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Abstract

Although a significant number of studies on vascular tissue engineering have been reported, the
current availability of vessel substitutes in the clinic remains limited mainly due to the mismatch
of their mechanical properties and biological functions with native vessels. In this study, a novel
approach to fabricating a vessel graft for vascular tissue engineering was developed by promoting
differentiation of human bone marrow mesenchymal stem cells (MSCs) into endothelial cells
(ECs) and vascular smooth muscle cells (VSMCs) on a native vascular extracellular matrix (ECM)
scaffold in a rotary bioreactor. The expression levels of CD31 and vVWF, and the LDL uptake
capacity as well as the angiogenesis capability of the EC-like cells in the dynamic culture

system were significantly enhanced compared to the static system. In addition, a-actin and
smoothelin expression, and contractility of VSMC-like cells harvested from the dynamic model
were much higher than those in a static culture system. The combination of on-site differentiation
of stem cells towards vascular cells in the natural vessel ECM scaffold and maturation of the
resulting vessel construct in a dynamic cell culture environment provides a promising approach to
fabricating a clinically applicable vessel graft with similar mechanical properties and physiological
functions to those of native blood vessels.

Introduction

Small-diameter vascular grafts are considered to be promising for the treatment of late
stage vascular diseases, one of the largest causes of morbidity and mortality worldwide. 1~
3 However, current blood vessel substitutes are susceptible to failure mainly due to the
mismatch of mechanical properties and biological functions with native vessels, and the
rapid occlusion after implantation.*® Fabrication of vascular conduits with replicated
mechanical properties and biological functions of native blood vessels remains a great
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challenge.® Native blood vessels are composed of a single layer of endothelial cells (ECs)
on the luminal surface and multiple layers of vascular smooth muscle cells (VSMCs)
embedded in a fibrous extracellular matrix (ECM) of the blood vessel wall.” Functional
VSMCs and ECs, and a vessel scaffold that can replicate the mechanical properties and
biocompatibility of the native blood vessel wall are the three major elements of tissue-
engineered blood vessels (TEBVs). Compared to synthetic scaffolds that can provide
desirable mechanical support to accommodate vascular cells and maintain durability /n
vivo,8 native decellularized ECM provides not only excellent mechanical strength and
biocompatibility, but also beneficial bioactive components for cell growth and stem cell
differentiation in tissue engineering and regenerative medicine.8-11

Limited proliferation capacity and rapid cell function attenuation during /7 vitro expansion
of primary vascular cells have motivated the development of new approaches in which stem
cells are induced to differentiate into ECs and VSMCs for vascular tissue engineering.12-
16 However, the differentiation of stem cells into vascular cells was usually promoted by
chemical stimuli in a planar culture system under static conditions,17:18 and the obtained
cells have to be trypsinized and reseeded into the tubular scaffolds to constitute vessel
grafts,814 which potentially impairs the phenotype and function of resulting cells. In
addition, VSMCs lying in the media of blood vessel wall can withstand tensile stress as
the vessel dilates in response to the pulsatile pressure exerted by the cardiac cycle, while
ECs lining the lumen of the vessels experience shear stress caused by blood flow.19 These
mechanical forces play a substantial role in the commitment of vascular cell functions

and maintenance of vascular homeostasis.1® However, the impact of these mechanical cues
on stem cell differentiation towards EC or VSMC phenotypes is not fully understood,
despite the fact that some evidence suggested that substrate stiffness was able to alter the
differentiation of stem cells towards VSMCs and ECs,20-23

In this context, this study aims to compare the differentiation efficiency of human bone
marrow derived mesenchymal stem cells (MSCs) towards ECs and VSMCs on a native
vessel ECM scaffold in a static culture system and in a dynamic cell culture system (rotary
bioreactor). The mRNA and protein expression levels of the markers of ECs and VSMCs

as well as EC- and VSMC-specific functions were compared for the two culture systems,
where human aortic ECs and VSMCs were used as positive controls, respectively. In this
study, we hypothesize that the soluble growth factor directed differentiation of human MSCs
towards VSMCs and ECs would be enhanced by the bioactive components of the native
arterial ECM and the mechanical stress generated in a rotary bioreactor.

Materials and methods

Preparation of decellularized ECM scaffolds and DNA quantification analysis

The decellularized pig carotid artery scaffolds (Fig. 1A) were prepared according to

the procedures described in our previous studies.1! Briefly, carotid arteries were treated
with 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) buffer (8 mM
CHAPS, 1 M NaCl and 25 mM EDTA) for 22 h, followed by three brief washes with PBS.
Next, carotid vessels were incubated with sodium dodecy! sulfate (SDS) buffer composed of
1.8 mM SDS, 1 M NaCl, and 25 mM EDTA for 24 h, followed by ten complete washes with

J Mater Chem B. Author manuscript; available in PMC 2024 August 05.



