evaluated the mRNA expression of RANKL,
OPG, and IL-6 in the three groups of MPs. The levels of
RANKL and IL-6 expression in the E-MP group were signif-
icantly higher than those in the other two groups, while there
were no changes in OPG expression across all the three
groups (Figure 4(d)). In conclusion, CM from endosteal
MPs was shown to promote osteoclast formation by increas-
ing the secretion of RANKL and IL-6.

4. Discussion

In 1968, Friedenstein et al. first reported the presence of
adherent fibroblast-like stromal cells with osteogenic

potential in bone marrow; MSCs or MPs were later identified
[1, 2]. Since then, a multitude of studies related to MPs have
been published. Flushing out the bone marrow from long
bones to isolate MPs using a needle and a syringe is a com-
mon approach; the obtained cells are located within the cen-
tral region of the bones rather than in the metaphyseal region
[27]. Owing to the importance of the microenvironment in
determining cell properties, it is likely that cell subpopula-
tions located in different regions of the same tissue display
diverse characteristics. In studies of adult skeleton homeosta-
sis, MPs derived from the periosteum and endosteum have
been reported in addition to those from bone marrow. Sev-
eral studies have shown that periosteal MPs, endosteal MPs,
and bone marrow MPs exhibited different characteristics,
although they all expressed typical mesenchymal markers
[27, 29, 34, 35]. However, differences between the three
groups of MPs derived from different regions of long bones
have not been compared within the same culture system.
Through collagenase and trypsin digestion, we isolated the
three types of MPs. The primary difference between our
methods and those of other studies [27, 36–38] is that we
retained the scraped tissue for digestion in order to minimize
the loss of periosteal MPs. After culturing for three passages,
periosteal MPs showed a morphology similar to that of the
other two MPs. Flow cytometry demonstrated that the purity
of MPs in the bone marrow group was slightly lower than
that in the other groups. It is well known that bone marrow
is a complex system containing multiple cell types such as
lymphocytes and hemocytes. The detection of high CD105,
CD29, and CD49e expression, as well as low CD31 expres-
sion, was performed to ensure that MPs were the majority
population in all the three groups. Compared to the bone
marrow, fewer cells were initially isolated from the perios-
teum and endosteum (data not shown). The observed
increase in the cell number was most significant in the peri-
osteal MP group, providing direct evidence that periosteal
MPs had the highest growth rate of the cells tested. We then
confirmed this result using the CCK-8 assay and EdU stain-
ing. According to alternative explanations for the differences
in the growth rate, the skeleton is thought to be constantly
undergoing bone remodeling; MPs at the surface of the bone
are thought to be less primitive and more active in order
to rapidly respond to stimulation by osteoblasts [27]. As
the first barrier to bone protection, the high proliferation
rate of periosteal MPs may be helpful for rapidly repairing
bone injuries.

The results of our in vitro bidirectional differentiation
experiments showed that endosteal MPs have a greater oste-
ogenic potential, indicating that they may be a subpopulation
of osteoprogenitors, which tend to respond to the induction
of osteoblasts. This finding is consistent with previous studies
showing that the endosteum is a more active remodeling
region of long bones, resulting in more efficient bone forma-
tion [39]. Furthermore, we found that differentiation to adi-
pocytes was more efficient in periosteal MPs. We speculated
that adipocyte progenitors were a subset of periosteum-
derived cells. In addition, according to studies by Uezumi
et al., adipogenesis and fibrosis originate from a common
MP in skeletal muscle; a new subpopulation of differentiated
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Figure 4: Conditioned medium from E-MPs promoted osteoclast formation. (a) TRAP staining was used to detect osteoclast formation from
osteoclast precursors, after culturing in osteoclastic differentiation medium with CM from different MPs for 7 days. Scale bar, 200μm. OCi:
osteoclast induction. (b) TRAP-positive cells (nuclei ≥ 3) were counted. (c) The mRNA levels of osteoclast marker genes were detected by
qRT-PCR. (d) The expression of several paracrine genes which were related to osteoclast formation was evaluated in the three MP groups.
Data was shown as mean ± SD. ∗p < 0 05; ∗∗p < 0 01; ∗∗∗p < 0 001.
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MPs was identified in the muscle tissue, which is called
fibro/adipocyte progenitors (FAPs) [40, 41]. FAPs share
common markers (PDGFα+, CD90+, CD31-, and CD45-)
with MPs [42–44]; they are quiescent but proliferate effi-
ciently and give rise to adipocytes in response to damage
[45]. Because the outer “fibrous” layer of the periosteum is
attached to the muscle tissue, FAPs may also reside in the
periosteum. Upon injury, the signal is transduced to the peri-
osteum to activate FAPs. This hypothesis provides a new
insight: the outer layer of the periosteum may contain a pool
of heterogeneous progenitors.

Both mature osteoblasts and MSCs are reported to regu-
late osteoclasts during bone remodeling. However, the
microenvironments for bone remodeling within different
locations showed slight differences. Previous studies regard-
ing the relationship between MPs and osteoclasts provided
no clear conclusions [32, 33, 46, 47]. Therefore, we propose
that the differences in crosstalk between MPs and osteoclasts
are due to their locations. In this study, we compared the
paracrine effects of these MPs on osteoclasts. We concen-
trated CM from MPs and added the same volume of CM to
the osteoclastic differentiation medium. Our data showed
that CM from endosteal MPs significantly increased the for-
mation of osteoclasts compared to the control group. This
result is consistent with the increased proportion of osteo-
clasts that we identified within the endosteum and also indi-
cates an active and positive crosstalk between endosteal MPs
and osteoclasts. However, we found that periosteal MPs
strongly inhibited the formation of osteoclasts. This inhibi-
tory effect may explain the reduced number of osteoclasts
in the periosteum compared to that in the endosteum. The
relationship between osteoblast activation and osteoclast
formation appears to be crucial for the differentiation of both
osteoblast and osteoclast lineages. To determine which cyto-
kines were affected, we analyzed the expression of several
crucial factors—Rankl, Opg, and IL-6—in the three groups
of MPs. The Rankl/Opg-Rank pathway is a core regulator
of osteoclast formation, and IL-6 is an inflammatory factor
reported to induce osteoclast formation by stimulating the
secretion of osteoblasts. Osteoblasts and osteocytes could
secrete RANKL to induce osteoclast formation. In contrast,
MPs were reported to show negative or low RANKL
expression; instead, they mainly secrete OPG to inhibit
osteoclast formation [33, 48, 49]. However, the addition
of an anti-OPG antibody only partially recovered osteoclast
formation, indicating that other factors contributed to this
suppressive effect [49]. In our experiments, qRT-PCR analy-
sis showed that RANKL was expressed in all the three groups
of MPs, although the expression levels were low. As
expected, the levels of Rankl and IL-6 in the endosteal MP
group were increased, indicating that the two factors con-
tributed to the increase in osteoclast formation. Despite
these findings, we cannot rule out the role of other factors.
These results further supported our findings that endosteal
MPs acted as an osteoprogenitor subpopulation. However,
the decreased osteoclast production in the periosteal MP
group was unexpected. Although low levels of Rankl and
IL-6 were expressed by periosteal MPs, recombinant
RANKL was a major component of osteoclast differentiation

