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Abstract

Large expansion of human mesenchymal stem cells (MSCs) is of great interest for clinical applications. In this study,
we examine the feasibility of human fibroblast-derived extracellular matrix (hFDM) as an alternative cell expansion
setting. hFDM is obtained from decellularized extracellular matrix (ECM) derived from in vitro cultured human lung
fibroblasts. Our study directly compares conventional platforms (tissue culture plastic (TCP), fibronectin (FN)-coated
TCP) with hFDM using umbilical cord blood-derived MSCs (UCB-MSCs). Early cell morphology shows a rather
rounded shape on TCP but highly elongated morphology on hFDM. Cell proliferation demonstrates that MSCs on
hFDM were significantly better compared to the others in both 10 and 2% serum condition. Cell migration assay
suggests that cell motility was improved and a cell migration marker CXCR4 was notably up-regulated on hFDM.
MSCs differentiation into osteogenic lineage on hFDM was also very effective as examined via gene expression, von
Kossa staining and alkaline phosphatase activity. In addition, as the MSCs were expanded on each substrate, trans-
ferred to 3D polymer mesh scaffolds and then cultivated for a while, the data found better cell proliferation and more
CXCR4 expression with MSCs pre-conditioned on hFDM. Moreover, higher gene expression of stemness and
engraftment-related markers was noticed with the hFDM group. Furthermore when UCB-MSCs expanded on TCP
or hFDM were injected into emphysema (a lung disease) animal model, the results indicate that MSCs pre-conditioned
on hFDM (with 2% serum) retain more advanced therapeutic efficacy on the improvement of emphysema than those
on TCP. Current works demonstrate that compared to the conventional platforms, hFDM can be a promising source of
cell expansion with a naturally derived biomimetic ECM microenvironment and may find some practical applications
in regenerative medicine.
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Introduction

Human mesenchymal stem cells (MSCs) have been a very
promising resource for cell therapy, tissue engineering and
regenerative medicine due to their capability of self-renewal
and multi-lineage differentiation (Pittenger et al. 1990).
Numerous reports have shown therapeutic potential of MSCs
via in vitro study or in vivo animal models (Barry and Murphy
2004; Ko etal. 2017; Toh et al. 2012). In addition, many cases
of clinical trials via direct MSCs injection are also underway
worldwide. A major issue in clinical application of MSCs is to
obtain a large quantity of MSCs without compromising intrin-
sic properties of MSCs throughout ex vivo expansion.
Currently, MSCs expansion is mostly achieved via the con-
ventional platform and protocol: tissue culture plastic (TCP)
and 10% fetal bovine serum (FBS). For decades, while this
combination has been a gold standard in obtaining millions of
cells, scientific and clinical studies suggest a need of new
protocol for MSCs expansion. The main reason is closely re-
lated to replicative senescence of MSCs during a series of cell
passaging on TCP (Wagner et al. 2008; Sethe et al. 2006). It is
generally accepted that during MSCs expansion there is little
chance of malignant transformations but some concerns about
genomic mutations (Wang et al. 2013). In this regard, primary
interests should be a novel culture platform instead of TCP that
has a biomimetic microenvironment similar to the in vivo one.
Typical examples are the use of extracellular matrix (ECM)
components, such as collagen, fibronectin and laminin, as a
culture substratum.

In fact, ECM has a highly organized structure that pro-
vides cells with biochemical and biophysical support.
Dynamic interactions between cells and ECM play a crucial
role in regulating many cellular behaviors. Among different
types of ECM, we investigate cell-derived extracellular ma-
trix (CDM) obtained from in vitro cultured mammalian cells.
CDM contains major ECM components such as collagen,
fibronectin and laminin and presents a self-assembled fibril-
lar network (Du et al. 2014). CDM has shown very positive
effects on hMSCs differentiation and tissue regeneration.
Specifically human lung fibroblast-derived ECM could not
only improve osteogenic and chondrogenic differentiation of
MSCs but also show a much advanced healing effect via a
mouse calvarial and rabbit knee articular cartilage defect
model (Kim et al. 2015, 2016). Using MSCs-derived ECM,
He etal. showed that chondrogenic potential of adipose stem
cells (ASCs) expanded on ECM derived from either ASCs or
synovium-derived stem cells was much more desirable than
those from plastic-grown ones (He and Pei 2013). In addi-
tion, Antebi et al. exhibited that stromal cell-derived ECM,
formed within a collagen/hydroxyapatite scaffold, promoted
MSC proliferation and preserved their differentiation capac-
ity better than MSCs cultured in regular Col/HA scaffolds
(Antebi etal. 2015).

@ Springer

Here, we propose human lung fibroblast-derived ECM
(hFDM) as a cell expansion platform of human MSCs.
Particular interest is the expansion capability of umbilical cord
blood-derived mesenchymal stem cells (UCB-MSCs) on
hFDM while examining the characteristics of MSCs as com-
pared to TCP and fibronectin (FN)-coated substrate. Recently,
decellularized ECM obtained from primary MSCs has
emerged as a promising substratum for MSCs expansion
(Shakouri-Motlagh et al. 2017; Ng et al. 2014), because it is
believed that cells on such ECM may retain their unique char-
acteristics for prolonged times during ex vivo culture (Lai
etal. 2010). We assume that because hFDM reserves a natural
assembly of ECM components, cell-hFDM interactions
should be biomimetic in preserving the intrinsic properties
of MSCs. UCB-MSCs are multi-potent progenitors with the
potential to differentiate into multiple lineages of the meso-
derm, ectoderm and endoderm (Lee et al. 2004; Malgieri et al.
2010). UCB-MSCs are one of the popular cell sources for
stem cell therapy and they are more primitive and proliferative
than the MSCs obtained from other sources.

