1duosnuey Joyiny aduel|y yoseasay yiesH

1duosnuey Joyiny asuel||y yoreasay yiesH

« Y Health Research Alliance
l‘d Member Organization Author Manuscript
Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2024 July 23.

Published in final edited form as:
Mater Sci Eng C Mater Biol Appl. 2018 December 01; 93: 61-69. doi:10.1016/j.msec.2018.07.061.

Vascular extracellular matrix and fibroblasts-coculture directed
differentiation of human mesenchymal stem cells toward smooth
muscle-like cells for vascular tissue engineering

Na Li2¢P, Hanna Sanyour2P, Tyler Remund¢, Patrick Kelly¢d, Zhongkui Hong&P*
aDepartment of Biomedical Engineering, University of South Dakota, SD, United States of
America

bBioSNTR, Sioux Falls, SD, United States of America
¢Sanford Health, Sioux Falls, SD, United States of America

dSchool of Medicine, University of South Dakota, SD, United States of America

Abstract

Construction of an artificial vascular graft is widely considered a promising strategy in vascular
tissue engineering. However, limited sources of functional vascular smooth muscle cells (VSMCs)
remain a major obstacle in vascular tissue engineering. In this study, we innovatively developed
an approach to obtain functional VSMCs by onsite differentiating human bone marrow-derived
mesenchymal stem cells (MSCs) directed by decellularized extracellular matrix (ECM) and
fibroblasts. The resulting cells and ECM-cells constructs were characterized by real time RT-
PCR, immunofluorescence staining, cell contractile functions, and migration capacity. Our results
showed both ECM and fibroblasts induced MSCs differentiation toward VSMC-like cells with
increased transcription of marker genes, upregulated expression of contractile apparatus proteins,
and enhanced functional activity of VSMC phenotype. Interestingly, our findings revealed that
native ECM and fibroblasts-coculture had a higher potential to promote MSCs differentiation into
VSMCs than growth factors cocktail (GFC) supplemented culture, thereby providing a potential
source of VSMCs for blood vessel constitution.
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Introduction

Successful constitution of tissue-engineered blood vessels possessing natural structure and
functions of native arteries remains a daunting challenge in vascular tissue engineering,

in spite of many efforts have been made in this field [1,2]. Vascular cells and biological
scaffolds are two essential elements that constitute robust bioartificial vessels [3]. Although
various novel biomimetic materials were developed over the past decades [4], limited
availability of endothelial cells and smooth muscle cells for vessel constitution persists

as a bottleneck problem in vascular tissue engineering [5]. Many efforts have been made

on the procurement of endothelial cells [6-8], but the necessity of obtaining functional
vascular smooth muscle cells (VSMCs) is largely neglected [3]. Present in the media layer,
VSMC:s are critical to maintaining the structural and functional integrity of blood vessels by
providing physical support and regulating the blood flow and pressure by contracting and
relaxing in response to exogenous stimulus [9]. However, the access to autologous VSMCs
from biopsies is limited due to their difficulty in acquirement of pure populations, restricted
proliferation potentials and rapidly declining cell functions during /in vitro expansion [3,10].
Therefore, obtaining sufficient functional VSMCs is a prerequisite for developing vessel
substitutes in vascular tissue engineering.