medium, and, surprisingly, the expression of Opg was also
not increased significantly. This suggested that some sub-
populations of periosteal MPs suppressed osteoclast forma-
tion by secreting several strong inhibitors. These findings
require further study.

In conclusion, we identified several distinct characteris-
tics of MPs derived from different regions of long bones.
Our findings show the importance of the in-depth elucida-
tion of different subpopulations within the same tissues; this
knowledge will improve the future selection and application
of MPs in clinical cell therapies and regenerative medicine.
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As mesenchymal stem cells (MSCs) are being investigated for regenerative therapies to be used in the clinic, delineating the roles of
the IGF system in MSC growth and differentiation, in vitro, is vital in developing these cellular therapies to treat degenerative
diseases. Muscle differentiation is a multistep process, starting with commitment to the muscle lineage and ending with the
formation of multinucleated fibers. Insulin-like growth factor binding protein-6 (IGFBP-6), relative to other IGFBPs, has high
affinity for IGF-2. However, the role of IGFBP-6 in muscle development has not been clearly defined. Our previous studies
showed that in vitro extracellular IGFBP-6 increased myogenesis in early stages and could enhance the muscle differentiation
process in the absence of IGF-2. In this study, we identified the signal transduction mechanisms of IGFBP-6 on muscle
differentiation by placental mesenchymal stem cells (PMSCs). We showed that muscle differentiation required activation of both
AKT and MAPK pathways. Interestingly, we demonstrated that IGFBP-6 could compensate for IGF-2 loss and help enhance the
muscle differentiation process by triggering predominantly the MAPK pathway independent of activating either IGF-1R or the
insulin receptor (IR). These findings indicate the complex interactions between IGFBP-6 and IGFs in PMSC differentiation into
the skeletal muscle and that the IGF signaling axis, specifically involving IGFBP-6, is important in muscle differentiation.
Moreover, although the major role of IGFBP-6 is IGF-2 inhibition, it is not necessarily the case that IGFBP-6 is the main
modulator of IGF-2.

1. Introduction

Skeletal muscle comprises one-half of the human body [1].
The development of skeletal muscle is a complex multistep
process, starting with the generation of myogenic precursors
from mesodermal stem cells and ending with terminal differ-
entiation and the commitment of myoblasts into myofibers
[2]. During myogenesis, muscle stem cells commit to the

muscle lineage by upregulating muscle commitment markers
(Pax3/7). As Pax3/7 subsequently decreases, early muscle dif-
ferentiation markers (MyoD and Myogenin) begin to be
expressed [3]. The committed muscle cells then start to fuse
and form multinucleated fibers, which express the late mus-
cle differentiation marker, myosin heavy chain (MHC) [3].
During muscle repair, a similar process is thought to occur
whereby satellite cells become activated, migrate towards
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Figure 1: Continued.
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injured muscle, and begin the differentiation process to
replace injured myofibers [4].

IGFs are important components of the skeletal muscle
microenvironment and are required for muscle growth dur-
ing development and regeneration after injury [1, 5, 6]. IGFs
regulate MyoD and Myogenin gene expressions, but the
mechanism is not completely understood [1]. When mice
are injected with IGF-1, there is an enhancement in muscle
mass (hypertrophy) [7, 8]. Moreover, IGF-1R null mice show
profound muscle hypoplasia and die prematurely soon after
birth due to breathing difficulties resulting from atrophy of
diaphragm and respiratory muscles [9].

Following the binding of IGFs to IGF-1R or IR, IRS-1 and
IRS-2 are phosphorylated, and then PI3K-AKT-mTOR and
MAPK pathways are activated [10]. Therefore, crosstalk
between the different receptor tyrosine kinase (RTK) path-
ways can lead to different cellular responses and signaling
outcomes. Also, the presence of target effectors and the tim-
ing of their activation are important in determining cell fate
decisions towards proliferation or differentiation [11].

During muscle differentiation, MAPK signals play an
important role [12]. Marshall reported that a prolonged acti-
vation of ERK1/2 leads to differentiation, whereas a transient
activation of ERK1/2 leads to proliferation, as it is not suffi-
cient to elevate the levels of nuclear ERK1/2 [13]. Therefore,
the availability of growth factors in the microenvironment

and the receptors they activate determine stem cell fate
through the signaling intermediates activated. Furthermore,
it is known that IGFs mediate and induce myogenesis by
directly activating the myogenin gene promoter. However,
when the PI3K inhibitor, LY294002, which acts upstream of
AKT signaling, is introduced, IGF is no longer able to induce
myogenesis or enhance the expression of myogenin [14].
Therefore, the direct effects of the IGF stimulation on the
myogenin promoter are also mediated via the actions of
PI3K via AKT signaling. Additionally, IGF-1R signaling
through PI3K was shown to upregulate myogenin expression
leading to an enhanced myogenesis [14] and also regulate
basal levels of IGF-1 and IGF-2 genes during myogenesis
[14, 15]. C2BP5 myoblast differentiation was still achieved
when transfected by recombinant adenoviruses expressing
MyoD in the absence of IGFs [16]. When MyoD-transfected
C2BP5 cells were treated with LY294002, the transcriptional
activity of MyoD, Myogenin, and MHC was not inhibited
but the myofibers were smaller and thinner with fewer nuclei
[16]. Collectively, these studies suggested that IGF-activated
PI3K-AKT and MAPK pathways are both important for
myoblast differentiation [17].

