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Aim: Recent studies have demonstrated that mesenchymal stem cells (MSCs) can differentiate into endothelial cells. The
effect of shear stress on MSC differentiation is incompletely understood, and most studies have been based on two-dimen-
sional systems. We used a model of tissue-engineered vascular grafts (TEVGs) to investigate the effects of shear stress on
MSC differentiation.

Methods: MSCs were isolated from canine bone marrow. The TEVG was constructed by seeding MSCs onto poly-e-
caprolactone and lactic acid (PCLA) scaffolds and subjecting them to shear stress provided by a pulsatile bioreactor for four
days (two days at 1 dyne/cm’ to 15 dyne/cm?* and two days at 15 dyne/cm?).

Results: Shear stress significantly increased the expression of endothelial cell markers, such as platelet-endothelial cell
adhesion molecule-1 (PECAM-1), VE-cadherin, and CD34, at both the mRNA and protein levels as compared with static
control cells. Protein levels of alpha-smooth muscle actin (a-SMA) and calponin were substantially reduced in shear stress-
cultured cells. There was no significant change in the expression of a-SMA, smooth muscle myosin heavy chain (SMMHC)
or calponin at the mRNA level.

Conclusion: Shear stress upregulated the expression of endothelial cell-related markers and downregulated smooth mus-
cle-related markers in canine MSCs. This study may serve as a basis for further investigation of the effects of shear stress on
MSC differentiation in TEVGs.
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Introduction stem cells, and they have been successfully used in cardio-

vascular tissue engineering. Kaushal et al'®! successfully

Vascular tissue engineering is a novel concept used to .. 154 endothelial progenitor cells (EPCs) onto a decel-

overcome the shortage of small-diameter vascular grafts. 111704 arterial matrix and transplanted it as a carotid graft.

Traditional methods of vascular tissue engineering include Sutherland et al'® successfully constructed heart valves using
mesenchymal stem cells (MSCs) and biodegradable scaf-

folds. Among the stem cells used in cardiovascular tissue

sequential seeding of smooth muscle cells (SMCs) and

endothelial cells (ECs) onto collagenm, biodegradable

(3]

scaffolds® or decelluarized matrices®. Procurement of

engineering, MSCs seem to be an ideal cell source because

they can differentiate into SMCs and ECs in vitro” ¥ and in
(6,9

SMCs and ECs involves sacrificing a blood vessel, and termi-

: : [4]
nally dlfferen'tlated vascular cells are prone to semescence™. ) and can be expanded by several million-fold in cul-
Much attention has been focused on progenitor cellsand .y oo harvested from patients’ bone marrow do not

have the problem of immune rejection, unlike embryonic

* Correspondence to Prof Jian ZHANG . .1
E-mail dongjiande99200@126.com stem cells. In fact, many studies have indicated that MSCs
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. . [6,10-12]
engineering .

Biochemical and biomechanical factors can have large
effects on MSC differentiation. MSCs will differentiate into
ECs when cultured in 2% fetal calf serum (FCS) and 50
ng/mL vascular endothelial growth factor (VEGF)"”. Wang
et al'™ demonstrated endothelial differentiation in a mesen-
chymal progenitor cell line, CH3H/10T1/2, resulting from
exposure to shear. Most studies investigating the effects of
shear stress on the differentiation of stem cells have used
planar model systems!">'*\. It is necessary to investigate
whether MSCs seeded onto tubular scaffolds can differenti-
ate into ECs after exposure to shear stress conferred by a pul-
satile flow apparatus in order to construct vascular grafts with
MSCs as the cell source.

We attempted to investigate the response of MSCs to
shear stress in a model of tissue-engineered vascular grafts
(TEVGs). MSCs were isolated from canine bone marrow,
expanded in vitro, and seeded onto scaffolds comprising a
copolymer of e-caprolactone and lactic acid (PCLA). MSC-
seeded scaffolds were loaded into a pulsatile bioreactor, and
shear stress was increased from 1 dyne/ cm? to 15 dyne/ cm’
for two days and then to 15 dyne/cm” for another two days.
Cellular responses were characterized by assays of cellular
morphology, flow cytometry, and gene expression.

Materials and methods

All procedures were carried out according to the Regula-
tions for the Administration of Affairs Concerning Experi-
mental Animals of the Republic of China.

Cell source Bone marrow aspirates were obtained from
the iliac crest of mongrel dogs. MSCs were isolated and
expanded in culture as described by Pittenger et al'"*!. MSCs
at passage 2 or passage 3 were used for the experiments.