In this work, UCB-MSCs adhesion, proliferation, migra-
tion and differentiation are directly compared with three dif-
ferent two-dimensional (2D) substrates (TCP and FN-coated
TCP, hFDM). Those expanded cells are relocated and culti-
vated in a 3D polymer mesh scaffold and then examined for
osteogenesis, stemness- and engraftment-related markers ex-
pression, respectively. In addition, we also investigated a ther-
apeutic effect of MSCs pre-conditioned from different culture
substrates via MSCs injection into the animal model of em-
physema. Emphysema is a chronic obstructive pulmonary dis-
ease that is the main pathological processes of airflow obstruc-
tion (Rabe et al. 2007). Patients with emphysema have the
damaged lung function for gas exchange and thus suffer from
shortness of breath due to over-inflation of the alveoli. This
work addresses notable differences of UCB-MSCs behaviors
on hFDM as compared to TCP and suggests the possibility of
an alternate ex vivo MSCs expansion platform. The overall
scheme of this study is illustrated in Fig. 1.

Materials and methods

Preparation of human fibroblast-derived extracellular
matrix

Human lung fibroblasts (WI-38, passage 18 to 21; ATCC)
were seeded on either 12-well or 6-well plates at a density of
1.25x 10* cells/cm®. They were cultivated in Dulbecco’s
Modified Eagle’s medium (DMEM) (Gibco) supplemented
with 10% FBS and 100 U/ml penicillin and 100 pg/ml strep-
tomycin (Invitrogen). The medium was changed every other
day. Once the cells were fully confluent and the growth me-
dium was then removed, decellularization solution (0.2%
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Fig.1 Schematic illustration of the current study. Based on three different
cell expansion platforms (TCP, fibronectin (FN)-coated TCP and hFDM),
umbilical cord blood-derived MSCs (UCB-MSCs) adhesion, prolifera-
tion, migration and differentiation were investigated. In addition, pre-
conditioned MSCs on 2D substrates were detached and transferred to

Triton X-100 and 10 mM NH,OH) was added and aspirated in
a few minutes. To eliminate the remaining DNA and RNA,
50 U/ml DNase I and 2.5 pl/ml RNase A were subsequently
treated for 1 h at 37 °C. After then, the decellularized ECM
(hFDM) was washed thoroughly with phosphate-buffered sa-
line (PBS) three times and stored at 4 °C for no longer than
2 weeks.

Umbilical cord blood-derived mesenchymal stem cells
culture

For this study, UCB-MSCs were kindly provided from
MEDIPOST (Seoul, Korea). UCB-MSCs (P8) were cultured
in Minimum Essential Medium Eagle Alpha («x-MEM)
(Gibco) supplemented with 10% FBS, 100 U/ml penicillin
and 100 pg/ml streptomycin. Cell seeding density was 2.5 X
10°/cm? except for the colony-forming unit assay. The medi-
um was changed every other day and UCB-MSCs were
allowed to grow until 70 to 80% confluency. For gelatin or
FN-coated glass substrates, 18 mm glass coverslips were ster-
ilized in 70% ethanol solution, then put in 12-well plates and
coated with 0.5% gelatin or 50 pg/ml human fibronectin (BD
Biosciences). They were incubated at 37 °C for 1 h and the
remaining protein solutions were aspirated. Those substrates
were washed with PBS several times and dried before the use.

Flow cytometry and colony-forming unit-fibroblast
assay

UCB-MSCs were cultured on TCP, FN-coated plate and
hFDM (100 mm diameter), respectively, before cells reached

3D polymer mesh scaffolds and examined for their cellular behaviors,
such as proliferation, migration and differentiation. Finally, those UCB-
MSCs were subject to direct injection via an emphysema (a lung disease)
animal model

70 to 80% confluency. These cells were then harvested from
each substrate, washed once with PBS and filtered through a
100 pum cell strainer (BD Falcon) to remove cellular debris.
Cells were rinsed again with stain buffer (2% FBS and 0.1%
NaN3, pH 7.1~7.4) and re-suspended to the concentration of
1 x 107 cells/ml. One hundred microliters aliquot out of the
cell suspension was taken and transferred to 1.5 ml
microcentrifuge tubes for staining procedure. They were incu-
bated with the fluorochrome-conjugated antibodies on ice in
the dark for 30 min: phycoerythrin (PE)-conjugated mouse
anti-human CD34, allophycocyanin (APC)-conjugated mouse
anti-human CD44, fluorescein isothiocyanate (FITC)-conju-
gated mouse anti-human CD73 and PE conjugated mouse
anti-human CD90. All the antibodies were purchased from
BD Pharmingen (San Jose, CA, USA). Cells were then
washed twice with stain buffer and re-suspended with
500 ul buffer solutions. CD44, CD73 and CD90 are chosen
as positive markers of MSCs, whereas CD34 serves as a neg-
ative marker. Such markers expression on the cell surface was
analyzed using Guava Easycyte (Millipore, Cambridge, MD,
USA). For data analysis of cell surface markers, single cell
population was gated and Incyte software was used.
Meanwhile for colony-forming unit-fibroblast (CFU-F) assay
(Moriscot et al. 2015; Li et al. 2013), UCB-MSCs (P8) were
plated at a density of 2.5 x 10° cells/cm? and cultivated on
TCP, FN-coated TCP, and hFDM until 70-80% confluency.
Those cells were transferred separately on normal six-well
plates at the density of 100 cells/well and subject to colony
formation for 10 days. These colonies were stained with 0.5%
crystal violet and counted manually. The sample number was
triplicate for each group.
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Characterization of hFDM