1duasnuely Joyiny aduel|ly yoseasay yiesH

1duosnuey Joyiny aduel|ly yosessay yiesH

Lietal.

Page 3

PBS. Lastly, the carotid vessels were treated with 0.2 mg ml~! DNase and 1 mg mI~ RNase
in PBS for 16 h at 37 °C, and then washed thoroughly with PBS ten times. All reagents were
bought from Sigma Aldrich (Sigma, St. Louis, MO).

The decellularization efficiency was determined by DNA quantification analysis as
described in our previous study.24 Briefly, the DNA content of fresh carotid arteries

and decellularized vessel ECM scaffolds was measured using PicoGreen DNA assay
following the protocol provided by the manufacturer (Invitrogen, Carlsbad, CA, USA). The
fluorescence intensity for each sample was read at an excitation wavelength of 480 nm and
an emission wavelength of 530 nm using a microplate reader (Infinite M200, Tecan, USA).

On-site differentiation of MSCs on decellularized vascular ECM scaffold in a rotary

bioreactor

Human bone marrow-derived MSCs (P1—Ps) were cultured in MSC culture medium
supplemented with MSC growth kit. Human aortic SMCs (P1—P3) were grown in vascular
cell basal medium supplemented with VSMC growth kit. Human aortic ECs (P1—P3) were
cultured in vascular cell basal medium supplemented with EC growth kit. The three types of
cells were subcultured when they reached approximately 90% confluence and the medium
was refreshed every other day. All cell lines, culture media, and growth kits were purchased
from ATCC (Manassas, VA, USA).

To evaluate the combined effects of a dynamic cell culture environment and the
decellularized ECM scaffold on the differentiation of MSCs towards ECs, MSCs were
grown under different culture conditions as follows: (1) MSCs cultured in complete MSC
medium were defined as the MSC group; (2) MSCs seeded into the intimal surface of
decellularized vessel ECM scaffolds (1 x 10° cells per scaffold) and cultivated in complete
EC medium supplemented with 50 ng mI~1 vascular endothelial growth factor (VEGF,
Invitrogen, Carlsbad, CA, USA) were defined as the static group; (3) the cells harvested
from the vessel ECM scaffold in an ex vivoblood vessel bioreactor system (Synthecon,
Houston, TX) were defined as the dynamic group, as schematically shown in Fig. 1.25 A
laminar perfusion system throughout the whole circuit driven by a digital peristaltic pump
not only exerted longitudinal shear stress on the cells seeded on the luminal side of the
vessel scaffold, but also provided circumferential tensile stress for the cells grown on the
adventitial side of the vessel scaffold. The decellularized pig carotid artery scaffold was
mounted onto the insert of the bioreactor under sterile conditions (Fig. 1B). A circuit was
constructed after placing the insert back into the bioreactor (Fig. 1C). Thereafter, 1 x 10°
MSCs in 2 ml of EC medium supplemented with 50 ng mI~1 VEGF were injected into the
lumen of the vessel scaffold from the port at the end of the rotary cylinder, and the rotary
cylinder was rotated 90° every 30 min for 4 h to promote cell attachment to the vessel ECM
scaffold. Finally, the perfusion through the whole circuit was started at a low flow rate of 0.5
ml min~1 for the first 24 h, and then increased to 1.5 ml min~1 for the next two weeks; (4)
ECs cultured in complete EC medium were used as a positive control.

The differentiation of MSCs towards VSMCs in the bioreactor was conducted following a
similar strategy to that used for the MSC-EC differentiation. (1) MSCs cultured in complete
MSC medium were defined as the MSC group; (2) MSCs seeded onto the adventitial
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surface of decellularized vessel ECM scaffolds (1 x 106 cells per scaffold) and maintained
in complete MSC medium supplemented with 10 ng mI~1 transforming growth factor-beta
1 (TGFp1, Invitrogen, Carlsbad, CA, USA) were defined as the static group; (3) 1 x

108 MSCs were seeded manually onto the adventitial side of the vessel scaffold that was
mounted on the insert of the bioreactor, and then the insert was placed back into the
bioreactor and cultured overnight. Lastly, the perfusion was started at a lower flow rate of
0.5 ml min~1 for the first 24 h followed by 1.5 ml min~1 for the remainder two week culture
period. The cells harvested from the ECM scaffold cultured in the rotary bioreactor system
were defined as the dynamic group; and (4) VSMCs cultured in complete VSMC medium
were used as a positive control. All the cells were incubated at 37 °C in a 5% CO, and
95% humidity environment, and fed every other day. After a two-week incubation in the
rotary bioreactor, the engineered blood vessel was harvested for the vascular cell functional
characterization (Fig. 1D).