IGFs interact with insulin for metabolism, survival,
proliferation, and differentiation of many cell types either
through IGF-1R or the insulin receptor (IR) or the IGF-
1R-IR hybrid receptor [18–20]. Both the IGF-1R and IR are
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Figure 1: PMSCs treated with the IGF-1R inhibitor, PPP, decreased potency-associated and muscle differentiation markers. (a) PPP
treatment decreased IGFBP-6 protein levels at day 14 as compared to the PMSCs grown in muscle differentiation media only. IGFBP-6
supplementation with PPP increased IGFBP-6 levels at 1 and 14 days compared to PPP alone. PPP treatment also decreased the protein
levels of the potency-associated markers (b) OCT4 and (c) SOX2. When IGFBP-6 was added with PPP, OCT4 levels increased at 14 days.
(d) PPP treatment decreased the protein levels of muscle lineage commitment marker Pax3/7 at 7 and 14 days. IGFBP-6 supplementation
with PPP increased Pax3/7 from 3 to 14 days compared to PPP alone. (e, f) Levels of the muscle differentiation markers, MyoD and
MyoG, were decreased at 7 and 14 days, and adding IGFBP-6 with PPP reversed these effects. (g) Conversely, MHC protein levels were
reduced with PPP treatment at all time points compared to muscle differentiation. IGFBP-6 supplementation with PPP increased MHC
levels from 3 to 14 days compared to PPP alone. Protein levels were quantified by densitometry and normalized to β-actin. Data is
presented as the mean ± SEM of 3 independent experiments from one preterm placenta. Two-way ANOVA with Bonferroni’s multiple
comparison test was performed to determine ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001 compared to muscle differentiation conditions
or #P < 0 05, ##P < 0 01, and ###P < 0 001 compared to PPP.
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tyrosine protein kinases that activate multiple signaling
transduction pathways [20, 21]. The PI3K-AKT pathway
but not the MAPK is activated by insulin [21]. It is known
that each ligand binds to its respective receptor with higher
affinity and to the other receptor or hybrid receptors with
lower affinity. While IGFs play a major role in cellular prolif-
eration, differentiation, and survival, and insulin has a major
role in metabolism, their functions are interchangeable
depending on the concentration of the peptide in the extra-
cellular space.

Circulating IGFs are bound to six soluble IGF-binding
proteins (IGFBPs 1–6), which determine the bioavailability
of free IGFs in the extracellular environment, thus modifying
the IGF actions [22]. Under normal physiological conditions,
IGFs bind IGFBPs with greater affinity than they bind IGF-
1R, playing an important role in IGF-regulated cell metabo-
lism, development, and growth. In addition, it has become
apparent that the IGFBPs can be expressed and maintained
within the cellular microenvironment and have additional
functions independent of regulating IGFs [22].

In RD rhabdomyosarcoma and LIM 1215 colon cancer
cells, mutant IGFBP-6 that does not bind to IGF-2 induces
cellular migration, suggesting an IGF-independent function
of IGFBP-6 [23]. Inhibition of ERK1/2 but not AKT impeded
cellular migration [23]. We have previously reported that
IGFBP-6, which has high affinity to IGF-2 [24, 25], stimulates
a multipotent profile and an early commitment to the muscle
lineage in PMSCs [26]. Furthermore, the impact of extracellu-
lar IGFBP-6 and silencing of endogenous IGFBP-6 suggest

that the biologic actions of IGFBP-6 occur in both IGF-
dependent and IGF-independent mechanisms [19, 27–29].
The mechanisms of IGF-dependent and IGF-independent
actions are not yet delineated. In this study, we demonstrated
that the biologic actions of IGFBP-6 on PMSC differentiation
into the skeletal muscle occur independently of either IGFs or
insulin signaling through IGF-1R or IR.

2. Materials and Methods

2.1. Isolation of PMSCs. PMSC isolation and experiments
were conducted in accordance with the approval from the
Health Sciences Research Ethics Board of Western Univer-
sity. Informed consent was obtained from healthy women
undergoing therapeutic termination of pregnancy, and the
PMSCs used in this study were isolated from 15 weeks pre-
term placental tissues. After surgery, chorionic villi were
dissected, washed, minced with surgical scissors and for-
ceps, and subjected to enzymatic digestion with collagenase
IV (369 IU/mg), hyaluronidase (999 IU/mg) (Sigma-
Aldrich), and DNase I (2,000 IU/mg) (Hoffmann-La Roche)
for 10 minutes at room temperature, followed by 0.05%
trypsin (Gibco/Invitrogen) for 5 minutes at room temper-
ature. The sample was then washed for 10 minutes with
10% FBS in DMEM/F12, and the resulting single cell sus-
pension was separated by density centrifugation over a
Percoll gradient using a modified protocol by Worton
et al. [26, 30].
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Figure 2: PMSCs treated with IGF-1R inhibitor (PPP) showed reduced p-AKT and p-ERK1/2 levels that were reversed by IGFBP-6 addition.
(a, b) PMSCs treated with PPP showed lower protein levels of p-AKT p-ERK1/2 at the later time points when compared to the PMSCs under
muscle differentiation conditions alone. When IGFBP-6 was added to PPP, p-AKT and p-ERK1/2 levels increased at all time points compared
to PPP alone. Protein levels were quantified by densitometry and normalized to total AKT or total ERK1/2. Data is presented as the
mean ± SEM of 3 independent experiments from one preterm placenta. Two-way ANOVA with Bonferroni’s multiple comparison
test was performed to determine ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001 compared to muscle differentiation conditions or #P < 0 05 and
###P < 0 001 compared to PPP.
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2.2. Muscle Differentiation and Treatments. Cells were plated
in muscle growth media (fetal bovine serum 0.05mL/mL,
fetuin 50 μg/mL, epidermal growth factor 10 ng/mL, basic
fibroblast growth factor 1 ng/mL, insulin 10 μg/mL, and
dexamethasone 0.4 μg/mL) for 48 hours before changing
to skeletal muscle differentiation media, which is a proprie-
tary serum-free medium containing 10 μg/mL insulin (Pro-
moCell) for 14 days. PMSCs were treated every 3 days with
200nM of IGF-IR inhibitor PPP, 25 μM of AKT inhibitor
LY294002, 10 μM of MEK1/2 inhibitor U0126, or 10 μM
of IR inhibitor HNMPA (Santa Cruz Biotechnology) under
muscle differentiation conditions. Treatment concentra-
tions for LY294002, U0126, and HNMPA were determined
by a dose-response experiment using PMSCs in muscle dif-
ferentiation media (Supplementary Figure 1). For IGFBP-6
supplementation with the inhibitors, recombinant human

IGFBP-6 (ProSpec) was added to the media (375 ng/mL)
every 3 days at the time of media change. The dose of
IGFBP-6 was based on our previous studies [26, 31].