Decellularized hFDM morphology was extracted using a
phase contrast microscope. For scanning electron micro-
scope (SEM; Phenom G2 Pro Desktop) observation,
hFDM prepared on thermanox (Thermo Scientific;
Waltham, MA, USA) was fixed in 3.7% paraformaldehyde
for more than 1 h and washed with distilled water (DW),
then dehydrated in a series of ethanol concentrations (50 to
100%). They were placed on the aluminum holder, coated
with platinum for 45 s and photographed for hFDM surface
morphology. For immunofluorescence staining of ECM
components, hFDM prepared on glass coverslips was fixed
in 3.7% paraformaldehyde and washed with PBS more
than three times. The samples were treated with 0.2%
Triton X-100 solution for 30 min and then blocked with
3% bovine serum albumin (BSA). Primary antibodies
against human fibronectin and collagen type 1 (Santa
Cruz) were prepared in 1% BSA solution, diluted in 1:
200 and were treated overnight at 4 °C. As the secondary
antibodies diluted in 1: 500, Alexa fluoro-488 was used for
fibronectin whereas rhodamine (Invitrogen) was used for
collagen type 1. The identity and distribution of these ECM
proteins was confirmed via a confocal microscope
(LSM700; Carl Zeiss).

Early cell morphology of UCB-MSCs

UCB-MSCs (P8) were plated on gelatin-coated glass cover-
slips, FN-coated ones and hFDM prepared on glass coverslips.
After 6 and 24 h, cells were fixed with 3.7% paraformalde-
hyde and incubated with primary antibody that is mouse
monoclonal antibody against human vinculin (sc-73614,
Santa Cruz) overnight at 4 °C. Alexa Fluor 488 goat anti-
mouse IgG antibody (A11001, Life technology) was
employed as a secondary antibody. During secondary anti-
body staining, rhodamine phalloidin (R415, Life technology)
was added for F-actin staining. Eventually the samples were
mounted with a mounting medium including 4',6-diamidino-
2-phenylindole (DAPI) (Vector). Immunofluorescence images
were acquired using a confocal microscope (Carl Zeiss).
Using multiple fluorescent images (n =20, each group), both
cell area and cell circularity were quantified and averaged,
respectively, via Image J.

Cell proliferation and migration assay

UCB-MSCs (P8) were seeded on TCP, FN-coated TCP and
hFDM (six-well plate size) at a density of 2.5 x 10°/cm?” in
2 ml culture medium. On the 3rd and 5th day of culture, the
cell numbers of each group were determined by CCK-8
assay (Dojindo) according to the manufacturer’s protocol.
The absorbance of each sample was measured at 450 nm
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wavelength using Multiskan spectrum (Thermo Electron
Corporation; Waltham, MA, USA). Cell expansion under
10 and 2% FBS condition was also examined following the
same procedure. In addition, different UCB-MSCs pas-
sages (P6 and P11) were also tested for cell proliferation
on the same substrates in 10% serum condition. Based on
the cell numbers as determined by CCK-8 assay, popula-
tion doubling time (PDT) was calculated via an equation,
PDT = culture time / (log, (AN/Ng + 1)), where AN is the
difference between cell numbers at two time points and N
is the cell number at the starting point (Korzynska and
Zychowicz 2008). Meanwhile for the cell migration test,
UCB-MSCs were seeded and cultivated until full
confluency on TCP (35 mm diameter), FN-coated TCP
and hFDM. Artificial wounds were then made via
1000 pl micropipette tip and cells were allowed to migrate
across the scratched area for 24 h in serum-free media with
50 ng/ml stromal cell-derived factor (SDF)-1 treatment.
Cell migration with time was monitored via a live cell
image microscope (Carl Zeiss, Germany) and those images
were taken at 12 and 24 h, respectively. Upon the treatment
of 10 and 50 ng/ml SDF-1, CXC chemokines platelet
factor-4 (CXCR4) expression on different substrates or un-
der lower FBS concentration was also determined, using
quantitative real-time polymerase chain reaction (QPCR).

Quantitative real-time polymerase chain reaction

For the analysis of specific gene expression, total mRNA
of UCB-MSCs grown on different substrates or cultivated
in a three-dimensional (3D) mesh scaffold was extracted at
specific time points, using TRIZOL reagent in accordance
with the manufacturer’s instruction. The quantity and qual-
ity of RNA samples (n =3, each group) were examined by
NanoDrop ND-1000 spectrophotometer (Thermo Fisher
Scientific, Wilmington, DE). One microgram mRNA per
sample was used for cDNA synthesis via Maxime RT
PreMix Kit (INTRON) at 37 °C for 15 min and RTase
inactivation at 85 °C for 5 s. The ¢cDNA product, each
reverse and forward primer, SYBR Green real-time PCR
mix (RR420A; Takara) and ROX reference dye were
mixed in PCR reaction tubes (Applied Biosystems) to a
total volume of 20 pl, where the reaction conditions are
initial denaturation and DNA polymerase activation at
95 °C for 5 min, followed by 40 cycles of denaturation at
95 °C for 5 s and annealing/extension at 60 °C for 34 s.
The reaction reagents were blended thoroughly, centri-
fuged shortly and then loaded in the qPCR instrument
(7500 Real-Time PCR System; Applied Biosystems). The
data from qPCR were analyzed via the delta delta Ct meth-
od. Target genes and their primer sequences are summa-
rized in the Supplementary Information (Table 1).
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Table 1 List of target genes and their primers sequence used in this