To address the challenge in VSMCs source restrictions, smooth muscle-like cells
differentiated from embryonic stem cells (ESCs) [11,12], mesenchymal stem cells (MSCs)
[13-17], and induced pluripotent stem cells (IPS) [1,18] have gained great attention and
exhibited highly promising results. Maturation of VSMCs is a complicated process driven
by multiple chemical, physical, and biological cues. Currently, the differentiation of stem
cells toward VSMC:s is often guided by growth factor stimulation, such as transforming
growth factor-beta 1 (TGFB1), platelet-derived growth factor BB (PDGF-BB) and bone
morphogenetic protein-4 (BMP4) on 2D substrates [15,16] and/or 3D synthetic biomaterials
[2,10,19,20]. Nevertheless, chemical induction initiated by growth factors might cause
unspecialized differentiation [10] or undesirable cell apoptosis [3]. Natural decellularized
extracellular matrix (ECM) exhibited excellent biological properties and biocompatibility
[21,22], and has been applied in the reconstruction of different tissues, such as ligaments,
tendons, and abdominal wall with desired shape and mechanical properties of the tissues
from which they were derived [23,24]. More interestingly, cell-matrix and cell-cell
interactions have been recognized to play crucial roles in various biological events including
cell adhesion, proliferation, migration, and differentiation [25,26]. The microenvironment,
both ECM and a number of different types of stromal cells such as fibroblasts surrounding
VSMCs, provide many benefits for facilitating the differentiation of stem cells toward
VSMCs and their maturation during vessel formation [27].

In this study, we tested our hypothesis that microenvironmental signals (ECM or fibroblasts-
coculture) may have the capability to direct stem cell differentiation toward a matured
VSMC phenotype similar to the ability of soluble growth factors. We tested the effect

of natural decellularized blood vessel ECM scaffold, indirectly cocultured fibroblasts, and
growth factor cocktail (GFC) composed of TGF1, PDGF-BB and BMP4 on human bone
marrow-derived MSCs differentiation toward VSMCs. Human VSMCs were used as the
control VSMCs lineage. In addition, a 3D coculture model was developed to evaluate the
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combined effect of the three major factors mentioned above on differentiation of MSCs into
VSMCs.

2. Materials and methods

2.1. Preparation of decellularized ECM scaffolds

Fresh porcine carotid arteries (Fig. S1a) were kindly provided as gift by Alumend (Sioux
Falls, SD). After trimming excess connective tissues and fat, the carotid arteries were
washed completely with phosphate buffered saline (PBS), and then decellularized according
to the protocol described previously with minor modifications [28]. Briefly, carotid arteries
were incubated in 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS)
buffer (8 mM CHAPS, 1 M NaCl, and 25 mM EDTA) for 22 h, followed by brief washes
with PBS three times. Next, carotid vessels were treated for 24 h with sodium dodexy!l
sulfate (SDS) buffer composed of 1.8 mM SDS, 1 M NaCl, and 25 mM EDTA, followed by
complete washes with PBS ten times. After that, the carotid vessels were incubated with 0.2
mg/ml DNase and 1 mg/ml RNase in PBS for 16 h at 37 °C, and then washed thoroughly
with PBS ten times. Lastly, the decellularized ECM (Fig. S1b) were cut into small discs with
5 mm diameter (Fig. S1c) with tissue punch and stored at —80 °C. All decellularization steps
were performed with agitation and under sterile conditions. All reagents were purchased
from Sigma Aldrich (Sigma, St. Louis, MO).

2.2. Cell maintenance and differentiation

Human bone marrow-derived MSCs (P1—Ps5, ATCC, Manassas, VA) were maintained in
MSC culture medium (ATCC) supplemented with MSC growth kit (ATCC). Human VSMCs
(P1—P3, ATCC) were grown in VSMC culture medium (ATCC) supplemented with VSMC
growth kit (ATCC). Human fibroblasts (Pg—P1g, ATCC) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Invitrogen) containing 10% fetal bovine serum (FBS,
ATLANTA Biologicals, Lawrenceville, GA). All cells were subcultured at about 90%
confluency and the culture media was refreshed every 2 days.