Mechanical force analysis for the bioreactor

The 2.5 cm long vessel scaffold (2.5 mm in diameter) in the bioreactor experiences forces
derived from the pressure of the flowing media, the rotation of the scaffold, and the shear
stress caused by the flowing media. The fluid velocity is calculated from the flow rate using

eqgn (1):
vy=Q0/A

@

where Q is the volumetric flow rate and A is the cross-sectional area. The fluid pressure is
given by egn (2):

1
P= ipU{z

@

where  is the density of the media, in this case assumed to be water at 1000 kg m™3.
Pressure within the vessel was calculated to be 1.25 x 1072 Pa. Multiplying by the surface

area of the vessel yields a force of 2.45 uN. The rotational stress is given by eqgn (3):
2.2

o= wpr

©)

where w is the angular velocity, p is the density of the tissue taken to be that of the muscle at
1059 kg m3,26 and r is the radius. Multiplying by the surface area gives the force over the
whole scaffold at 3.39 uN. In the scaffold, the shear stress is given by eqgn (4):

1%
T=Hy

©
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where 4 is the viscosity assumed to be that of water at 1073 Pas, v is the fluid velocity,
and A is the diameter of the scaffold. Multiplying the shear stress by the surface area of the
scaffold yields a force of 0.39 pN.

Cell viability evaluation, histological analysis, and scanning electron microscopy
examination

Cell viability evaluation.—To assess the effect of the dynamic culture system on MSC
viability, the cells grown on decellularized ECM for two weeks were stained with calcein-
AM/EthD-1 solution (Invitrogen, Carlsbad, CA, USA), as reported previously.2* Live cells
were stained green because ubiquitous intracellular esterase activity is able to digest non-
fluorescent calcein-AM into green fluorescent calcein, whereas dead cells were stained red
since EthD-1 can pass through damaged membranes and emit red fluorescence upon binding
to nucleic acids. The samples were observed under a confocal microscope (1X83 F\VV1200,
Olympus Life Science, Center Valley, PA, USA).

Histological analysis.—Fresh carotid arteries, decellularized vessel ECM scaffolds, and
the cell-ECM constructs after a 14-day cultivation under mechanical stimulation in the
rotary bioreactor were fixed with 4% paraformaldehyde (Affymetrix, Santa Clara, CA, USA)
at 4 °C overnight, and washed three times with PBS. The paraffin-embedded sections (5 um
thickness) were prepared for staining with hematoxylin and eosin dyes (Sigma, St. Louis,
MO, USA) or Masson’s trichrome dyes (Sigma, St. Louis, MO, USA), respectively. Images
were acquired using a phase contrast microscope (1X83, Olympus Life Science, Center
Valley, PA, USA).

Scanning electron microscopy observation.—After 14-day cultivation under
mechanical stimulation in the bioreactor, the cell-ECM constructs were fixed with 2.5%
glutaraldehyde (Sigma, St. Louis, MO, USA) overnight at 4 °C, and dehydrated in a series
of graded ethanol (25%, 50%, 75%, 95% and 100%) before lyophilization. The freeze-dried
samples were then mounted onto stubs, sputtered with platinum, and observed with a
scanning electron microscope (SEM, FEI Quanta 450, Beaverton, OR, USA).

Gene expression by real-time RT-PCR analysis.—To compare the mRNA expression
levels of marker genes of ECs or VSMCs between different groups, total RNA was extracted
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
protocol, and quantified by spectrophotometric analysis at 260 nm. 200 ng of RNA for each
group was used for reverse transcription with a high capacity cDNA reverse transcription

kit (Applied Biosystems, Forster City, CA, USA). Lastly, real-time PCR was performed
with TagMan gene expression assays (Applied Biosystems, Forster City, CA, USA) on a
fast real-time PCR instrument (7500 Fast Real-Time PCR system, Applied Biosystems).
The relative mRNA expression levels for CD31 (Hs01065279), von Willebrand factor (VWF,
Hs01109446), fetal liver kinase-1 (flk-1, Hs00911700), a-actin (Hs00426835), calponin
(Hs00206044), and smoothelin (Hs00199489) were estimated and normalized to p-actin
(Hs01060665). Each sample was tested in triplicate.
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Evaluation of protein expression with immunofluorescence staining