study

Primers Sequence Product size

BMII F: TTCTTTGACCAGAACAGATTGG 112 bp
R: GCATCACAGTCATTGCTGCT

EZH2 F: GGACCACAGTGTTACCAGCAT 79 bp
R: GTGGGGTCTTTATCCGCTCAG

NANOG F: TGGCTGCCGTCTCTGGCTATAGAT 143 bp
R: AAGCCTCCCAATCCCAAACAATAC

OCT 4 F: AGCAAAACCCGGAGGAGT 114 bp
R: CCACATCGGCCTGTGTATAT

CXCR4 F: CTCCAAGCTGTCACACTCCA 118 bp
R: GTCGATGCTGATCCCAATGT

SDF-1 F: TGCCAGAGCCAACGTCAAG 73 bp
R: CAGCCCGGCTACAATCTCAA

Coll F: CTGGATGCCATCAAAGTCTTC 152 bp
R: AATCCATCGGTCATGCTCTC

RUNX2 F: TGCACTGGGTCATGTGTTTG 154 bp
R: TGGCTGCATTGAAAAGACTG

Osteocalcin  F: GGCAGCGAGGTAGTGAAGAG 194 bp
R: AGCAGAGCGACACCCTAGAC

Osteopontin  F: TGAAACGAGTCAGCTGGATG 165 bp

R: TGTGAAAATTCATGGCTGTGG

Osteogenic differentiation of UCB-MSCs in vitro

UCB-MSCs (P8) were subject to osteogenic differentiation
on TCP, FN-coated plate and hFDM for 2 weeks. After the
cells reached 70—80% confluency, growth medium was re-
moved and an osteogenic medium (0.1 uM dexametha-
sone, 10 mM (3-glycerophosphate, 50 pg/ml L-ascorbic-
2-phosphate and 50 ng/ml bone morphogenetic protein-2)
was added. Fresh osteogenic medium was replenished ev-
ery third day. After 2 weeks of osteogenic induction, cells
were fixed using 3.7% paraformaldehyde, washed three
times with DW thoroughly and stained via von Kossa and
Alizarin red staining, respectively. Once dehydrated and
completely dried, each sample (n =3, each group) was ob-
served under bright field, in which the images of interest
were taken and analyzed using Image J. With color thresh-
old function and the same value on “Brightness,” the pos-
itively stained area was selected (n =15, each group) and
averaged. The stained areas were normalized to the whole
area of the images and appeared as a percentage in the
graph. In addition, alkaline phosphatase (ALP) activity
(n=3 per group) was also measured using LabAssay
ALP kit (Wako Pure Chemicals, Osaka, Japan) following
the previous protocols (Du et al. 2014). In a separate study,
different cell passages (P6 and P11) were also examined
for osteogenic differentiation on the same substrates as
assessed via von Kossa staining and gene expression of
osteogenic markers, respectively.

UCB-MSCs behavior in 3D polymer mesh scaffold

In addition to 2D culture on varying substrates, a further com-
parative evaluation of UCB-MSCs responses was carried out
via a 3D environment. Poly (lactic-co-glycolic acid) (PLGA)-
based mesh scaffolds were fabricated as mentioned previously
(9), cut in 0.5 x 0.5 x 0.5 cm® dimension and dipped in 100%
ethanol for 5 min, then completely dried for more than 2 h
under UV light for sterilization. They were then treated with
50 pg/ml of human fibronectin (BD Biosciences) on the sur-
face of the mesh scaffold for 24 h at 37 °C, washed with DW
and cryodessicated. Once UCB-MSCs (P8) were expanded on
TCP, FN-coated TCP and hFDM, those confluent cells were
harvested and transferred into mesh scaffolds at a density of
1 x 10* cells. After 2 h post-seeding, 1 ml of additional growth
medium was added and cells/mesh constructs were cultivated
for specific time points. For cell proliferation, the number of
cells was assessed at 0 and 5 days, respectively, via CCK-8
assay. On the 8th day of culture, 50 ng/ml SDF-1 was added
into the constructs and after 24 h, gene expression of CXCR4
was determined following the same method as mentioned ear-
lier. Meanwhile, UCB-MSCs (P8) grown on TCP and hFDM
in 2 or 10% serum condition were collected and reseeded in
the mesh scaffolds. They were cultivated for 10 days and gene
expressions of stemness-related markers (NANOG, EZH2,
BMI-1, OCT4) and engraftment-related ones (MMP2,
MMP9, CXCR4, SDF-1) were determined via qPCR. In ad-
dition, osteogenic induction of mesh scaffold-seeded UCB-
MSCs was also conducted for 2 weeks following the same
protocol previously mentioned. Using the isolated total RNA
samples from mesh scaffolds, we examined osteogenic
markers expression (runx2, collagen type 1, osteocalcin,
osteopontin) via qPCR.