To evaluate the effects of decellularized vessel ECM and fibroblasts on the differentiation
of MSCs into VSMCs, MSCs were cultured in different conditions as follows: (1) MSCs
maintained in complete MSC culture medium were defined as MSC group; (2) MSCs
were seeded in the upper side of 12-well Transwell (Cat. No. 3460, Corning) with a final
concentration of 3 x 104 cells/well, and 1 x 10° fibroblasts were seeded in the lower

side of Transwell. The indirect cocultures of MSCs and fibroblasts were conducted with
complete MSC culture medium in the apical compartment and fibroblast culture medium
in the basolateral compartment; (3) Decellularized vessel ECM scaffolds were immersed in
70% ethanol for 60 min and followed by washes with PBS 3 times, and then equilibrated
at 37 °C for another 48 h in complete MSC medium. The residual medium were removed
with sterile gauze before MSCs were seeded into adventitial surface of the scaffolds (6 x 10%
cells/scaffold) and grew in complete MSC medium; (4) MSCs cultured in complete MSC
medium supplemented with growth factor cocktail (GFC) composed of 10 ng/ml TGFB1,
25 ng/ml PDGF-BB, and 2.5 ng/ml BMP4 (all from Invitrogen) were defined as GFC
group; (5) MSCs cultured in the 3D system (Fig. S1d), which combined all three factors
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that examined in this work, 7.e., ECM, coculture with fibroblast, and GFC, were defined as
combined 3D coculture model group. Briefly, SMCs seeded in ECM scaffolds were placed
in the upper chamber of Transwell and cocultured with fibroblasts that were seeded in the
lower chamber. The cocultures were carried out with complete MSC medium containing
GFC in the apical compartment and fibroblasts medium in the basolateral compartment; (6)
VSMCs maintained in VSMC culture medium were set as positive control. All the cells
were maintained at 37 °C in a 5% CO, humidified incubator, and changed media every other
day.

2.3. Histological analysis and scanning electron microscopy (SEM) examination

Fresh carotid arteries, decellularized vessel ECM scaffolds, and the ECM-MSCs
reconstituted tissue prepared by seeding MSCs in the ECM scaffold and differentiated in

the combined 3D coculture models were fixed with 4% paraformaldehyde (Affymetrix,

CA) at 4 °C overnight, followed by washes with PBS three times. The paraffin-embedded
sections (5 um thickness) were prepared by Sanford Research (Sioux Falls, SD) and stained
with hematoxylin and eosin dyes (Sigma) or Masson’s trichrome dyes (Sigma). Images were
acquired using an inverted phase contrast microscopy (1X83, Olympus microscope).

The fresh carotid arteries, decellularized ECM scaffold, and the ECM-MSCs reconstituted
tissue in combined 3D coculture models were fixed with 2.5% glutaraldehyde (Sigma)
overnight at 4 °C, and dehydrated in a series of ethanol with increasing concentration (25%,
50%, 75%, 95% and 100%) before lyophilization. The dried samples were then mounted
onto stubs, sputtered with gold, and visualized with SEM (FEI Quanta 450).

2.4. Cell viability evaluation and F-actin staining

To assess the effect of ECM, fibroblasts, and GFC on MSCs viability, the ECM-MSCs
reconstituted tissue in combined 3D coculture model on day 1, 7, and 14 were stained with
calcein-AM/EthD-1 solution (Invitrogen) as described in previous publication [29]. Live
cells were stained green, whereas dead cells were stained red. The samples were observed
under confocal microscopy (1X83 FV1200, Olympus).

To evaluate the effect of ECM, fibroblasts, GFC, and the combined effect of all the three
factors on F-actin expression in MSCs, the cells harvested from each experimental condition
were visualized by phalloidin-FITC staining. Briefly, the samples were fixed with 4%
paraformaldehyde at 4 °C overnight, followed by staining with phalloidin-FITC and Hoechst
33342 (Abcam, Cambridge, MA) for F-actin and nucleus, respectively. The fluorescence
images were acquired using confocal microscopy.

2.5. Real-time RT-PCR analysis

To compare the transcript level of VSMC characteristic genes between different
experimental groups, total RNA was extracted using TRIzol reagent (Invitrogen) according
to the manufacturer’s instruction, and quantified by spectrophotometric analysis at 260 nm
wavelength. Thereafter, a portion of 200 ng RNA underwent reverse transcription in a 20 L
reaction mixture using High Capacity cDNA Reverse Transcript kit (Applied Biosystems,
Forster City, CA). Lastly, a fast Real-Time RT-PCR System (Applied Biosystems 7500)
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was employed to conduct real-time PCR with Tagman gene expression assays (Applied
Biosystems). The relative gene expression level for a-actin (Hs00426835), calponin
(Hs00206044), and smoothelin (Hs00199489) was normalized to p-actin (Hs01060665).
Each sample was performed in triplicate.