The difference in EC or VSMC specific protein expression level between different groups
was determined by immunostaining. The samples from each experimental group were

fixed in 4% paraformaldehyde at 4 °C overnight. The fixed vessel scaffolds seeded with
cells in the static group and dynamic group were embedded in paraffin and sectioned

at 5 um thickness. After sequential antigen retrieval treatment with 10 mM sodium

citrate solution (Invitrogen, Carlsbad, CA, USA), permeabilization with 0.5% Triton-X-100
solution (Sigma, St. Louis, MO, USA) and blocking with 1% bovine serum albumin (Sigma,
St. Louis, MO, USA), the sections were stained with the following mouse anti-human
antibodies (1 : 50): anti-CD31, anti-vWF, anti-flk-1, anti-smoothelin, anti-a-actin, and anti-
calponin at 4 °C overnight. After complete rinsing with PBS, the samples were incubated
with FITC-conjugated goat anti-mouse IgG (Invitrogen, Carlsbad, CA, USA) at 37 °C for 2
h, followed by staining with Hoechst 33342. The samples were observed under a confocal
microscope. Except for the antibodies anti-p-actin and anti-calponin that were purchased
from Sigma (St. Louis, MO, USA), all other antibodies used in this experiment were
purchased from Abcam (Cambridge, MA, USA).

EC-specific functional analysis

Acetylated low-density lipoprotein uptake assay was employed to perform the endothelial
cell-specific functional analyses for the cells harvested from all four experimental groups.
Briefly, the harvested cells from different groups were incubated with 10 ug mi=2 Dil-
labeled acetylated low-density lipoprotein (Dil Ac-LDL, Invitrogen, Carlsbad, CA, USA) in
serum-free medium at 37 °C for 4 h, followed by fixing with 4% paraformaldehyde. After
that, the samples were stained with Hoechst 33342 to counterstain nuclei, and Dil Ac-LDL
uptake was assessed quantitatively by using confocal microscopy.

Angiogenesis assay was carried out using Matrigel solution (Corning) at 5 mg ml=%. A
96-well plate was loaded with 50 pl of Matrigel in each well, and then incubated at 37

°C for 30 min before polymerization. The cells from different groups were harvested with
trypsin and seeded on the Matrigel surface (8 x 108 cells per well). After 24 h of culture,
five randomly selected fields for each sample were photographed using a phase contrast
microscope. The number of junctions and segments as well as total segment length within
each image was analyzed using Image J.

VSMC-specific functional analysis

Cell contractile capacity in different groups was evaluated by cell area reduction in response
to vasoactive agonists, as described in our previous study.1! The cells from different groups
were trypsinized and seeded in a 24-well plate with a final concentration of 1 x 10* cells
per well. After overnight-culture, the cells were stimulated with 50 MM KCIl or 1 mM
carbachol (Sigma, St. Louis, MO, USA) for 15 min. Images were acquired using a phase
contrast microscope (1X83, Olympus Life Science, Center Valley, PA, USA), and the cell
area reduction was analyzed with Image J.

A collagen gel contraction experiment was performed using rat tail collagen I solution
(Corning, New York, USA) at 2 mg mlI~L. Briefly, the cells from different groups were

J Mater Chem B. Author manuscript; available in PMC 2024 August 05.



1duasnuely Joyiny aduel|ly yoseasay yiesH

1duosnuey Joyiny aduel|ly yosessay yiesH

Lietal.

Page 7

trypsinized and mixed in a neutral collagen solution at 1.5 x 10° cells per ml cell density.
Portions of 100 ul were added into a 12-well plate (Corning, New York, USA) and allowed
to gelate for 1.5 h at 37 °C. After that, the collagen gels were detached with a spatula

and allowed to contract for 24 h or 48 h. Images were captured using a stereo microscope
(SZX10, Olympus Life Science, Center Valley, PA, USA) with a digital camera (DP22,
Olympus Life Science, Center Valley, PA, USA), and the areas of contracted gels were
calculated using Image J.

Statistical analysis

Results

All data were expressed as mean = standard error of mean (SEM). Statistical analysis was
performed by a two-sample ¢test assuming equal variances, and £ < 0.05 was considered
statistically significant.

Characterization of decellularized vessel scaffolds

To determine the decellularization efficiency, hematoxylin and eosin (H&E) staining of both
native carotid and decellularized ECM scaffolds was performed and the results (Fig. S1,
ESIT) clearly showed that cellular and nucleic components were completely removed in the
decellularized ECM (Fig. S1C and S1D, ESIT) compared to the native carotid (Fig. SIA
and S1B, ESIt). Furthermore, decellularized ECM scaffolds showed an average residual
DNA of 0.018 + 0.005 pg mg~1, which was significantly lower than 0.213 + 0.026 ug mg~t
contained in the native carotid (Fig. S1E, ESIT). The significantly decreased residual DNA
content in the decellularized scaffolds supported the histological staining observations.