Cell transplantation into elastase-induced lung
disease (emphysema) model

An animal model with a lung disease (emphysema) was pre-
pared as mentioned previously (Hong et al. 2016) and subject
to UCB-MSCs injection as cell therapy. The current animal
experiment follows the guidelines of the Institutional Animal
Care and Use Committee, Asan Medical Center (Seoul,
Korea). MSCs were expanded on TCP and hFDM in 10 and
2% serum condition, respectively. There are four experimental
groups: G1 (TCP/10% serum), G2 (TCP/2% serum), G3
(hFDM/10% serum) and G4 (hFDM/2% serum), along with
anormal group and a no MSCs treatment one. C57BL/6 mice
were anesthetized intraperitoneally (i.p.) with 16 ml of Zoletil
50 (Virbac Laboratories, Carros, France) and 4 ml of Rompun
(Bayer Korea, Ansan, Korea). To prepare an elastase-induced
lung disease model, mice were intratracheally administered
using porcine pancreatic elastase (0.4 U, 8 U/ml; Sigma-
Aldrich, St. Louis, MO) at day 0. After 7 days, mice (n =35,
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each group) were intrapleurally injected with UCB-MSCs
(1 x 10°: P8) using a syringe of 26-gauge needle. As the ani-
mals were sacrificed at 1 week post-treatment, histological
analysis of the lung tissues was carried out using the
established protocol. Briefly, the perfused lungs were inflated
with 0.5% low-melting agarose, fixed with 4% formalin and
embedded in paraffin. Lung tissue sections with a thickness of
6 um were subject to hematoxylin and eosin staining. A mean
linear intercept (MLI), an index that shows the degree of lung
alveolar damage, was determined from the microscopic im-
ages (n=15, each group); less MLI means a positive sign of
improvement with an increased surface area of alveolar.

Statistical analysis

Statistical analysis of the obtained data was performed using
commercial software (GraphPad Prism 5; GraphPad Software
Inc.) via one-way analysis of variance and Mann Whitney post
hoc test. Each sample was triplicate per group. All of the data
represent the mean values and standard deviations. Statistical
significance was marked as *(p <0.05), **(p<0.01), or
**%(p <0.001).

Results and discussion

Since large in vitro expansion of MSCs is an essential process
for stem cell therapy and tissue regeneration, traditional cell
culture plastic has been widely utilized for cell expansion.
However, stem cells often lose their unique characteristics
during a series of passaging that is a necessary step to produce
large quantity of cells in vitro. Therefore, maintenance of the
intrinsic properties of MSCs during expansion is considered a
major issue in stem cell-based research and therapy, along
with the safety of those expanded cells. This study harnesses
hFDM as a platform of MSCs expansion in vitro. hFDM is a
naturally derived ECM, which contains a comprehensive
package of well-reserved biochemical and biophysical cues
(Cukierman et al. 2001) and thus is a promising alternative
to tissue culture plastic.

hFDM is consistent in terms of ECM quality as assessed
via immunofluorescence and SEM image: fibronectin, the
most important ECM molecule for cell adhesion, is well dis-
tributed over the entire area and the fibrillar structure of hFDM
is also witnessed (data not shown). Moreover, quality control
of CDM may be better with cell lines, in which cell-to-cell
variations are minimal than primary cell sources. We also
believe that human lung fibroblast is a cost-effective cell
source. It is notable that though CDM is an excellent material
for regenerative purpose, a major hurdle is the scalability of
CDM for mass production. There are some reports that utilize
immortalized cell lines as an alternative cell source (Kusuma
et al. 2017, 2018). Nonetheless, there is still no consensus
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about which CDM is better for a regenerative purpose. The
exact reason about why hFDM shows better performance over
the counterparts is hard to pinpoint, because hFDM is a com-
plex system that involves many individual constituents.

After the decellularization process is completed, hFDM
shows a unique surface morphology when observed via an
optical microscope and SEM (Fig. 2a, b). Phase contrast im-
age exhibits a fibrous structure of hFDM and SEM shows fine
fibrillar textures clearer over the entire matrix. In addition,
immunofluorescence staining unveils the presence of ECM
macromolecules: fibronectin (Fig. 2¢) and collagen type 1
(Fig. 2d) in the hFDM. These results assure the quality of
hFDM as a multi-component, fibrous ECM analog. With
hFDM on hand, once UCB-MSCs were seeded and expanded
on three different substrates (TCP, FN-coated TCP and
hFDM) until 70-80% confluency, basic characteristics of
MSCs were evaluated via flow cytometry and CFU-F assay.
The MSCs populations show that regardless of substrate
types, cell surface markers were positive with CD44 (>
85%), CD73 (>98%) and CD 90 (>99%) but negative with
CD34 (a hematopoietic marker) (< 0.1%) (Fig. 3a—d, a'-d’, a
"—d"). In addition, when those MSCs grown on each substra-
tum were transferred to TCP and cultivated for 10 days, they
could form some colonies (Fig. 3e—e"), suggesting a self-
renewal property of UCB-MSCs. Based on the counts of each
colony, there was a statistically significant difference between
those on FN/TCP and hFDM/TCP (Fig. 3f).

Early cell morphology was also examined via immunoflu-
orescence of F-actin cytoskeleton, along with a focal adhesion
molecule (vinculin) staining. After 24 h post-seeding, cells
have a rounded morphology on gelatin (Gn) but a more widely
spread shape on hFDM than the other substrates (Fig. 4a—c).
The expression of focal adhesion molecules was more up-
regulated on hFDM. Quantitatively analyzed, the results
showed significantly larger cell areas on FN and hFDM
(Fig. 4d) and presented cell circularity much lower on
hFDM (Fig. 4e). The difference of such parameters was sta-
tistically significant between hFDM and TCP or the FN-
coated plate. Comparatively, MSCs morphology is notable,
especially on hFDM and can be partly explained by the more
complex nature of cell-substrate interactions: unique surface
texture and rich cell-binding motifs that are significantly dif-
ferent from those on the traditional substrates may influence
cell adhesion pattern.