Immunofluorescence staining

Immunofluorescence staining was employed to further explore the difference of VSMC
marker protein expression levels between different experimental groups. The cells resulted
from six experimental groups described above were trypsinized and seeded in 24-well plate
(Thermo Fisher Scientific) with cover-slips (Thermo Fisher Scientific). After being cultured
overnight, the cells were fixed with 4% paraformaldehyde followed by permeabilization
with 0.5% Triton-X-100 solution (Sigma) for 20 min. Subsequently, the samples were
blocked with 1% bovine serum albumin (BSA, Sigma) for 20 min, and then incubated with
mouse anti-human antibodies (1: 50) including anti-a.-actin (Sigma), anti-calponin (Sigma),
anti-smoothelin (Abcam), anti-myosin heavy chain (MHC, Sigma), and anti-SM-22a
(Abcam) at 4 °C overnight. After being washed with PBS three times, the samples were
incubated with the FITC-conjugated goat anti-mouse 1gG (Invitrogen) at 37 °C for 2 h, and
then stained with Hoechst 33342 to label cell nuclei. The fluorescence images were acquired
with confocal microscopy.

Functional analysis

Firstly, cell contractility was evaluated by cell area decrease in response to vascular agonists
as previously described [1, 30]. The cells resulted from six experimental groups described
above were trypsinized and seeded in 24-well plate with a final concentration of 1 x 10*
cells/well. After being cultured overnight, the cells were washed with PBS twice followed
by stimulating with 50 mM KCI or 1 mM carbachol (Sigma) for 15 min. Images were
acquired using a phase contrast microscope (1X83, Olympus), and the decrease in cell area
was analyzed using Image J.

Secondly, cell migratory activity toward PDGF-BB gradient, a smooth muscle cell
chemoattractant, was measured using 24-well Transwell plate with 8 pm pore size filters
(Cat. No. 3464, Corning). The cells from six experimental groups described above were
trypsinized and loaded in the upper chamber with a final concentration of 2.5 x 10% cells/
well. Meanwhile, 10 ng/ml PDGF-BB (Invitrogen) in serum-free medium was added in
the lower chamber. After incubation at 37 °C for 6 h, migrated cells were fixed with 4%
paraformaldehyde followed by staining with Hoechst 33342, and then counted manually in
ten random fields per sample.

Lastly, a collagen gel contraction assay was carried out using 2 mg/ml rat tail type | collagen
solution (COL1, Corning). Briefly, the cells resulted from six experimental groups described
above were harvested and embedded in neutral collagen solution at the density of 1.5 x 10°
cells/ml. 100 ul COL1-cells suspension were added in a 12-well plate (Corning) and allowed
for polymerization for 1.5 h at 37 °C. The collagen gels were then dissociated with a spatula
and allowed to contract for 24 h. Images were taken using Olympus microscope (DP22), and
the areas of contracted gels were measured by Image J.
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2.8. Statistical analysis

All reported values were averaged (7= 3 except for specific experiments where indications
are provided) and expressed as mean + standard deviation (SD). Statistical differences were
analyzed with two-sample £test assuming equal variances, and the value of £< 0.05 was
considered statistically significant.

3. Results

3.1. Characterization of decellularized carotid scaffolds

To determine the decellularization efficiency, histological analysis of both native carotid
and decellularized ECM scaffolds were performed and the results were shown in Fig.