Cell viability and morphology of EC-like cells grown on the luminal side of the
decellularized ECM scaffold in the bioreactor

Cell viability and morphological characteristics of the EC-like cells grown on the luminal
side were examined to evaluate the effect of the dynamic microenvironment provided by
both the ECM and bioreactor on MSC differentiation. The cell viability was evaluated by
live-dead staining after a two-week culture in the dynamic model. As shown in Fig. 2A,
MSCs reseeded on the intimal side of the decellularized ECM scaffold in the dynamic cell
culture system displayed high cell viability after two weeks, indicating that a beneficial
microenvironment was provided by the dynamic cell culture model. In addition, the intimal
surface of the ECM scaffolds recellularized with MSCs was observed by SEM. After two
weeks of cultivation, an intact cell layer covered with secreted matrix was observed on

the intimal surface of the decellularized scaffold (Fig. 2B). Moreover, both HE staining
and Masson’s trichrome staining were applied to visualize the morphological characteristics
of MSCs loaded into the dynamic cell culture system. A dense EC-like cell layer was
formed on the intimal side of the decellularized ECM scaffold (Fig. 2C-F). All these
observations supported the fact that the combination of decellularized ECM and the
mechanical force generated by the rotary bioreactor was favorable for MSC attachment,
growth, and differentiation.
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Gene and protein expression of EC-specific markers

To compare the differentiation efficiency of MSCs towards EC-like cells in the static
culture system and in the dynamic bioreactor system, both the mRNA expression and
protein expression levels of three EC-specific markers were determined by real time RT-
PCR and immunofluorescence staining, respectively. As shown in Fig. 2G-I, each marker
gene, including CD31, vVWF and flk-1, was significantly upregulated in both the static
and dynamic groups compared to MSCs (negative control), but lower than that of the

ECs (positive control). More importantly, the transcript expression level of each marker
gene in the dynamic culture system was significantly higher than that of the static culture
system, suggesting the substantial roles played by mechanical forces in facilitating the
VEGF-directed differentiation of MSCs towards the EC-like phonotype. Consistent with
the real-time PCR results, immunofluorescence staining for CD31 and vWF showed that
the protein expression levels in the dynamic group were much higher than those in the
static group and MSC control (Fig. 3), although they were still lower than those in the
ECs (positive control). These results provide robust evidence for the fact that the dynamic
culture system incorporated with native vascular ECM played an important regulatory role in
MSC-EC differentiation.

Functional evaluation of the MSC-derived EC-like cells

LDL uptake assay and Matrigel angiogenesis were employed to detect the functional activity
of EC-like cells differentiated from MSCs in the different culture systems. As shown in

Fig. 4A-D, MSCs (negative control) were unable to uptake Dil Ac-LDL, whereas positive
control ECs exhibited a high Dil Ac-LDL uptake capacity. Compared to the cells in the
static group with a low capability to uptake Dil Ac-LDL, the cells differentiated from the
dynamic group showed much higher Dil Ac-LDL uptake capacity, indicating the high MSC-
EC differentiation efficiency under shear stress stimulation. The capabilities of four different
cell groups to form capillary networks was tested on Matrigel (Fig. 4E—H). The negative
control MSCs exhibited a low capacity to form capillary networks (Fig. 4E), whereas a
dense capillary network was generated by control ECs on Matrigel after 24 h (Fig. 4H).

The cells differentiated in the static group (Fig. 4F) evidently formed more networks than
the MSC group, but much less than the dynamic group (Fig. 4G). Quantitative analysis

of junction number, segment number, and total segment length for each group was further
performed to compare their network formation capabilities. All quantitative parameters of
the dynamic group were significantly higher than those of the static group (Fig. 41-K).
Taken together, consistent with genetic and protein assays, all the functional evaluation
results confirmed that the microenvironment provided by the native carotid ECM and
mechanical cues generated in the bioreactor was able to enhance MSC-EC differentiation.

Cell viability and morphology of VSMC-like cells differentiated on the adventitial side of
the ECM scaffold in the bioreactor

To evaluate the effect of the microenvironment provided by the adventitial side of the ECM
scaffold on cell viability, live-dead staining was also conducted for the dynamic model after
two weeks of culture. As shown in Fig. 5A, MSCs seeded on the outside surface of the ECM
scaffold exhibited high viability on day 14, supporting the fact that the dynamic culture
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system with a decellularized ECM is favorable for MSC survival on both the intimal and
adventitial sides. SEM imaging further demonstrated that MSCs seeded on the adventitial
side of the ECM scaffold were able to secrete ECM proteins and form an intact cell

layer with a uniform topology after two weeks of cultivation (Fig. 5B). The histological
morphology of the dynamic cell group was characterized by both H&E and Masson’s
trichrome staining (Fig. 5C—F), where a number of VSMC-like cell layers were formed on
the adventitial surface of the vessel scaffolds. Therefore, the decellularized carotid ECM is
an ideal scaffold to support MSC growth and differentiation on both sides for fabricating
vessel grafts for vascular tissue engineering.