2.3. Immunoblotting. Cell lysates containing 20 μg of
protein were added to 6x SDS gel loading buffer. Samples
were resolved by molecular weight using 10% SDS-
polyacrylamide gels transferred onto polyvinylidene fluo-
ride (PVDF) membranes using Trans-Blot Turbo (Bio-Rad)
with an optimized protocol depending on protein size.
Membranes were blocked with 5% nonfat dry milk, gently
shaking for 1 hour at room temperature in Tris-HCl buffer
saline pH 8.0 with 0.1% Tween-20 (TBS-T). Blots were
washed with TBS-T followed by incubation at 4°C over-
night with specific primary antibodies in 5% BSA or 5%
nonfat dry milk in TBS-T following the manufacturer’s
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Figure 3: PMSCs treated with PPP showed increased IGFBP-6 secretion but decreased IGF-2 secretion. (a) IGFBP-6 secretion was increased
after PPP treatment at all time points compared to muscle differentiation conditions alone. (b) IGF-2 secretion was reduced at 3 and 7 days
compared to muscle differentiation conditions alone. IGFBP-6 with PPP did not have an additional effect. Data is presented as the mean
± SEM of 3 independent experiments from one preterm placenta. Two-way ANOVA with Bonferroni’s multiple comparison test was
performed to determine ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001 compared to muscle differentiation conditions alone.
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Figure 4: PMSCs treated with LY294002 reduced differentiated muscle compaction at 7 and 14 days, while IGFBP-6 with LY294002 delayed
muscle compaction changes to 14 days. Higher magnification of PMSCs treated with LY294002 or with IGFBP-6 supplementation with
LY294002. PMSCs treated with LY294002, a PI3K inhibitor upstream of AKT, under muscle differentiation conditions showed less
skeletal muscle compaction at 7 days compared to muscle differentiation alone, but the addition of IGFBP-6 with LY294002 delayed these
changes (more compaction) as seen with the white arrows compared to the inhibitor alone (20x). Images are representative of 3
independent experiments from one preterm placenta.
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Figure 5: Continued.
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protocol. To detect markers of cell potency, antibodies for
OCT4 antibody (Santa Cruz Biotechnology) and SOX2
(Epitomics) were used. To detect the markers of muscle dif-
ferentiation, Pax3/7, MyoD, Myogenin, and Myosin heavy
chain (Santa Cruz Biotechnology) were used. To detect
the activated signaling molecules, we used phospho-p44/42
MAPK, p44/42 MAPK, phospho-AKT, and AKT (Cell Sig-
naling Technology). Then membranes were washed and
incubated at room temperature with the corresponding sec-
ondary HRP-conjugated antibody. Resolved protein bands
were detected using chemiluminescence, and images were
taken using the VersaDoc Imager (Bio-Rad) [25, 30].

2.4. Quantification of IGFBP-6 and IGF-2 by Enzyme-Linked
Immunosorbent Assay (ELISA). Human IGFBP-6 (RayBio-
tech®) and IGF-2 (ALPCO) ELISA kits were used to measure
the amount of IGFBP-6 and IGF-2 secreted into PMSC-
conditioned media. Standards and samples were loaded into
the wells, and the immobilized antibody bound the IGFBP-6
or IGF-2 present in the sample. The wells were washed and
biotinylated anti-human antibody was added. After washing,
HRP-conjugated streptavidin was added; then, a TMB sub-
strate solution was used to develop a blue color in proportion
to the amount of IGFBP-6 or IGF-2 bound. The stop solution
changes color from blue to yellow, and the intensity was mea-
sured at 450 nm using the Multiskan Ascent plate reader and
analysis software [26, 31].

2.5. Aldehyde Dehydrogenase (ALDH) Activity. ALDH activ-
ity, a conserved progenitor cell function, was assessed by flow
cytometry at days 1, 3, 7, and 14 using the Aldefluor™ assay
(STEMCELL Technologies), as per the manufacturer’s
instructions. Briefly, 5 μL of activated Aldefluor reagent was
added to 1mL of cell suspension and incubated for 45
minutes at 37°C. Cells were washed and resuspended in
500 μL of ice-cold Aldefluor assay buffer, and ALDH activity
was measured using flow cytometry. As a negative control,
Aldefluor™ DEAB reagent was used [26, 31].

2.6. Statistical Analysis. All experiments were performed in
triplicate from one 15-week placental tissue (technical repli-
cates). GraphPad Prism Software 5.0 was used to generate
all graphs and analyses. A two-way ANOVA followed by
Bonferroni’s multiple comparison test or a one-way ANOVA
followed by Student’s t-test was used to calculate significant
differences when P < 0 05. Graphic representation values
are presented as mean ± SEM (shown as variance bars).

3. Results

3.1. IGF-1R and IGFBP-6 Are Required for PMSC
Differentiation into the Skeletal Muscle. To evaluate the
effects of IGF-1R inhibition on potency-associated and
muscle differentiation markers in PMSCs under muscle
differentiation conditions, PPP (IGF-1R-specific autophos-
phorylation inhibitor) was used during PMSC muscle
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Figure 5: LY294002 treatment reduced IGFBP-6 and potency-associated and muscle differentiation markers. (a) IGFBP-6 protein levels
decreased with LY294002 at days 1 and 14 as compared to muscle differentiation alone, and adding extracellular IGFBP-6 with the
treatment did not cause additional changes to IGFBP-6 levels. (b, c) PMSCs treated with LY294002 decreased OCT4 (at day 1) and SOX2
(at each time point) compared to muscle differentiation, whereas IGFBP-6 addition with LY294002 increased OCT4 expression at 3, 7,
and 14 days and at day 14 for SOX2 compared to LY294002 alone. Muscle lineage differentiation marker protein levels were reduced with
LY294002 for (d) MyoD from 3 to 14 days, (e) MyoG at 7 and 14 days, and (f) MHC at all time points. IGFBP-6 supplementation with
LY294002 increased MyoD levels at 1 and 3 days and MHC levels at 3, 7, and 14 days compared to LY294002 treatment. (g) Pax3/7
protein levels decreased with LY294002 at day 7. IGFBP-6 addition with the inhibitor increased Pax3/7 levels until day 7. Protein levels
were quantified by densitometry and normalized to β-actin. Data is presented as the mean ± SEM of 3 independent experiments from one
preterm placenta. Two-way ANOVA with Bonferroni’s multiple comparison test was performed to determine ∗P < 0 05, ∗∗P < 0 01,
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differentiation for 14 days with/without IGFBP-6 supple-
mentation every 3 days. As determined by immunoblotting,
the presence of PPP decreased IGFBP-6 protein levels at 14
days (Figure 1(a)). Potency-associated marker (OCT4 and
SOX2) levels were decreased by PPP treatment compared to
muscle differentiation alone (Figures 1(b) and 1(c)). The
muscle commitment marker Pax3/7 levels were decreased
by PPP treatment at 7 and 14 days (Figure 1(d)). Similarly,
the protein levels of the muscle lineage differentiation
markers MyoD and MyoG were decreased at 7 and 14 days
(Figures 1(e) and 1(f)). In contrast, MHC levels were reduced
at all time points after PPP treatment compared to muscle
differentiation (Figure 1(g)). Overall, PPP treatment signifi-
cantly delayed muscle lineage commitment and differentia-
tion in vitro.