S2. HE staining clearly showed the complete removal of cellular and nucleic components
in the decellularized ECM (Fig. S2b) compared to native carotid (Fig. S2a). In addition,
the decellularized vessel ECM appeared to be a loose and multilayered structure. A
similar observation was made using Masson’s trichrome staining (Fig. S2c and 2d), which
also provided evidence for the well-preserved ECM structures predominantly composed
of collagen fibers in the arterial walls after decellularization (Fig.S2d). Moreover, SEM
observation for the adventitial surface of the carotids was performed for both native and
decellularized samples. The adventitia of the decellularized scaffold (Fig. S2f) exhibited

a significantly rougher surface than that of native carotid arteries (Fig. S2e). To further
test the efficiency of the decellularization process, residual DNA content was analyzed
quantitatively for decellularized ECM scaffolds and native carotid arteries. Acellular ECM
scaffolds showed an average residual DNA of 0.18 + 0.05 mg/scaffold (5 mm diameter),
which was significantly lower than 6.17 = 0.30 mg/scaffold that contained in native artery
(Fig. S2 g). The significantly reduced remaining DNA content in the decellularized scaffolds
was consistent with the histological staining observations.

3.2. Cell viability and morphology assessment for the multi factors-combined 3D
coculture model

To identify whether the microenvironment provided by ECM, fibroblasts and GFC is
favorable for MSCs growth and differentiation, the cell viability of the combined 3D
coculture model was evaluated by live-dead staining after different culture periods. MSCs
seeded in the combined 3D model not only exhibited high viability after 1 day (Fig. 1a),
but also kept their high viability through 1 week (Fig. 1b) and even for 2 weeks (Fig.

1c), suggesting the microenvironment provided by the combined 3D coculture model which
incorporated decellularized ECM, stromal cells and GFC facilitated cell attachment and
growth. Furthermore, the adventitial surface of acellular scaffolds recellularized with MSCs
was visualized by SEM. After 1 day of cultivation, a loose and discontinuous cell layer was
formed on the rough surface of decellularized ECM where some gaps between ECM fibers
can be observed (Fig. 1d). After 1 week, the adventitia became denser and smoother (Fig.
1e), and after 2 weeks, the entire surface of the scaffold was homogenously covered by cells
and the matrix proteins newly secreted by the cells (Fig. 1f). Simultaneously, HE staining
was applied to study the detailed growth profile of MSCs on the ECM scaffold in the
combined 3D coculture model. The results showed the growth depth into the decellularized
ECM scaffolds increased progressively as a function of culture time (Fig. 1g, h, i). All these

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2024 July 23.



1duasnuely Joyiny aduel|ly yoseasay yiesH

1duosnuey Joyiny aduel|ly yosessay yiesH

Lietal.

Page 7

findings supported the fact that decellularized ECM, stromal cells and GFC are favorable
for MSCs growth and proliferation. Additionally, F-actin of cells in the combined 3D
coculture model were labeled with phalloidin to visualize the morphological characteristics
of MSC-derived VSMC like cells. There was almost no stress fiber in the cell on day 1

(Fig. 1j), indicating weak F-actin expression, but lots of stress fibers were clearly visible on
day 7 (Fig. 1k), and further increased after 2 weeks of cultivation (Fig. 11), suggesting the
combined 3D coculture microenvironment model facilitates the differentiation of MSCs into
VSMCs.

Furthermore, to compare the separate effect of ECM, fibroblasts, and GFC on F-actin
expression, each group of cells was stained by phalloidin, respectively. Consistent with
what was observed in combined 3D coculture model staining (Fig. 1k and I), cells from
combined 3D coculture model displayed a high F-actin fluorescence intensity (Fig. 2j)
similar to native VSMCs (Fig. 21). More interestingly, similar to the GFC group, cells from
both ECM and fibroblast groups (Fig. 2d—2h) demonstrated a higher F-actin fluorescence
intensity than MSCs (Fig. 2b), while cells from all six experimental groups appeared to have
a spindle-like morphology under phase contrast microscopy (Fig. 2a, c, e, g, i and k). Taken
together, both decellularized ECM and fibroblasts have a strong capability for facilitating
the differentiation of MSCs toward VSMCs similar to the GFC, which is regularly used as
MSCs differentiation inducer.