Biodegradable scaffolds PCLA was synthesized by
ring-opening polymerization. The copolymer was a poly-
ester with a molar composition of e-caprolactone and lactic
acid at a ratio of 79:21. Using this copolymer, we fabricated
a tubular scaffold that was 4 mm in diameter, 6 cm in length,
and 0.7 mm in thickness by electrospinning. Pore sizes in
the scaffold varied from approximately 10 pm to 30 pm, and
the corresponding porosities were 75%-80%. Scaffolds were
sterilized by y-irradiation before cell seeding.

Cell seeding and shear stress experiments Tubular
scaffolds were seeded with MSCs at passage 2 or passage 3 at
a concentration of 3x10° cell/mL. They were then mounted
onto a low-speed motor at a constant rate of 6 rotations per
hour and incubated at 37 °C for 3 h. MSC-seeded scaffolds

were installed horizontally in a pulsatile flow bioreactor

Figure 1. Overview of the whole bioreactor. (1) Culture chamber, (2)
Peristaltic pump; (3) Compliance chamber, and (4) Culture reservoir.

(Figure 1), which consisted of a peristaltic pump, a glass cul-
ture reservoir with inlets and outlets for medium circulation
and air exchange, a compliance chamber, and a culture cham-
ber. The glass reservoir upstream of the peristaltic pump
provided fluid for circulation and a cap for gasification with
5% CO,/95% air. The flow rate was measured downstream
of the tube using a T106 small blood flow meter (Trans-
sonic Ithaca, NY, USA). The perfusion pressure was 40—50
mmHg. Mean shear stress (T,,.,,) was calculated as follows:
Tean = H0Q/ 7

where y is the viscosity of the culture medium. In this study,
pwas 1 cP. Qs the flow rate of the bioreactor, which ranged
from 0 to 1000 ml/min, and r is the radius of the scaffolds'®.
Direct exposure of MSCs seeded onto the tubular scaffolds
to shear stress of a physiological level (15 dyne/cm”) would
cause the cells to detach from the scaffolds. Kaushal™ et
al reported that gradually increasing the shear stress from
low (1 dyne/cm?) to high (25 dyne/cm®) over two days
resulted in high retention of the cells on the scaffolds. In this
study, shear stress was initiated at 1 dyne/cm’ and gradually
increased from 1 dyne/cm” to 15 dyne/cm” over a two-day
period. Scaffolds were then subjected to 15 dyne/cm2 for
another two days. MSCs cultured statically in culture dishes
were used as the control group.

Flow cytometry Cultured cells were detached with
0.25% trypsin—0.02% ethylenediamine tetraacetic acid
(EDTA) and incubated with monoclonal antibodies against
CD34 or CD44 followed by Texas Red dye-conjugated anti-
mouse IgG antibody or fluorescein isothiocyanate (FITC)-
conjugated anti-rat IgG antibody. Background fluorescence
was obtained from negative control cells stained with the
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secondary antibody and subtracted from the mean fluores-
cence of the specific staining patterns. Quantitative analysis
was done using a FACScalibur flow cytometer.

Real-time reverse transcriptase polymerase chain
reaction (RT-PCR) Total cellular RNA was extracted and
reverse-transcribed into cDNA. Real-time quantitative RT-
PCR primers targeting canine CD31, VE-cadherin, smooth
muscle (SM) a-actin, smooth muscle myosin heavy chain
(SMMHC), and calponin were designed by Primer Premier
S software (sequences are listed in Table 1). The SYBR
Green I assay and Line-gene Real-time RT-PCR detection
system were used for detecting real-time quantitative PCR
products from 50 ng of reverse-transcribed cDNA. The Ct
value is the cycle number at which fluorescence reaches a
threshold. The AC,is determined by subtracting the Ct of
the glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
control from the C, of the target gene [AC,=C, (target)-C,
(GAPDH)]. The relative value of target genes to the endog-
enous reference is described as the fold of GAPDH=2"",

Western blotting Western blotting was used to evalu-
ate expression of alpha smooth muscle actin (a-SMA) and
calponin after 4 days of shear stress. Cultured cells were
detached from scaffolds or culture dishes with 0.25% trypsin
and 0.02% EDTA. They were homogenized in lysis buffer,
and 30 pg of each sample was separated on a 10% sodium
dodecyl sulfate (SDS)-polyacrylamide gel. After protein
transfer to nitrocellulose membrane, the immunoreactivity
of a-SMA and calponin was detected by enhanced chemilu-
minescence.