To determine whether IGFBP-6 could rescue PMSC
differentiation into the skeletal muscle during IGF-1R inhibi-
tion, extracellular IGFBP-6 was added to the culture along-
side PPP supplementation. As predicted, IGFBP-6 levels
increased after coadministration of IGFBP-6 with PPP at
day 14 compared to the inhibitor alone (Figure 1(a)). Also,
OCT4 protein levels were increased at 14 days with the
combined treatments, while SOX2 levels were not changed
compared to the inhibitor alone (Figures 1(b) and 1(c)). Fur-
thermore, IGFBP-6 supplementation with PPP increased the
levels of the muscle lineage differentiation markers Pax3/7,
MyoD, MyoG, and MHC from 3 to 14 days compared to
PPP alone (Figures 1(d)–1(g)). Moreover, the addition of
IGFBP-6 alone without PPPwas tested, and there were no sig-
nificant changes compared to the addition of IGFBP-6 with
PPP (data not shown). These findings indicate that IGFBP-
6 may be an important regulator of skeletal muscle differenti-
ation and its action, in part, occurred without activating
IGF-1R signaling and independent of IGF.

Downstream of the IGF-1R signaling, the presence of
PPP during muscle differentiation caused a reduction in
p-AKT levels at 7 days which was significant by day 14 and
in p-ERK1/2 levels at 7 and 14 days when compared to mus-
cle differentiation alone (Figures 2(a) and 2(b)). In contrast,
IGFBP-6 increased both p-AKT and p-ERK1/2 protein levels
at all time points in the presence of PPP under muscle differ-
entiation conditions compared to PPP alone indicating that
IGFBP-6 may trigger MAPK signal transduction cascade
independent of IGFs (Figures 2(a) and 2(b)). In the presence
of PPP, IGFBP-6 secretion into the conditioned media was
increased compared to muscle differentiation (Figure 3(a)),
whereas IGF-2 secretion was reduced at days 3 and 7
(Figures 3(b)); these effects could be because the exogenously
added IGFBP-6 is internalized (data not shown).

3.2. IGFBP-6 Is Required for PMSC Muscle Differentiation
after Inhibition of the PI3K Pathway. To better understand
downstream signaling of the IGF-1R, LY294002 was used
to inhibit PI3K signaling pathway. LY294002 alone reduced
differentiated muscle morphology at 7 days (Figure 4 and
Supplementary Figure 2). However, the addition of IGFBP-
6 with LY294002 delayed these changes until day 14
postdifferentiation (Figure 4 and Supplementary Figure 2).
Using immunoblotting, IGFBP-6 expression was decreased

at days 1 and 14 in the presence of LY294002 and remained
decreased despite IGFBP-6 supplementation (Figure 5(a)).
Furthermore, LY294002 treatment reduced the protein levels
of the potency-associated markers OCT4 (Figure 5(b)) at day
1 and SOX2 (Figure 5(c)) at all time points as compared to
muscle differentiation alone. After IGFBP-6 supplementation
with LY294002 treatment, OCT4 levels were maintained
higher at all time points, while SOX2 expression was higher
at day 14 compared to LY294002 treatment alone
(Figures 5(b) and 5(c)). The levels of the muscle lineage
markers MyoD, MyoG, and MHC decreased with LY294002
treatment as compared with muscle differentiation alone
(Figures 5(d)–5(f)). IGFBP-6 addition with LY294002
treatment increased MyoD protein levels at days 1 and 3
(Figure 5(d)), while MHC levels were increased compared to
LY294002 treatment alone (Figure 5(f)). These results
indicated that muscle commitment occurred earlier in the
presence of IGFBP-6 with LY294002 treatment. To confirm
this hypothesis, Pax3/7, the muscle commitment marker,
expression was tested. Pax3/7 protein levels were increased
after IGFBP-6 addition with LY294002 (Figure 5(g)),
suggesting an earlier commitment to the muscle lineage
when IGFBP-6 was present.

We used the Aldefluor™ assay to determine the fre-
quency of progenitor cells with high ALDH activity, a more
primitive progenitor phenotype. Compared to PMSCs under
muscle differentiation alone, there was a decrease in the fre-
quency of cells with high ALDH activity (ALDH+ cells) in
PMSCs treated with LY294002 until day 7 (Figure 6 and
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Figure 6: PMSCs treated with LY294002 and LY294002 with
IGFBP-6 under skeletal muscle differentiation conditions decreased
the frequency of cells with high ALDH activity. Compared to the
PMSCs under muscle differentiation conditions, cells treated with
LY294002 showed a decreased frequency of cells with high ALDH
activity at 1, 3, and 7 days. IGFBP-6 with LY294002 treatment
decreased frequency of cells with high ALDH activity only at day 1
and a significantly increased ALDH+ cells at day 3 compared to
LY294002 treatment alone. Data is presented as themean ± SEM of
3 independent experiments from one preterm placenta. Two-way
ANOVA with Bonferroni’s multiple comparison test was
performed to determine ∗P < 0 05 and ∗∗∗P < 0 001 compared to
muscle differentiation or ##P < 0 01 and ###P < 0 001 compared to
LY294002 alone.
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Supplementary Figure 3).Moreover, IGFBP-6with LY294002
treatment reduced the frequency of cells with high ALDH
activity at day 1 but was maintained at a higher number
compared to LY294002 alone at day 3. Thus, IGFBP-6
prolonged the progenitor phenotype in PMSCs when the
PI3K pathway is inhibited under muscle differentiation
conditions. These results show that the PI3K pathway is
essential for muscle differentiation, and when the pathway
was inhibited, IGFBP-6 could overcome the impact by
allowing the cells to commit earlier to the muscle lineage and
enhancing late-stage differentiation.