Evaluation of mMRNA and protein expression of VSMC markers

The expression levels of the three VSMC marker proteins, a-actin, calponin, and
smoothelin, were quantitatively analyzed at both transcript and protein expression levels

by real time RT-PCR and immunostaining. As shown in Fig. 5G-I, a-actin and calponin
were significantly upregulated in each experimental group compared to the negative control
(MSCs). The mMRNA expression levels of all three VSMC marker proteins in the dynamic
culture group were statistically higher than those in the static group, and a.-actin expression
levels in both dynamic and static groups were even higher than that of the positive control
group (VSMCs). Consistent with the real time RT-PCR results, immunostaining for different
cell groups also demonstrated that the fluorescence intensity of a-actin in the dynamic
group was higher than that in the static group, and smoothelin was slightly upregulated in
the dynamic group compared to the static group (Fig. 6). These results indicated that the
combination of a decellularized vessel ECM and the circumferential tensile stress generated
in a rotary bioreactor benefited TGFp1-induced MSC-VSMC differentiation.

Functional analysis of the MSC-derived VSMC-like cells

To further investigate the roles played by the dynamic culture system in MSC-VSMC
differentiation, cell area reduction upon treatment with vasoactive agonists and collagen gel
contraction capability were evaluated for the different cell groups. As shown in Fig. S2 and
S3 (ESIt), most of the cells in each group appeared to contract in response to both KCI and
carbachol. Negative control MSCs exhibited the lowest contractile capability with 16.54 +
2.21% and 13.58 + 1.42% cell area reduction upon exposure to KCI (Fig. 7A) and carbachol
(Fig. 7B), respectively. Both KCI and carbachol induced a significantly higher reduction in
cell area for the static and dynamic groups compared to MSCs, and the reduction percentage
of the cell area for the dynamic group was higher than that of the static group.

Collagen lattice contraction assay was conducted to further evaluate cell contractility. As
shown in Fig. 7C, all four cell groups embedded in collagen gel could induce apparent
contraction of the gel as the culture time increased, and the positive VSMC group displayed
the highest contractile capability. Quantitative analysis demonstrated that both the static and
dynamic groups had a significantly higher level of contraction of collagen lattices compared
to the MSC group, and the dynamic group exhibited a slightly higher capacity for gel
contraction compared to the static group (p> 0.05) (Fig. 7D and E), which is consistent with
the results of real time RT-PCR and immunostaining assay.
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Discussion

In this study, we developed a promising approach to fabricating an autologous vessel graft
for vascular tissue engineering by the combination of on-site differentiation of human bone
marrow derived MSCs towards vascular cells on a natural blood vessel ECM scaffold

and maturation of the vessel construct in a dynamic cell culture system. The powerful
combinatorial promotive effect of the native vascular ECM scaffold and the mechanical cues
generated by a rotary bioreactor on MSC differentiation was evaluated by comparing the
differentiation efficiency and the physiological functions of the resulting cells with those

of the static cell culture system. Growth factors VEGF and TGFB1 were respectively used
as chemical cues to induce the differentiation of MSCs towards ECs and VSMCs in both
dynamic and static culture systems.27-30 Qur results demonstrated that the cells cultured on
the native vessel ECM scaffold in the dynamic system significantly increased the efficiency
of MSC differentiation towards both EC- and VSMC-like cells compared to the static culture
system, as evidenced by the upregulated expression of marker proteins for ECs (Fig. 2 and
3) and VSMCs (Fig. 5 and 6), as well as elevated EC- (Fig. 4) and VSMC- (Fig. 7) specific
physiological functions.

The endothelial layer provides multiple anti-thrombogenic functions for native blood
vessels, thus a lack of EC lining in the autologous vessel graft lumen is considered

as one of the major problems that may potentially cause a poor patency of engineered
vessel constructs.8:31-33 |n this study, the EC-like cells obtained by on-site differentiation

of MSCs on a decellularized vessel scaffold could potentially overcome this drawback
caused by the EC deficiency in the engineered vessel graft. EC-like cells differentiated

from MSCs in a static culture system incorporated with decellularized carotid scaffold
exhibited a much higher EC-specific function compared to the negative control MSCs