Scanning electron microscopy (SEM) Samples were
subjected to SEM to study the gross morphology and ori-
entation of the cells. Each scaffold was imaged at S kV on a

Hitachi S-4800 field emission scanning electron microscope.

Statistical analysis Results are meantstandard devia-
tion (SD) from at least three experiments. The statistical sig-
nificance of the differences was evaluated by Student’s ¢-test.
P<0.05 was considered significant.

Results

Effect of shear stress on cell morphology of MSCs
Shear stress had a distinct effect on the morphology of
MSCs. The appearance of cells changed from a fibroblast-
like appearance (Figure 2A) to a more fusiform shape (Fig-
ure 2B) after exposure to shear stress for four days. Under
static culture conditions, MSCs were randomly distributed
with little alignment (Figure 2A). After four days of shear
stress, cells were elongated and aligned in the direction of
flow (Figure 2B).

Flow cytometry analysis The cellular protein level of
CD34 and CD44 was determined by flow cytometry. Stati-
cally cultured MSCs were 99.96% CD34-negative (Figure
3A) and 99.22% CD44-positive (Figure 3C). After being
subjected to shear stress for four days, 97.34% of cells were
CD34-positive (Figure 3B), and no significant change was
found in the expression of CD44 (99.73% were positive after
exposure to shear stress) (Figure 3D).

Gene expression profiles by real-time RT-PCR Gene
expression in MSCs was examined by real-time RT-PCR.
Shear stress markedly increased the mRNA levels of the EC
markers CD31 (Figure 4A) and VE-cadherin (Figure 4B).
The mRNA levels of the SM cell markers a-SMA (Figure
4C), SMMHC (Figure 4D) and calponin (Figure 4E) did
not show a significant change.

Table 1. Oligonucleotide primers used for gene expression analysis by real-time PCR.

Size of amplified

Gene Primer sequences, 5-3 Accession number fragment, bp

CD31 Fwd: TGGTCAGTGAAGIICTGCGTGT XM_848326.1 114
Rev: ACCGAGCACAGAAGCTCAATG

VE-cadherin Fwd: TCITCCGAATAACCAAGCAA XM_546894.2 119
Rev: TGTGGGGTACCCACTAGAAT

a-SMA Fwd: CGCCACATCTCAACTCTGAA XM_857817 190
Rev: GCTGAAGCCTGITCITGGTC

SMMHC Fwd: TGCGTGACATCAAGGAGAAG XM_534781 228
Rev: TGCTGITGTAGGTGGTCTCG

GAPDH Fwd: AACATCATCCCTGCTIICCAC NM_001003142.1 234
Rev: GACCACCTGGTCCTCAGTGT

VE-cadherin, vascular endothelial cadherin; a-SMA, a-smooth muscle actin; SMMHC, smooth muscle myosin heavy chain; GAPDH, glyceralde-

hyde-3-phosphate dehydrogenase; Fwd, forward; Rev, reverse.
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Figure 2. Effect of shear stress on the morphology and alignment of
cells. SEM images of MSCs cultured under static conditions with the
MSCs oriented randomly (A), or of MSCs exposed to shear stress for
four days in which the MSCs are elongated and aligned parallel to the
direction of flow (B).

Expression of SMC markers in MSCs by Western
blotting The cellular protein levels of a-SMA and calponin
were determined by Western blotting. Protein levels of
a-SMA and calponin substantially decreased in the cells
cultured under shear stress compared with cells cultured

statically. The relative expression of a-SMA compared with
GAPDH was 1.23+0.12 and 0.89+0.15 for statically cultured
and shear stress-cultured MSCs, respectively (n=3, t=3.194,
P=0.033; Figure SA, SB). The relative expression of calponin
compared with B-actin was 1.32+0.42 and 0.22+0.12 for the
statically cultured and shear stress-cultured MSCs, respec-
tively (n=3, t=4.319, P=0.12; Figure SC, SD).

Discussion

The current study demonstrated that shear stress changed
the morphology and alignment of canine MSCs and induced
the expression of EC-specific markers, such as CD31, VE-
cadherin, and von Willebrand factor (vWF), at both the
mRNA and protein levels in TEVGs. Shear stress induced
CD34 expression, which is a surface maker of hematopoietic
stem cells (HSCs) and EPCs, at the protein level. Shear
stress also reduced the expression of the smooth muscle cell
markers SMA and calponin at the protein level. A signifi-
cant change in the expression of SMA and calponin was not
detected at the mRNA level.