3.3. MAPK Signaling Is Required for PMSC Differentiation
into the Skeletal Muscle. To test the downstream signaling
of the IGF-1R via the MAPK pathway, U0126 was used to
inhibit MAPK signaling, which phosphorylates ERK1/2.
PMSCs treated with U0126 under muscle differentiation
conditions showed reduced muscle cell compaction from 3
to 14 days with a change in muscle morphology compared
to the PMSCs under muscle differentiation alone. IGFBP-6
supplementation with U0126 treatment showed similar mor-
phology to U0126 alone (Figure 7). Using immunoblotting,
IGFBP-6 levels were reduced with U0126 treatment and add-
ing IGFBP-6 did not increase IGFBP-6 levels, indicating that

MAPK is an important pathway for IGFBP-6 production
(Figure 8(a)). OCT4 levels were reduced at day 1 by U0126
alone or U0126 with IGFBP-6 addition; however, U0126 with
IGFBP-6 treatment maintained higher levels of OCT4 at 7
and 14 days until a significant decrease at day 14 compared
to U0126 alone (Figure 8(b)). In contrast, potency-
associated marker SOX2 protein levels were decreased by
U0126 until 7 days and were increased by IGFBP-6 at 7
and 14 days compared to U0126 alone (Figure 8(c)). The pro-
tein levels of the early and late muscle lineage differentiation
markers MyoD, MyoG, and MHC were significantly reduced
after day 3 with U0126, and adding IGFBP-6 with U0126 did
not reverse these effects (Figures 8(d)–8(f)). These findings
suggest that MAPK is a critical pathway for PMSC skeletal
muscle differentiation and cannot be substituted by an alter-
native pathway. The fact that IGFBP-6 did not accumulate in
the intracellular environment when MAPK was inhibited
shows that the MAPK pathway may be important for
IGFBP-6 action on PMSC differentiation; however, this is
not the only possible explanation, and it could be due to other
effects caused by the MAPK inhibition or because the
IGF-1R-dependent pathway is involved. PMSCs treated with
U0126 under muscle differentiation conditions decreased the
frequency of cells with high ALDH activity compared to the

Muscle differentiation U0126

Day 1

Day 3

Day 14

Day 7

U0126 + IGFBP-6

Figure 7: PMSCs treated with U0126 under muscle differentiation conditions showed reduced muscle compaction at 3 days. PMSCs under
muscle differentiation conditions with U0126, a MEK inhibitor upstream of ERK1/2, showed less skeletal muscle differentiation at 3, 7, and 14
days with a change in cell morphology at 14 days compared to muscle differentiation (10x). The images are the representative of 3
independent experiments from one preterm placenta.
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Figure 8: Continued.
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PMSCs under untreated muscle differentiation condition at
1, 3, and 7 days (Figure 9 and Supplementary Figure 4). In
contrast, adding IGFBP-6 with U0126 treatment increased
the frequency of cells with high ALDH activity compared
to the PMSCs treated with U0126 alone. Therefore, in
PMSCs under muscle differentiation conditions, IGFBP-6
acts in an IGF-1R-dependent manner mainly through the
MAPK pathway.

Consequently, triggering downstream phosphorylation
of AKT or ERK1/2 independent of IGF-1R activation by
IGFBP-6 via an unknown mechanism could be responsible
for IGFBP-6 impact on muscle cell differentiation.

3.4. Inhibition of Insulin Receptor Signaling Delayed PMSC
Differentiation into the Skeletal Muscle and Adding IGFBP-6
Rescued the Effects. To test the role of insulin receptor (IR)
signaling in the differentiation of PMSCs into the skeletal
muscle, HNMPA was used to block IR kinase activity as
it is specific for the IR and does not affect the IGF-1R.
Neither HNMPA nor HNMPA with IGFBP-6 impacted
differentiated cell morphology when compared to muscle
differentiation conditions alone. However, HNMPA treat-
ment delayed muscle differentiation (less compaction) at
day 14, compared to control treatment (Figure 10 and
Supplementary Figure 5).

Intracellular IGFBP-6 levels were unchanged by HNMPA
except for a reduction at day 7; however, adding IGFBP-6
with HNMPA increased IGFBP-6 protein levels at 3, 7, and
14 days (Figure 11(a)). HNPMA did not change the protein
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Figure 8: PMSCs treated with U0126 under muscle differentiation conditions reduced protein levels of IGFBP-6 and potency-associated and
muscle differentiation markers. (a) U0126 decreased IGFBP-6 protein levels and adding IGFBP-6 with U0126 did not cause additional
changes to IGFBP-6 levels. (b) Potency-associated marker OCT4 protein levels reduced with U0126 treatment at day 1with increased
levels at 7 days. IGFBP-6 addition with U0126 increased OCT4 levels at 3 and 7 days compared to U0126 treatment alone. (c) SOX2
protein levels were lower at 1, 3, and 7 days compared to muscle differentiation. IGFBP-6 addition with U0126 decreased SOX2 levels at
day 1 with an increase at 7 and 14 days compared to U0126. (d–f) Protein levels of the muscle differentiation markers MyoD, MyoG, and
MHC were decreased at the later time points with U0126 and adding IGFBP-6 with U0126 did not change these effects. Protein levels
were quantified by densitometry and normalized to β-actin. Data is presented as the mean ± SEM of 3 independent experiments from one
preterm placenta. Two-way ANOVA with Bonferroni’s multiple comparison test was performed to determine ∗P < 0 05, ∗∗P < 0 01, and
∗∗∗P < 0 001 compared to muscle differentiation or #P < 0 05, ##P < 0 01, and ###P < 0 001 compared to U0126.
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Figure 9: PMSCs treated with U0126 and U0126 with IGFBP-6
under skeletal muscle differentiation conditions decreased the
frequency of cells with high ALDH activity. U0126 treatment
showed decreased frequency of cells with high ALDH activity at 1,
3, and 7 days compared to muscle differentiation alone. IGFBP-6
supplementation with U0126 increased frequency of cells with
high ALDH activity at 1, 3, and 7 days compared to U0126. Data
is presented as the mean ± SEM of 3 independent experiments
from one preterm placenta. Two-way ANOVA with Bonferroni’s
multiple comparison test was performed to determine ∗P < 0 05
and ∗∗∗P < 0 001 compared to muscle differentiation or ##P < 0 01
and ###P < 0 001 compared to U0126.
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levels of the potency-associated markers (OCT4 and SOX2)
but addition of extracellular IGFBP-6 with HNMPA
increased both markers at days 7 and 14 compared to the
PMSCs under muscle differentiation conditions and PMSCs
treated with HNMPA (Figures 11(b) and 11(c)). Addition-
ally, the levels of the muscle lineage differentiation markers
MyoD, MyoG, and MHC were decreased at the later time
points with HNMPA compared to PMSCs under muscle dif-
ferentiation conditions, and extracellular IGFBP-6 increased
MyoG and MHC levels at 7 and 14 days compared to
HNMPA alone (Figures 11(d)–11(f)). These results suggest
that insulin or IGFs could trigger myogenic differentiation;
however, IGFBP-6 could also promote differentiation inde-
pendent of insulin or IGFs.