3.3. Gene and protein expression of VSMC-specific markers in MSCs-derived VSMCs

To further test the potential roles played by ECM and fibroblasts in MSCs differentiation
into VSMCs, gene and protein expression levels of various VSMCs-specific marker proteins
were examined on cells harvested from the six experimental groups on day 14 using both
real time RT-PCR and immunostaining, respectively. As shown in Fig. 3, each marker

gene, including a-actin, calponin, and smoothelin was significantly upregulated in each
experimental group compared to negative control (MSCs). Strikingly, the transcript level

of a-actin in each experimental group was even higher than positive control (VSMCs).
Moreover, the expression levels of calponin and smoothelin in combined 3D model
exhibited a synergistic effect of ECM, fibroblasts, and GFC. Subsequently, five VSMC-
specific contractile proteins (a-actin, calponin, smoothelin, MHC, and SM-22a.) were
immunofluorescence-stained for cells harvested from six experimental groups on day 14,
respectively, and the representative confocal images were presented in Fig. 4. In consistence
with the mRNA expression level assayed by real time RT-PCR, the cells from all four
differentiation experimental groups exhibited relative high fluorescence intensity for each
VSMCs-specific marker protein compared to negative control (MSCs), and surprisingly, the
influence exerted by fibroblasts and ECM appeared to be more evident than that of GFC.
Specifically, the expressions of all marker proteins in cells from both fibroblast-coculture
and ECM groups were at similar level to native VSMCs. These results provided robust
evidence for the hypothesis that decellularized ECM matrix and fibroblasts play a regulatory
role in MSCs differentiation toward VSMCs.
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3.4. Functional evaluation of the MSCs-derived VSMCs-like cells

To evaluate the inductive effect of ECM, fibroblasts and GFC on the differentiation of

MSC:s into functional VSMCs, two VSMCs-specific functions including cell contraction and
migration were tested for the six groups of cells. As shown in Fig. S3 and Fig. S4, at least
50% of cells in each group appeared to contract in response to vasoconstrictors KCI and
carbachol. Negative control MSCs reduced cell area by 16.64% + 2.76% or 16.60% + 2.37%
in response to the stimulations with KCI or carbachol (Fig. 5a and b). In contrast, exposure
to these agonists induced a significant decrease in cell area for all other groups of cells (P<
0.05), except GFC group in response to carbachol (P> 0.05).

As presented in Fig. 5¢ and Fig. S5, VSMC-like cells harvested from the combined

3D coculture model exhibited the highest migratory capacity (3.72 times higher than
MSCs migration) toward PDGF-BB gradient, even higher than positive control (VSMCs).
Compared to MSCs, the cells from ECM group, fibroblast coculture group and GFC
group also demonstrated significantly higher migration activity (£ < 0.001), indicating the
inductive capacity of ECM and fibroblasts are comparable to that of GFC.

Cells-populated collagen lattice contraction assay was performed to further assess the
contractibility of MSC-derived VSMCs. All groups of cells, including MSCs, are able

to induce obvious contraction of the collagen lattice (Fig. 6a). However, the four groups

of differentiated cells and native VSMCs exhibited higher extent of collagen lattices
contraction compared to MSCs (Fig. 6b). It is worth noting that the cells cocultured with
fibroblasts reduced the gel size by > 80%, similar to natural VSMCs. These functional
testing results suggested that decellularized vessel ECM and fibroblasts are able to direct
the differentiation of MSCs into functional VSMCs, which was supported by the high
expression of VSMCs marker genes and proteins found in the cells harvested from the ECM
and fibroblast coculture groups (Fig. 3 and Fig. 4).