Cell proliferation efficiency is technically an important
issue in preparing stem cell therapy. To evaluate the growth
of UCB-MSC:s, cells were cultivated on three different sub-
strates and collected on 3 and 7 days, respectively, for CCK-8
assay. From the phase contrast images, cells appeared much
more populated on hFDM compared to the others (Fig. Sa—c).
As a measure of cell proliferation, PDT presented shorter
PDTwith the cells grown on hFDM, both in 2 and 10% serum
conditions (Fig. 5d). It seems natural that PDT climbs when
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Fig. 2 Characterization of
hFDM. Human fibroblast-derived
extracellular matrix (hFDM) is
obtained from decellularized
ECM derived from in vitro cul-
tured lung fibroblasts. Some im-
portant characteristics of hFDM
were investigated via a phase
contrast microscopic image of
hFDM (scale bar = 100 um); b
SEM image (scale bar = 130 pum),
immunofluorescence of (¢) fibro-
nectin and (d) collagen type 1
(scale bar = 200 pum)

cellswere cultivated in2% FBS. Upon the shift from 10to 2%
serum, the difference of PDT was much smaller with hFDM
than that of TCP or FN substrate. Additionally, as the cell
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Fig. 3 Characterization of UCB-MSCs. a—-d, a'—d’, a"-d” Flow
cytometry and e—e" colony forming unit-fibroblast (CFU-F) assay and f
quantitative analysis of colony number. Once UCB-MSCs were cultivat-
ed and expanded on TCP, FN-coated TCP and hFDM, they were then
analyzed via cell surface markers, such as CD34, CD44, CD73 and

when Puamsenren (V"

) - \J
TCP/TCP FN/TCP hFDM/TCP

CD90. In addition, MSCs on three different substrates were harvested,
seeded on six-well plates and incubated for 10 days, then subject to
crystal violet staining. The number of colonies was manually counted.
Statistical significance (*p <0.05)
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Fig. 4 Early cell morphology
(24 h) of UCB-MSCs and focal
adhesion. a—¢ Representative im-
munofluorescence images of
UCB-MSCs attached on gelatin
(Gn)-coated glass coverslip, FN-
coated one and hFDM.
Quantitative analysis of d cell ar-
ea and e cell circularity. Vinculin
(green), F-actin (red) and DAPI
(blue). Scale bar = 100 um.
Statistical significance

(**%p < 0.001)
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greater when compared with the number on the FN-coated
plate. This trend is replicated in 2% serum condition: the cell
populations on hFDM were significantly largerat 7 days than
those on the other substrates. It is notable that the cell num-
bers on hFDM in 2% serum were nearly the same at 7 days as
those on TCP under 10% serum (Fig. 5e, f). Due to the fact
that cells are very slow in their growth activity in the lower
serum condition, itis very interesting that a specific substrate
microenvironment enhances the cell proliferation rate signif-
icantly. In addition, when UCB-MSCs proliferation using
different cell passages (P6 and P11) was examined under
the 10% serum condition, the results were reproducible when
compared with those of P8; the difference was notable with
hFDM at 7 days and statistically significant over TCP and
FN-coated TCP (Fig. Sla, b).

Fig. 5 Examination of MSCs
proliferation on three different
substrates. a—¢ Phase contrast
images of UCB-MSCs on the Sth
day of culture on TCP, FN-coated
TCP and hFDM. Once the cell
number of each group was deter-
mined using CCK-8 assay, d
population doubling time (PDT)
was determined. Cell proliferation
was examined via UCB-MSCs
cultured for 3 and 7 days in e 10%
and f 2% serum condition, re-
spectively. Scale bar = 500 pm.
Statistical significance (*p < 0.05,
*#p < 0.01, **¥*p <0.001)

Population doubling time (hr)

10% serum

2% serum
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Current results suggest that hFDM could provide MSCs
with some biochemical and/or biophysical signaling cues
that are unknown at this time but regulate their prolifera-
tion potential in vitro. Much research has reported on the
proliferation rate of human adult stem cells on diverse
ECM-based 2D substrates in 10% FBS condition. For ex-
ample, Matrigel improved cell expansion (1.6-fold) of hu-
man MSCs (Qian and Saltzman 2004) and decellularized
ECM from human BMSCs could enhance cell proliferation
(2- to 4-fold) of human BMSCs (Lin et al. 2012). In addi-
tion, the combination of collagen I/collagen IV with lami-
nin and fibronectin showed an increased cell expansion of
human hematopoietic progenitors (Celebi et al. 2011).
Compared to previous reports, the current result of hFDM
is comparable in terms of MSCs proliferation efficiency
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and is the first report that directly compares MSCs prolif-
eration between 10 and 2% serum condition.

Meanwhile, cell migration of MSCs is critical in improving
the cell homing effect once MSCs were transplanted to target
sites in vivo for therapeutic purpose. MSCs are often stimu-
lated via SDF-1, a chemokine signaling molecule, also known
as C-X-C motif chemokine 12 (CXCL12) that is often re-
leased from wounded areas. SDF-1 binds to its transmem-
brane receptor CXCR4. Some studies have suggested SDF-1
as a crucial factor in prompting the survival and migration of
circulating tissue-specific progenitor cells (Kucia et al. 2004).
In this study, cell migration of UCB-MSCs was investigated
using a simple scratch model in a serum-free condition. Phase
contrast images display a scratched, wound area at 0 h and
wound closure via migrating cells after 24 h (Fig. 6a—c, a'—<').
When the number of cells covering the wound area was quan-
titatively determined, the cells on the hFDM exhibited sub-
stantially more migrated cells than those grown on TCP
(Fig. 6d). It seems that our scratch model is too simple to
precisely evaluate cell migration activity on different sub-
strates. In fact, many parameters affect cell migration: for ex-
ample, ligand type, ligand density and ligand distribution on a
specific substrate. It was not affordable however for us to
consider those factors in this study, due mainly to totally dif-
ferent starting materials (TCP, FN and hFDM). Our recent
data using soluble hFDM demonstrate a chemoattractant ef-
fect of hFDM in transwell that shows much better cell migra-
tion of dermal fibroblasts and human umbilical vein endothe-
lial cells (data not shown). As a part of the mechanistic study,