4. Discussion

The promise of using stem cells in treating diseases is
becoming closer to be used in the clinic [32, 33]. Still,

understanding the niche factors and their influence on stem
cell proliferation and differentiation in vitro is essential
before stem cells can be used safely in regenerative medicine
applications [34]. Muscle differentiation is a multistep pro-
cess, starting with commitment to the muscle lineage and
ending with the formation of multinucleated myotubes [2].
The IGF family is an essential early niche factor for stem cell
survival, growth, proliferation, and differentiation [24]. It is
also important in the skeletal muscle niche, with a major
role in muscle development [5, 6, 9]. IGFBP-6 is expressed
in the developing cells [23, 26–28]. We have demonstrated
that the balance between intracellular and extracellular
IGFBP-6 levels is required for modulating muscle differenti-
ation by PMSCs [26] and that the effects of IGFBP-6 on
muscle differentiation are both IGF-dependent and IGF-
independent [31]. These findings provided basic insight into
the role of IGFBP-6 and IGFs on PMSC muscle differenti-
ation. The aim of this study was to characterize the effects
of IGF-1R and IR activation on the differentiation of

Muscle differentiation HNMPA

Day 1

Day 3

Day 14

Day 7

HNMPA + IGFBP-6

Figure 10: PMSCs under muscle differentiation conditions treated with HNMPA show delayed muscle compaction at 14 days. PMSCs under
muscle differentiation conditions, with HNMPA or HNMPA with extracellular IGFBP-6, showed minimal change in skeletal muscle
morphology and density at day 14 when compared to muscle differentiation (10x). The images are the representative of 3 independent
experiments from one preterm placenta.
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Figure 11: Continued.
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PMSCs into skeletal muscle and to investigate IGFBP-6
role in this process.

In these studies, we demonstrated that IGF-1R and its
downstream signaling pathways (PI3K-AKT and MAPK
pathways) were required for PMSC muscle differentiation.
We also showed that when the PI3K pathway was inhibited,
increased extracellular IGFBP-6 improved PMSC differentia-
tion into the skeletal muscle as seen with the increased pro-
tein levels of MyoD and MHC. In contrast, MAPK pathway
inhibition could not be rescued by increased extracellular
IGFBP-6 as seen with the unchanged protein levels of the
muscle lineage differentiation markers. MAPK inhibition
also caused a significant decrease in intracellular IGFBP-6
concentrations, which could not be reversed by the addition
of extracellular IGFBP-6 as seen with the unaffected IGF
BP-6 protein levels. These studies suggested that MAPK sig-
naling is an important pathway for PMSC differentiation into
the skeletal muscle and that intracellular IGFBP-6 compli-
ments this process. Therefore, we suggest that in PMSCs,
IGFBP-6 acts in an IGF-1R-dependent manner predomi-
nantly through the MAPK signaling pathway and not
through PI3K to achieve skeletal muscle differentiation. We
further verified the importance of the insulin receptor (IR)
in PMSC differentiation into the muscle and the interaction
with IGFBP-6.

We demonstrated that IR plays an important role in
PMSC muscle differentiation in addition to IGF-1R. We
showed that inhibiting IR signaling delayed PMSC differenti-
ation into the skeletal muscle but did not completely block
the process as IGF-1R signaling was still active and most
likely mediated the differentiation process. These observa-
tions also suggested that the induction of muscle differentia-
tion by the high concentration of insulin (10 μg/mL) in the
media is likely exerted by insulin binding to the IGF-1R, to
which it has low-affinity binding capacity. The fact that
IGFBP-6 enhanced muscle differentiation when IR was
inhibited suggests that IGFBP-6-induced PMSC differentia-
tion into the muscle could occur independent of IR signaling.

The IGF-1R and IR are both receptor tyrosine kinases
that activate several signaling transduction pathways
[20, 21]. IGFs and insulin both promote cell proliferation
and differentiation [10, 18–20], and IGFs also possess
insulin-like metabolic effects, including increased glucose
uptake in the skeletal muscle, mediated by either IGF-1R or
IR [35]. Previous reports show that high concentrations of
insulin activates both IGF-1R and IR [36, 37]; however, not
much attention is given to IGF-1R binding affinity and effects
versus IR when insulin is used.