4. Discussion

The limited source of VSMC:s is one of the biggest obstacles to the development of artificial
vessel grafts in vascular tissue engineering [5]. To address this challenge, establishing a
new strategy for obtaining functional VSMCs is critical to blood vessels constitution. In this
study, we assessed the effect of decellularized ECM and fibroblasts-coculture, GFC, and
their combination on the MSCs differentiation toward VSMCs, an alternative approach to
obtaining vascular cells. It is well documented that a combination of multiple growth factors
exerted synergistic effect on the stem cell differentiation [10,20], therefore, in this study, a
GFC of TGFB1, PDGF-BB, and BMP4 were chosen as control experiment for inducing the
differentiation of MSCs into VSMC-like cells. Our results indicated that both natural ECM
and fibroblasts-coculture were able to stimulate the differentiation of MSCs toward VSMCs
phenotype by upregulating the expression of VSMCs-specific markers (a-actin, calponin,
smoothelin, SM-22a,, and MHC) and enhanced contractile functions. This study advanced
our knowledge of how the microenvironmental factors provided by decellularized ECM or
fibroblasts-coculture contribute to vascular tissue formation.
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Natural ECM scaffolds are widely used to support cell adhesion, invasion, and migration
in tissue engineering and regenerative medicine [24,31]. Collagen and fibronectin are

the predominant components of vascular ECM [2,32], major ligand proteins for cell
adhesion and growth. In addition to providing a suitable substrate for cell attachment

in the vessel wall, a plethora of chemical signals existing in the ECM favor initiating
cellular differentiation [33,34]. Our findings coincide with a recent report [35], where Shi
et al. elucidated that cell culture substrates could dominate cell function and differentiation
capacity. A positive correlation between growth factor activation and substrate stiffness
might provide a reasonable explanation for the regulatory mechanism [17,36,37], by which
vascular ECM directs MSCs differentiation toward VSMCs.

Cell-cell interaction is another modulatory process leading to vascular formation, which is
distinct from cell-matrix interaction [33]. Endothelial cells in the tunica intima, VSMCs in
the media, and fibroblasts in the adventitia are three main cell types present in the blood
vessel wall [1]. Liu et al. revealed that endothelial cells could facilitate the proliferation

and differentiation of VSMCs through an indirect coculture system [38]. However, the
crosstalk between VSMCs and fibroblasts remains unclear. In this study, therefore, we
hypothesized that indirect fibroblasts-coculture might be able to provide a positive effect on
the differentiation of MSCs into VSMCs. Our results demonstrated that fibroblasts-coculture
system successfully guided the MSCs differentiation toward VSMCs, and interestingly,

its inductive capability was even stronger than GFC, demonstrated by higher expression

of myogenic markers (Fig. 4) and enhanced contractile activity (Fig. 5 and Fig. 6). This
finding is similar to a recent report that showed rat MSCs could differentiate into smooth
muscle-like cells when cocultured with myofibroblasts to simulate vascular injury [38].
These observations may be attributed to cell-cell interactions elicited through paracrine
factors released by fibroblasts [39], but the detailed underlying mechanism still needs

to be further investigated. Lee et al. also reported that baboon smooth muscle cells
cocultured with fibroblasts on the adventitial surface of the tubular constructs might increase
collagen production and ECM organization, thereby augmenting mechanical properties of
the constructed grafts [40]. Taken together, these findings did not only underscore the
importance of adventitial fibroblasts on the domination of MSC fate, but also implicated the
necessity of incorporating fibroblasts into engineered vascular tissues.

5. Conclusions

Our results demonstrated the strong capacity of native vascular ECM and adventitia
fibroblasts-coculture in facilitating the differentiation of MSCs toward VSMC-like cells.
The combined 3D coculture system provides an alternative approach to constructing
artificial vessel graft for vascular tissue engineering and regeneration by integrating on-site
differentiated functional VSMC-like cells into decellularized swine vascular scaffolds.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Viability and morphological characteristics of the cells in a combined 3D coculture model.