A Static control B Shear stress
100 Marker % Gated 100 Marker % Gated
K] All 100.00 = Mil All 100.00
é’ M M1 99.96 :o; M2 M1 2.29 Figure 3. Effect of shear stress on the
Lo M2 0.04 M2 97.34 expression of CD34 and CD44 by
0100 0 0100 e flow cytometric analysis. MSCs were
CD34 Texas red CD34 Texas red cultured under static conditions (A,
C) or exposed to shear stress (B, D)
tatic contro Shear stress or rour days (two days a ne/cm
C S 1 D for four days (two days at 1 dyne/cm’
100 100 2
Marker 9% Gated E Marker 9% Gated to 15 dyrzle/cm and two days at 15
E ] 3 dyne/cm?®). MSCs were labeled with
g Al 100.00 g Al 100.00 —
] M 5 - 079 5 1 Mt 1P - o fluorescent antibodies to CD34 or
0 M2 99.22 0-; M2 99.73 CD44, and relative protein levels were
10° 10' 10° 10° 10* 10° 10" 10° 10° 10* determined by flow cytometry. M1:
CD44 FITC CD44 FITC negative; M2: positive.
A cp31 B VE-cadherin C asMA D smMmHC
0.0004 ¢ 0.0003 < 0.005 8
0.004
0.0003 0.0002 0.003 6
_ 0.0002 0.002 4
2 0.0001 0.0001 0.001 2
= .
< 0 0 0
E Static Shear Static Shear Static Shear Static Shear
£ control stress control stress control stress control stress
3
: E cal
k= alponin
:: 0.8 P Figure 4. Effect of shear stress on the mRNA levels of various cell lineage markers. MSCs were
0.6 cultured under static conditions or exposed to shear stress for four days (two days at 1 dyne/cm’to 15
0.4 dyne/cm” and two days at 15 dyne/cm”), and total RNA was extracted. Relative mRNA expression
0.2 levels of CD31 (A), VE-cadherin (B), a-SMA (C), SMMHC (D), and calponin (E) were determined
0 Static Shear by real-time quantitative PCR. Values of mRNA amounts were normalized to GAPDH expression.
control stress Error bars represent SD. “P<0.01 vs static control.
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Relative expression of a-SMA to GAPDH
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Static control Shear stress
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Static control Shear stress

Figure 5. Effect of shear stress on the expression of a-SMA and cal-
ponin in MSCs at the protein level. (A and B) MSCs cultured statically
or exposed to shear stress (two days at 1 dyne/cm’*to 15 dyne/cm’ and
two days at 15 dyne/ cm’). Relative a-SMA protein expression levels
were determined by Western blot analysis. Values of protein amounts
were normalized to GAPDH expression. Error bars represent SD.
"P<0.05 vs Static control. (C and D) Relative calponin protein expres-
sion levels determined by Western blot analysis. Values of protein
amounts were normalized to B-actin expression. Error bars represent
SD. °P<0.01 vs Static control.

MSCs are bone marrow-derived cells with the poten-
tial to differentiate along several mesenchymal lineages,
including differentiation to adipocytes, osteoblasts and

!, Recent studies revealed that MSCs can
[6,17,18]

chondrocytes!'®

differentiate into ECs and vascular SMCs in vivo or in

(7191 Besides biochemical

vitro after chemical stimulation
stimuli, biomechanical forces also have important roles in
MSC differentiation. Fluid shear stress is a frictional force
caused by blood flow, which acts parallel to the longitudinal
axis of the vessel wall. Studies have suggested that laminar
shear stress is responsible for arteriogenesis™*”’
tion of ECs"!], the pathogenesis of atherosclerosis** and

EC differentiation'®®’. Recent studies have shown that shear

, the migra-
(22]
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stress can induce stem cells (including embryonic stem
cells" and MSCs!"*) or SMCs?* to differentiate into ECs.
In order to use MSCs as cell source in the tissue engineer-
ing of vascular grafts, it would be necessary to investigate
whether MSCs can differentiate along the endothelial lineage
after exposure to shear stress.

MSCs changed their morphology in response to shear
stress. Cells were elongated and oriented in the direction of
flow after exposure to shear stress for four days. Morphology
and orientation were similar to those of the endothelium in
the vasculature.