(Fig. 4). This is consistent with a recent report that found that decellularized ovine artery
matrix could serve as an efficient culture system for promoting differentiation of adipose-
derived MSCs towards ECs.34 The capability of the decellularized carotid vessel scaffold to
facilitate MSC-VSMC differentiation has been reported in our previous study.!! In addition,
decellularized ECM was also reported to direct MSC differentiation in other directions that
facilitate tissue regeneration, such as osteogenic and chondrogenic differentiation.353¢ The
underlying mechanism by which the decellularized ECM scaffold promotes MSC-vascular
cell differentiation may lie in the bioactive component proteins in the ECM, such as laminin,
fibronectin, vitronectin, collagen, and gelatin.3"=39 For example, laminin plays a critical
role in enhancing the expression of EndoTF FOXC2 and its downstream gene, thereby
inducing the endothelial differentiation of MSCs.37 Gluck et a/. found that laminin and
vitronectin enhanced vascular EC differentiation in a traditional 2D cell culture system,
while fibronectin enhanced VSMC differentiation in a 3D system.38 More importantly,
optimal combinatorial ECMs were able to enhance endothelial differentiation, compared to
many single-factor ECMs, in part through an integrin p3-mediated pathway.3° Furthermore,
ideal mechanical support provided by each side of the native vascular ECM might be
another reasonable explanation for the inductive effect on the MSC differentiation exerted
by the ECM. A similar finding was reported by Wingate et a/. whereby lineage commitment
of MSCs towards specific vascular cells could be controlled by carefully designing the
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substrate modulus.*% Additionally, MSCs cultured on poly(e-caprolactone) (PCL) films with
uniaxial stretching have been demonstrated to obtain a contractile SMC-like phenotype,
with ordered organization of cellular stress filaments and upregulated expression of the
contractile makers, including SM-a-actin, calponin, and SM-MHC.#1 Floren et al. also
reported the ability to augment MSC differentiation into mature VSMCs by combining
appropriate silk fibroin hydrogel stiffness (33 kPa) with growth factor (TGF@1).20

In addition to the native vascular ECM, mechanical cues generated by a rotary bioreactor
are a critical contributor to the dynamic cell culture system developed in this study

for the differentiation of MSCs towards vascular cells and integration with the ECM
scaffold to form a physiologically functional vascular graft. Actually, it is well recognized
that perfusion bioreactor systems are beneficial for vascular tissue engineering because

they expose the vascular cells to flow and shear stresses, which affect various cellular
responses, arterial formation, and maintenance.*? Therefore, chemical factor treatments
may not be sufficient to develop tissue engineered vascular grafts and co-administration

of biomechanical forces may be needed to improve stem cell differentiation.43 Our

findings are consistent with previous studies performed by Hasanzadeh et a/. that found

that shear stress exerted by blood flow alone could be an effective promoter for the
differentiation of adipose-derived MSCs towards ECs.** Growing evidence supports the
hypothesis that biomechanical cues play important roles in vascular cell derivation from
stem cells.#3:4546 Sjvarapatna et a/. reported that a biomimetic flow bioreactor was an
effective means for human induced pluripotent stem cell-EC differentiation towards an
arterial-like phenotype,*3 and shear force was also documented to exert a synergistic effect
with VEGF in promoting the differentiation of adipose-derived stem cells into ECs.4546
Additionally, similar to our studies, Park et al. compared the effects of biaxial and uniaxial
strain on the differentiation of bone marrow MSCs, and reported that uniaxial strain, a better
mimicked mechanical environment experienced by VSMCs /in vivo, could successfully
promote MSC differentiation towards VSMCs.#” More specifically, mechanical stress causes
VSMCs to have proper cellular orientation, increased synthesis of collagen fiber bundles,
and alters the phenotype from synthetic to contractile.*? The study by Lee et a/. was

able to confirm that cell spreading, stress fiber formation, and apparent microvascular
formation by ECs and MSCs in collagen gels are affected by fluid shear stress.*8 In terms
of the underlying mechanism relating to how mechanical cues regulate the differentiation

of MSCs into vascular cells, Kurpinski et a/. found that cells adjust their orientation along
the direction of mechanical forces to minimize the stress applied on the cytoskeleton and
other cellular components, and this adaptation in cell orientation may in turn influence MSC
differentiation.47:49.50 Besides, growing evidence suggests that genes responsive to shear
stress are connected to cell proliferation and differentiation, vascular tone, cellular adhesion,
and immune responses.*2

Conclusions

Our findings demonstrate that the growth factors VEGF and TGFB1 directed differentiation
of human MSCs towards VSMCs and ECs can be significantly enhanced by the synergistic
combination of bioactive components of native arterial ECM and mechanical forces in a

dynamic cell culture system. These on-site differentiated vascular cells are able to integrate
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into a native vascular ECM scaffold and the vessel construct can be further matured
under mechanical stimulation in a rotary bioreactor, thus providing a promising approach

to

fabricating a clinically available vessel graft with mechanical properties and biological

functions similar to those of native blood vessels. Future work of this study will be to
implant the engineered vessel graft into a model host to study its application in vascular

tis

Sue engineering.
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Fig. 1.
Schematic of the ex vivo bioreactor incorporated with a decellularized carotid artery

scaffold. (A) Decellularized ECM scaffold. (B) MSCs were seeded on either the intimal

or adventitial side of the decellularized carotid artery scaffold and mounted on the bioreactor
insert. (C) The ECM-MSCs were cultured in a vascular bioreactor with VEGF medium
inside the vessel scaffold and TGFP1 medium outside the vessel scaffold. (D) The tissue
engineered blood vessel (TEBV).
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Fig. 2.