Live-dead staining for MSCs seeded in decellularized ECM scaffold, on (a) day 1, (b) day
7 and (c) day 14. SEM images showed the representative morphology of adventitial surface
of the vessel ECM scaffold post MSCs-seeding, on (d) day 1, (e) day 7 and (f) day 14. HE
staining for vessel ECM scaffold post MSCs-seeding, on (g) day 1, (h) day 7 and (i) day

14 showed progressive cell migration into the decellularized ECM scaffold. F-actin staining
using phalloidin for MSCs seeded on the adventitial side of ECM scaffold, on (j) day 1, (k)
day 7 and (I) day 14 showed increasing fluorescence intensity of actin stress fibers in cells
cultured on the ECM scaffold.
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Fig. 2.
Respective and combinational effects of ECM, fibroblasts and growth factors cocktail (GFC)

on the morphology of MSCs. (a) Phase contrast and (b) confocal microscopy images of
primary MSCs. (c) Phase contrast and (d) confocal microscopy images of MSCs after
14-day indirect cocultured with fibroblasts. (e) Phase contrast and (f) confocal microscopy
images of MSCs after 14-day cultured with GFC. (g) Phase contrast and (h) confocal
microscopy images of MSCs after 14-day cultured on the decellularized ECM scaffold. (i)
Phase contrast and (j) confocal microscopy images of MSCs after 14-day cultured in the
combined 3D coculture model. (k) Phase contrast and (I) confocal microscopy images of
VSMCs. Similar to GFC, both decellularized ECM scaffold and indirect coculturing with
fibroblasts have the capability to induce the differentiation of MSCs toward VSMCs.
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Fig. 3.

Real time RT-PCR analysis for the expression of VSMCs marker genes in MSCs under
different culture conditions for 14 days. (a) Relative mMRNA expression of a-actin. (b)
Relative mRNA expression of calponin. (c) Relative mMRNA expression of smoothelin.
Similar to GFC, both decellularized ECM scaffold and indirect fibroblasts-coculture
significantly upregulated the expression of VSMC-specific marker genes. Data are expressed
as mean + SD (n=3). **P<0.01, ***P<0.001.
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Fig. 4.
Immunofluorescence staining for VSMC-specific proteins including a-actin, calponin,

smoothelin, myosin heavy chain (MHC), and smooth muscle protein 22a (SM-22a)) in
MSCs under different culture conditions for 14 days. Cell nuclei were counterstained with
Hoechst 33342. Compared to MSCs, the fluorescence intensity (expression) of marker
proteins in the differentiated cells induced by ECM scaffold, fibroblasts-coculture, GFC, or
combined 3D coculture model were significantly increased. Fibroblasts and ECM appeared
to be stronger regulators than GFC on the expression of a-actin, calponin, smoothelin, and
MHC. In addition, the cells under ECM and combined 3D coculture condition demonstrated
much higher fluorescence intensity for SM-22a. than other experimental groups. The images
represent at least three independent experiments.
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Functional analysis of VSMCs-like cells derived from MSCs under different experimental
conditions. (a) Percentage area decrease for each cell population under stimulation with KCI
(n=10). (b) Percentage area decrease for each cell group under stimulation with carbachol
(n=10). (c) Relative cell migration rate toward PDGF-BB gradient for each cell group.

All cell populations differentiated under four different conditions exhibited much stronger
VSMC-specific functions than primary MSCs, indicating the potential capability of ECM
and fibroblasts in promoting the differentiation of MSCs toward normal functional VSMCs.
Data are expressed as mean + SD (7= 3). ns P> 0.05, *£< 0.05, **P< 0.01, ***P< 0.001.
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Fig. 6.
Contraction of collagen lattice by resident VSMCs-like cells derived from MSCs under

different experimental conditions. (a) Representative images showing the contraction of
collagen gel by resident six different groups of cells. (b) Quantification of collagen lattice
contraction by different resident cell groups after 24 h. The collagen lattices populated by
the cells differentiated under all four conditions exhibited higher contractility compared
to the MSCs. Especially, the cells after coculture with fibroblasts showed the highest
contractility similar to natural VSMCs. Data are expressed as mean + SD (n= 3). **P
<0.01, ***P<0.001.
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