There are no specific surface markers for MSCs, and it
is recognized that MSCs are positive for SH2, SH3, CD29,
CD44, CD71, and CD106 and are negative for CD14, CD34,
and CD45"*). Flow cytometry demonstrated that cultured
cells were 99.2% CD44-positive, whereas 99.96% were
CD34-negative; ie, cultured cells were MSCs. After expo-
sure to shear stress for four days (two days at 1 dyne/cm’to
15 dyne/cm” and two days at 15 dyne/cm?), 97.3% of the
cells were CD34-positive, whereas there was no significant
change in CD44 expression (99.2% and 99.7% in static and
shear stressed cultures, respectively). CD34 is a 115-kDa
transmembrane glycoprotein that is present on hematopoi-
etic stem cells, EPCs'*) and ECs™®®. A recent study revealed
that CD34" cells can differentiate into ECs under stimulation
with VEGF and fibronectin”".
fore indicate a transition from stem cells or progenitor cells
to ECs.

Platelet-endothelial cell adhesion molecule-1 (PECAM-1;
CD31), VE-cadherin and vWF are believed to be the
most reliable markers for ECs and are often used to vali-

CD34 expression may there-

date endothelial differentiation. Shear stress significantly
increased the mRNA levels of CD31 and VE-cadherin. We
also found vWF expression in the MSCs after exposure to
shear stress (data not shown). This result was consistent
with the findings from other studies that examined the effect
[13, 14,23, 24, 28]‘ T}le pres_

ent study suggests that shear stress induces differentiation

of shear stress on cell differentiation

along an endothelial lineage in canine MSCs. O’Cearbhaill

et al®

did not observe vVWF expression on the protein level
under static or mechanically stimulated conditions, nor did
they observe a significant change in vVWF at the mRNA level.
The combined effect of radial stress and hoop stress used in
the experiment may have surpassed the effect of shear stress
in cell differentiation, because cyclic stress promotes the
expression of smooth muscle-like properties® ",

Because MSCs can also differentiate along SMC lines,
we hypothesized that differentiation along the endothelial

line might accompany shear stress-induced negative regula-
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tion of the expression of SMC-related markers, such as SM
a-actin and calponin. A significant downregulation of SM
a-actin and calponin were exhibited at the protein level when
MSCs were cultured under shear stress. However, a signifi-
cant change in the expression of SM a-actin and calponin
at the mRNA level was not detected. Wang et al'"* demon-
strated that downregulation of transforming growth factor-
beta (TGF-), platelet-derived growth factor-B (PDGF-B)
and the platelet-derived growth factor receptor (PDGFR)
are associated with SMC differentiation. We suggest that
the reduction in the expression of SMC-related markers
occurred at the protein level but not at the level of mRNA,
and was regulated by SMC differentiation-related growth fac-
tors, such as TGF-p and PDGEF-B.

Cells that are seeded onto a compliant tube and then
subjected to pulsatile flow will experience shear stress
and circumferential strain. In the study by Huang et al'®,
embryonic stem cells differentiated along endothelial cell
and smooth muscle cell lines on the luminal surface and in
the interstices, respectively. In this study, MSCs seeded onto
PCLA scaffolds were cultured in a pulsatile flow bioreactor.
After 4 days of culture in the bioreactor, most of the cells
were on the luminal surface and exhibited an endothelial
phenotype. This could be the combinatorial result of shear
stress and circumferential strain, in which the shear stress
played the major role in this study.

Traditionally, tissue-engineered vascular grafts are
formed by sequentially seeding SMCs and ECs onto a
biodegradable™™ or decellularized matrix™. This is a more
complicated procedure and is more prone to contamination
than a single-seeding process. Because MSCs can be induced
to differentiate into ECs under shear stress, there is no need
to seed ECs, which means less work and less expense. In
vitro shear stress preconditioning can serve two purposes
in TEVGs: (i) to promote adhesion of seeded cells onto
scaffolds, preventing cells from dislodging after exposure to
high stress in vivo'>*) and (ii) to induce seeded MSCs to dif-
ferentiate into ECs, which will provide an antithrombogenic
surface for the grafts.

In summary, our study demonstrated that a physiologi-
cal level of shear stress upregulated the expression of several
EC surface markers at the mRNA and protein levels and
downregulated the expression of SMC surface markers at the
protein level in canine MSCs in a model of vascular tissue
engineering. This study may serve as a basis for further inves-
tigation of the effect of shear stress on the differentiation of
MSCs in TEVGs.
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