Fig. 6 MSCs migration and TCP
CXCR4 expression. Migration
capability of UCB-MSCs on three
different substrates was examined
using scratch assay and CXCR4
gene expression via qPCR. a—c,
a'—c’ Representative optical im-
ages of MSCs before and after
migration for 24 h; d count of the
cells number occupied in the
scratched area; e CXCR4 expres-
sion level with 10 and 50 ng/ml
SDF-1 treatment, respectively
(TCP-10 ng/ml based statistical
comparison); f the CXCR4 ex-
pressions in 2 and 10% serum
condition, respectively. Scale bar
=500 um. Statistical significance
(*p<0.05, **p<0.01,

**¥p <0.001)

0 hr

24 hr

2001 d CJTCP O FN B3 hFDM

*

g

g

Number of migrated cells
g

©

TCP FN hFDM

our previous work reported that hFDM carries abundant bio-
chemical cues, such as angiogenesis-related cytokines and
growth factors (VEGF, bFGF, SDF-1) (Du et al. 2017).

We also examined the responsiveness of UCB-MSCs to
SDF-1 via the use of 10 and 50 ng/ml SDF-1, respectively,
for the cells on TCP, FN, or hFDM. After 24 h post-treatment,
gene expression of CXCR-4 showed a significantly higher level
with hFDM administered with 10 ng/ml SDF-1 over the other
two substrates (Fig. 6¢). When 50 ng/ml of SDF-1 was admin-
istered, the CXCR-4 expression was dose-dependent: especial-
ly cells on TCP and FN exhibited a significant up-regulation of
target genes compared to that of 10 ng/ml SDF-1. However, the
expression level of CXCR-4 was rather unchanged with the
hFDM, despite the use of a higher dose of SDF-1 (50 ng/ml).
In addition, further study investigated the CXCR-4 expression
of UCB-MSCs under different serum conditions (2 and 10%)
(Fig. 6f). When the cells were seeded on hFDM, added with
10 ng/ml SDF-1 and cultivated for 7 days, the gene expression
level of CXCR-4 was highest with those cultivated on hFDM/
2% serum. The difference was statistically significant over the
TCP/10% or hFDM/10% group. Taken together, the notably
different cell responsiveness (CXCR4 expression) after the
SDF-1 treatment suggests that it can be highly dependent of
the unique characteristics of culture substrates.

To investigate the differentiation of UCB-MSCs grown on
different substrates, UCB-MSCs were subject to osteogenic
induction for 2 weeks and analyzed. When mineralization
was examined via von Kossa staining, it was clear that cells
cultivated on hFDM exhibited much better mineralization
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(Fig. 7a—a"). Quantitatively assessed, the difference of the pos-
itively stained area was statistically significant between hFDM
and TCP or FN substrate (Fig. 7b). The same trend was also
observed via Alizarin red staining (Fig. 7c—c”, d).
Measurement of ALP activity showed a moderate improve-
ment with hFDM (Fig. 7e). In addition, osteogenic markers
expression revealed that both type I collagen and osteocalcin
were substantially up-regulated with the cells on the hFDM
over TCP and FN (Fig. 7f, g). In addition, as the osteogenic
differentiation of UCB-MSCs with different cell passages (P6
and P11) was directly compared under the same condition, the
results were reproducible with P11 rather than early passage P6
when compared with those of P8 (Fig. S2a—d). The difference
was notable with hFDM and statistically significant over the
two counterparts. Current results are in good agreement with
our early works using bone marrow stromal cells and rat bone
marrow MSCs (Bae et al. 2012; Choi et al. 2014). Due to the
fact that substrate stiffness is recognized as a key factor in the
regulation of MSCs differentiation, it is interesting to note
much advanced osteogenesis of MSCs on cell-derived ECM
that is extremely softer than TCP. Although the exact reason is
unclear at this time, there are many possibilities for other un-
known factors that direct MSCs differentiation and therefore
they may override the substrate stiffness-related signaling cues.

It is well known that culture environments in 2D or 3D
settings affect cellular behaviors in significantly different
ways. In this sense, we utilized a polymer mesh scaffold to
grow UCB-MSCs that were expanded on TCP and hFDM
in 2 or 10% FBS condition, respectively. These 3D mesh
scaffolds were successfully fabricated and employed in in-
ducing both osteogenesis and chondrogenesis of hMSCs
in vitro and in vivo (Kim et al. 2015, 2016). After cultivat-
ed in the mesh scaffolds for 10 days, UCB-MSCs showed
more up-regulation of stemness markers (NANOG, EZH2,
BMI1) when conditioned on hFDM compared to those on
TCP, although some variations were noticed in either 2 or
10% serum condition (Fig. 8a—d). In addition, some of the
engraftment-related markers (MMP9, CXCR4) also dem-
onstrated much higher gene expression with MSCs condi-
tioned on hFDM/10% serum (Fig. 8e—h). Further analysis
of cell proliferation in the mesh scaffolds from day 0 to 5
showed better proliferation of UCB-MSCs transferred
from hFDM than that of FN/Mesh (Fig. S3a). And UCB-
MSCs conditioned on hFDM unveiled significantly higher
expression of cell migration-related marker (CXCR4) over
those conditioned on TCP or FN-coated substrate (Fig.
S3b). In case of osteogenesis, only collagen type I was
notably expressed in the hFDM/Mesh but the difference
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Fig. 7 Osteogenic differentiation of UCB-MSCs in vitro. UCB-MSCs
cultured on TCP, FN-coated TCP and hFDM were subject to osteogenic
differentiation for 2 weeks. Bright field images of a—a" von Kossa and ¢—
¢” Alizarin red staining; b, d quantitative analysis of a positively stained
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area using ImageJ. e Measurement of alkaline phosphatase (ALP) activity
and f, g gene expression of osteogenic markers (collagen type I and
osteocalcin) via qPCR. Scale bar = 500 pum. Statistical significance
(*p<0.05, **p <0.01, ***p <0.001)
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FN-coated TCP and hFDM, those confluent cells were collected and
reseeded into mesh scaffolds, cultivated for 10 days, then analyzed via