Cell viability and morphological characteristics, and real time RT-PCR analysis of the EC
marker gene expression. (A) MSCs reseeded on the intimal side of decellularized ECM

in the dynamic model displayed high cell viability after two weeks. (B) An intact cell

layer covered with secreted ECM was observed on the intimal surface of the decellularized
scaffolds. (C and D) H&E staining and (E and F) Masson’s trichrome staining confirmed
that a dense layer of EC-like cells was formed on the intimal side of the decellularized ECM
(blue arrows). Each marker gene was significantly upregulated for both static and dynamic
groups compared to the negative control (MSCs), and the transcript expression level of each
marker gene in the dynamic culture system was significantly higher than that in the static
culture system (G-I). Data are expressed as mean £ SEM (n=3). *£<0.05, **P< 0.01,
***Pp<0.001.
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Fig. 3.

In?munofluorescent staining for EC-specific proteins CD31, vWF, and flk-1. Each marker
protein expression level in both the static and dynamic groups was much higher than that

in the MSC control group. Both CD31 and VWF expression levels in the dynamic group
were stronger than those in the static group. The images represent at least three independent
experiments. Scale bars = 50 um.
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Fig. 4.

LDL-uptake assay and Matrigel angiogenesis evaluation of MSC-derived EC-like cells.
Negative control MSCs were unable to uptake Dil Ac-LDL (A), whereas positive control
ECs exhibited a high capability for Dil Ac-LDL uptake (D). Compared to the static culture
group (B), the dynamic culture group showed a much higher Dil Ac-LDL uptake capability
(C). Negative control MSCs showed a small amount of capillary network formed on the
Matrigel after 24 h (E). In contrast, a dense capillary network was generated by positive
control ECs on the Matrigel after 24 h (H). The cells of the static group (F) apparently
formed more networks than the MSC group, but much less than the dynamic group (G).
Scale bars = 100 um. Quantitative analysis of the parameters of the capillary network
showed that significant differences existed among the four different cell groups (I-K). Data
are expressed as mean + SEM of five randomly selected images (48 cm x 36 cm). *£< 0.05,
**p<0.01, ***P<0.001.
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Fig. 5.

Ct?ll viability and morphology, and mRNA expression of VSMC marker proteins in different
experimental groups. Live-dead staining showed that cells cultured on the adventitial side of
the vessel scaffold exhibited high viability on day 14 (A). SEM imaging also demonstrated
that the cells cultured in the dynamic system were able to form an intact cell layer with
uniform topology after two weeks (B). H&E staining (C and D) and Masson’s trichrome
staining (E and F) showed multiple layers of VSMC-like cells grown on the adventitial side
of the vessel scaffolds (blue arrows). Real time RT-PCR revealed that gene expression of
a-actin and calponin was significantly upregulated in each differentiation group compared to
the control MSCs (G). The mRNA expression level of each marker protein in the dynamic
group was significantly higher than that in the static group, and a-actin expression levels in
both the dynamic and static groups were even higher than that in the positive control VSMC
(H). Data are expressed as mean + SEM (7= 3). #£> 0.05, *P< 0.05, **P< 0.01, ***P<
0.001.
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Static Dynamic VSMC

Fig. 6.
Immunostaining of VSMC marker proteins for different cell groups. The fluorescence

intensity of a-actin in the dynamic group was much higher than that in the static group,
and smoothelin in the dynamic group was slightly upregulated compared to the static group.
The images represent at least three independent experiments. Scale bars = 50 pym.
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Fig. 7.

Functional analysis of MSC-derived VSMC-like cells. Cell area reduction assay showed

that MSCs have the lowest contractile capability upon exposure to KCI (A) and carbachol
(B), respectively. Both KCI and carbachol induced significant decreases in cell area for the
static and dynamic groups compared to the negative control MSCs, and the cell area for the
dynamic group was reduced more than that for the static group (A and B). Collagen lattice
contraction assay showed that four groups of cells embedded in collagen gel could induce
apparent contraction of the collagen gel, and the positive VSMC group exhibited the highest
contraction capability among them (C). Quantitative analysis demonstrated that there was no
significant difference between the collagen gel areas for the static and dynamic groups (D
and E). Data are expressed as mean = SEM (7= 3). #P> 0.05, *P< 0.05, **P< 0.01, ***P<
0.001.
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