Therefore, in future studies, a phosphokinase array may
be used to specify interacting adaptors and signaling proteins
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Figure 11: PMSCs treated with HNMPA under muscle differentiation conditions reduced muscle differentiation markers with no change in
potency-associated markers. (a) HNMPA treatment decreased IGFBP-6 protein levels at 7 days as compared to muscle differentiation.
IGFBP-6 supplementation with HNMPA increased IGFBP-6 levels at 3, 7, and 14 days. (b, c) HNMPA treatment did not change the
protein levels of the pluripotency-associated markers OCT4 and SOX2. IGFBP-6 with HNMPA treatment increased the levels at 7 and
14 days. (d–f) HNMPA treatment decreased the protein levels of the muscle lineage differentiation markers MyoD, MyoG, and MHC
at the later time points (3-14 days). IGFBP-6 addition with HNMPA treatment increased MyoG and MHC levels at 7 and 14 days
compared to HNMPA treatment alone. Protein levels were quantified by densitometry and normalized to β-actin. Data is presented as
the mean ± SEM of 3 independent experiments from one preterm placenta. Two-way ANOVA with Bonferroni’s multiple comparison
test was performed to determine ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001 compared to muscle differentiation conditions or #P < 0 05,
##P < 0 01, and ###P < 0 001 compared to HNMPA.
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Figure 12: Schematic of the insulin-like growth factor system role in PMSC differentiation into the skeletal muscle. PMSCs isolated from the
chorionic villus of preterm human placenta differentiated into the skeletal muscle under appropriate culture conditions. As PMSCs
differentiated into the skeletal muscle, the levels of the potency-associated markers decreased, cells became committed to the muscle
lineage, and skeletal muscle differentiation marker levels increased. IGFs bind to the IGF-1R and activate the tyrosine kinase activity to
achieve muscle differentiation via downstream signaling pathway (PI3K-AKT and MAPK). The insulin receptor is also important in
PMSC skeletal muscle differentiation. Moreover, IGFBP-6, due to its location, binds IGFs and enhances the muscle differentiation process
through the IGF-1R or directly impacts PMSC muscle differentiation through IGF-independent functions. When IGF-1R or IR was
inhibited in vitro, IGFBP-6 addition enhanced the muscle differentiation process of PMSCs with MAPK being a critical pathway for this
differentiation process.
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within complementary IGF-1R and IR signaling pathways.
Also, alterations in the PMSC microenvironment can cause
epigenetic changes, and it will be interesting to understand
whether the IGF system affects potency and myogenesis
through epigenetic modulation of promoter regions.

These results are in agreement with previous reports
on the importance of IGF-1R and its downstream path-
ways and the IR in muscle development and differentia-
tion. However, this study is the first to show these
effects on human stem cells isolated from the placenta
and that IGFBP-6 addition enhanced the muscle differen-
tiation process of PMSCs when IGF-1R or IR were inhib-
ited in vitro.

Different signaling pathways, including IGF-1R and IR,
crosstalk, and the complexity of signaling and its effects on
PMSC differentiation into the muscle are beyond the scope
of one study. The possibility that a different pathway, not
examined in this study, is responsible for IGFBP-6 effects
on PMSC differentiation into the skeletal muscle must be
considered and further investigated to better understand
the IGFBP-6 role in this differentiation process. Moreover,
to confirm the results from this study, increasing the sample
number to have biological replicates is vital as experiments
were performed from one preterm placental tissue (15
weeks). Therefore, future studies are warranted to directly
compare MSCs from the chorionic villi of different gestations
(preterm and full-term human placentae), which will further
improve our understanding of skeletal muscle differentiation
and the effects of the IGF system based on ontogeny, and will
help in choosing the best gestation age PMSC for skeletal
muscle differentiation.

To date, previous studies on the role of the IGF family,
specifically IGFBP-6, have not been reported during the dif-
ferentiation of PMSCs towards the skeletal muscle lineage.
Therefore, data presented in this study provides insight into
the mechanisms of differentiation from PMSCs into the skel-
etal muscle by IGFs and IGFBP-6 during development and
suggests that both the IGF-1R and IR signaling are important
signaling pathways in PMSC differentiation towards skeletal
muscle lineage. In addition, IGFBP-6 is also important for
differentiation to occur, due to a combination of IGF-
dependent and IGF-independent functions (Figure 12).
Overall, manipulating the PMSC microenvironment using
the IGF system, particularly IGFBP-6, can improve PMSC
myogenic differentiation, a first step towards PMSC use for
muscle regeneration therapies.
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Supplementary Materials

Supplementary Figure 1: PMSCs under muscle differentia-
tion conditions treated with different concentrations of
PI3K, MAPK, and IR inhibitors. Cells were treated with dif-
ferent concentrations of (A) LY294002 (PI3K inhibitor), (B)
U0126 (MAPK inhibitor), or (C) HNMAP (insulin receptor
inhibitor) for 3 days under muscle differentiation conditions
to assess the optimal concentration to be used. The concen-
tration of the inhibitors was selected based on maintaining
low band intensity for the duration of the experiment (3
days) compared to muscle differentiation alone. 25μM of
the AKT inhibitor LY294002, 10μM of the ERK1/2 inhibitor
U0126, and 10μMof the IR inhibitor HNMPA were selected.
Protein levels were quantified by densitometry and normal-
ized to total AKT, total ERK1/2, or β-actin. Data is presented
as the mean± SEM of 3 independent experiments from one
preterm placenta. Two-way ANOVA with Bonferroni’s mul-
tiple comparison test was performed to determine ∗P < 0 05,
∗∗P < 0 01, and ∗∗∗P < 0 001 compared to muscle differenti-
ation conditions. Supplementary Figure 2: PMSCs treated
with LY294002, a PI3K inhibitor upstream of AKT, under
muscle differentiation conditions showed less skeletal muscle
morphology at 7 and 14 days, but the addition of IGFBP-6
with LY294002 delayed these changes until day 14 (10x).
The images are the representative of 3 independent experi-
ments from one preterm placenta. Supplementary Figure 3:
representative flow cytometry dot plots showing the fre-
quency of PMSCs with high ALDH activity when cultured
under muscle differentiation conditions with or without
LY294002 or LY294002 and IGFBP-6 at (A) day 1, (B) day
3, (C) day 7, and (D) day 14. DEAB-treated controls were
used to establish the ALDH gate (data not shown). Supple-
mentary Figure 4: representative flow cytometry dot plots
showing the frequency of PMSCs with high ALDH activity
when cultured under muscle differentiation conditions with
or without either U0126 or U0126 and extracellular
IGFBP-6 at (A) day 1, (B) day 3, (C) day 7, and (D) day 14.
DEAB-treated controls were used to establish the ALDH gate
(data not shown). Supplementary Figure 5: higher magnifica-
tion of PMSCs treated with HNMPA or with IGFBP-6 sup-
plementation with HNMPA. PMSCs treated with HNMPA
under muscle differentiation conditions showed less skeletal
muscle compaction and density at 14 days compared to mus-
cle differentiation alone, but the addition of IGFBP-6 with
HNMPA showed more muscle compaction as seen with the
white arrows compared to HNMPA alone (20x). The images
are the representative of 3 independent experiments from
one preterm placenta. (Supplementary Materials)
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