of other markers (Runx2, osteopontin, osteocalcin) expres-
sion was insignificant (Fig. S3c).

Based on the in vitro results, it is apparent that UCB-
MSCs conditioned on hFDM are more competitive in terms
of MSCs proliferation, migration and differentiation than
those on TCP. In this sense, particular interest lies in the
therapeutic effect of hFDM-conditioned UCB-MSCs to a
specific disease model. To verify our hypothesis, we pre-
pared four different groups of UCB-MSCs and administered
them into an emphysema (a lung disease) model. Chronic
obstructive pulmonary disease (COPD), which is a major
cause of mortality worldwide, is a disease state character-
ized by airflow obstruction that is not fully reversible.
ob
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qPCR. a—d Gene expression of stemness-related markers (NANOG,
EZH2, BMI-1, OCT4) and e-h engraftment-related ones (MMP2,
MMP9, CXCR4, SDF-1). Statistical significance (*p < 0.05, **p < 0.01,
##¥p <0.001)

Although the pathogenesis of COPD is incompletely under-
stood, emphysema and small-airway disease are the main
pathological processes in the development of airflow ob-
struction. An emphysema model was prepared using elas-
tase and subject to UCB-MSCs injection. Those MSCs were
expanded on TCP or hFDM in both 10 and 2% serum con-
ditions. Once four experimental groups were executed with
MSCs administration intrapleurally, the results indicated
that all of the MSCs-treated groups exhibited an improve-
ment compared to the non-treated one (Ela) as assessed via
the MLI values (Fig. 9a—f). MLI is an index that semi-
quantitatively determines the alveolar size, where higher
MLI is a suggestive of reduced alveolar surface area. The
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Fig. 9 Therapeutic effect of UCB-MSCs injection via an emphysema (a
lung disease) animal model. The emphysema model was prepared using
elastase and subject to MSCs injection intrapleurally. Those MSCs were
expanded on TCP and hFDM in 10 and 2% serum condition, respectively.
Experimental groups are G1 (TCP/10% serum), G2 (TCP/2% serum), G3

() Ela Ela+G1 Ela+G2 Ela+G3 Ela+G4

(hFDM/10% serum) and G4 (hFDM/2% serum), along with a normal
group (—) and no MSCs treatment group (Ela). a—f Optical images of
lung tissues after H&E staining and g quantitative analysis of therapeutic
index (MLI). Scale bar = 1.0 mm. Statistical significance (*p <0.05,
*#p<0.01)
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histological images show that the normal group has many
small and compact alveolar that give a higher surface area
and present a much lower MLI, whereas the non-treated
group exhibits a large and loose alveolar structure. An early
study of Ueno et al. investigated the effect of oral adminis-
tration of alendronate on elastase-induced pulmonary em-
physema in mice and evaluated the therapeutic efficacy
using the MLI (Ueno et al. 2015). It is notable however that
quantitatively assessed, only the group of UCB-MSCs con-
ditioned on hFDM (2% serum) showed a statistically signif-
icant difference of the MLI compared to the no treatment
group (p <0.05) (Fig. 9g). A previous study suggested that
administration of bone marrow cells (BMCs) or MSCs ex-
hibited the therapeutic capability in improving cigarette
smoke-induced emphysema in rats (Huh et al. 2011). In
addition, Hong et al. evaluated the therapeutic effects of
pioglitazone-pretreated human adipose-derived mesenchy-
mal stem cells (ASCs) on the emphysema models in mice
(Hong et al. 2016). They concluded that pioglitazone-
pretreated ASCs resulted in a more potent therapeutic effect
than non-pretreated ASCs in the recovery of both elastase-
induced and smoke-induced emphysema models.

Conclusions

In this study, hFDM demonstrates its feasibility as a MSCs
expansion platform compared to TCP and FN-coated sub-
strate. UCB-MSCs exhibited not only highly improved cell
proliferation on hFDM under both lower and high serum con-
ditions but also showed better cell migration and differentia-
tion capability in vitro. In addition, when UCB-MSCs were
transferred to a 3D polymer mesh scaffold, MSCs conditioned
on the hFDM presented highly up-regulated gene expression
of stemness- and engraftment-related markers. Moreover,
UCB-MSCs injection via an emphysema (a lung disease) an-
imal model demonstrated that MSCs cultivated on hFDM in
2% serum condition resulted in more beneficial therapeutic
efficacy than those on TCP. Taken together, current works
strongly suggest that hFDM does hold ECM microenviron-
ments suitable for MSCs proliferation, migration and differ-
entiation when they were cultivated in a monolayer.
Therefore, hFDM can be a promising alternative to TCP as a
cell expansion platform.
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