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The modulation of vascular smooth muscle cell (VSMC) phenotype is an essential element to fabricate en-
gineered conduits of clinical relevance. In vivo, owing to their close proximity, endothelial cells (ECs) play a
role in VSMC phenotype switching. Although considerable progress has been made in vascular tissue engi-
neering, significant knowledge gaps exist on how the contractile VSMC phenotype is induced at the conclusion
of the tissue fabrication process. The objectives of this study were as follows: (1) to establish ligand presen-
tation modes on transcriptional activation of VSMC-specific genes, (2) to develop a three-dimensional (3D)
coculture model using human coronary artery smooth muscle cells (HCASMCs) and human coronary artery
endothelial cells (HCAECs) on porous synthetic scaffolds and, (3) to investigate EC-mediated Notch signaling
in 3D cultures and the induction of the HCASMC contractile phenotype. Whereas transcriptional activation of
VSMC-specific genes was not induced by presenting soluble Jaggedl and Jaggedl bound to protein G beads, a
direct link between HCAEC-bound Jaggedl and HCASMC differentiation genes was observed. Our 3D culture
results showed that HCASMCs seeded to scaffolds and cultured for up to 16 days readily attached, infiltrated
the scaffold, proliferated, and formed dense confluent layers. HCAECs, seeded on top of an HCASMC layer,
formed a distinct, separate monolayer with cell-type partitioning, suggesting that HCAEC growth was contact
inhibited. While we observed EC monolayer formation with 200,000 HCAECs/scaffold, seeding 400,000
HCAECs/scaffold revealed the formation of cord-like structures akin to angiogenesis. Western blot analyses
showed that 3D coculture induced an upregulation of Notch3 receptor in HCASMCs and its ligand Jagged] in
HCAECs. This was accompanied by a corresponding induction of the contractile HCASMC phenotype as
demonstrated by increased expression of smooth muscle-a-actin (SM-a-actin) and calponin. Knockdown of
Jaggedl with siRNA showed a reduction in SM-a-actin and calponin in cocultures, identifying a link between
Jaggedl and the expression of contractile proteins in 3D cocultures. We therefore conclude that the Notch3
signaling pathway is an important regulator of VSMC phenotype and could be targeted when fabricating
engineered vascular tissues.

Introduction

DESPITE THE URGENT NEED for a tissue-engineered vas-
cular substitute, several unresolved challenges such as
the regulation of the vascular smooth muscle cell (VSMC)
phenotype in three-dimensional (3D) cultures hinder prog-
ress."> VSMCs are known to exhibit remarkable phenotypic
plasticity at different developmental stages and in response
to changing local environmental cues.>™* During vasculo-
genesis, VSMCs are in a synthetic phenotype characterized
by high proliferative and migratory indices and lay down an
abundance of extracellular matrix (ECM) components, such

as collagen and elastin.> On the other hand, VSMCs in
mature vessels are largely in a contractile phenotype with a
principal function of contraction. The distinctive phenotypes
stated just now are, however, not limited to developmental
events and to the matured vasculature. VSMC phenotype
plasticity is also observed during vascular disease, injury,
and repair, such as atherosclerosis and postangioplasty
restenosis.” After vascular injury and in response to changes
in local environmental cues, VSMCs rapidly undergo phe-
notypic modulation, which results in suppression of genes
that define the contractile phenotype, while upregulating
genes required for proliferation and migration to lay down a
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new ECM and repair the vessel wall. This response is re-
quired for vascular repair and is beneficial,* if cells revert
back to the more contractile phenotype once the injury has
been stabilized by reinducing VSMC contractile differenti-
ation marker genes. Unimpeded, however, this response
could be detrimental due to neointimal hyperplasia and lu-
minal narrowing that is life threatening.* The synthetic
phenotype of mature SMCs is somewhat akin to the em-
bryonic and fetal vascular smooth muscle phenotype.>°

The phenotype shifting property of VSMCs is considered
to be of paramount imgportance in the engineering of a
functional vasculature.”® Initially, the synthetic phenotype
is desirable to enable cells to expand rapidly in culture. This
would, in turn, promote infiltration and population of scaf-
folds by VSMCs to create dense cellular layers. This pro-
liferation phase would also result in the synthesis and
secretion of appropriate ECM components that provide the
tissue-engineered vessel with sufficient mechanical proper-
ties, and a substrate for endothelial cell (EC) adhesion. Once
the desired population of cells and ECM components have
been put in place, VSMCs must then shift to a quiescent
contractile phenotype to impart the contractile property
found in native blood vessels. Failure of the VSMCs to
achieve this shift would, upon implantation of the en-
gineered tissue, result in the onset of intimal hyperplasia and
restenosis and, could lead to graft failure. In view of this,
induction of a contractile VSMC phenotype after tissue
fabrication is imperative. Although there are a number of
reported strategies to induce the contractile VSMC pheno-
type following culture,””” none are as relevant as using
ECs.'° In an intact vasculature, ECs reside in close prox-
imity to SMCs and play a crucial role by interacting with the
underlying SMCs through direct cell—cell contact or through
the synthesis and release of mediators into the surrounding
medium.'" Despite early reports that suggest that ECs pro-
mote the contractile phenotype of VSMCs,'*!3 some of the
molecular mechanisms, such EC activation of VSMC PI 3-
kinase/Akt pathway'® and protein kinase A pathway via
prostacyclin receptor,'” only started to emerge mainly from
two-dimensional (2D) coculture experiments.

One additional pathway that has recently been shown to
be an important regulator of EC-induced contractile VSMC
phenotype switching during development is Notch signal-
ing."® This pathway is evolutionarily conserved and dictates
cell fate through the control of proliferation, differentiation,
and apoptosis.'®'® Components of the Notch signaling
pathway include the Notch family of transmembrane re-
ceptors (Notch1—4), the Delta, Serrate/Jagged, Lag-2 family
of transmembrane ligands (Delta likel, 3, and 4 and Jagged |1
and 2), and the various effectors from the hairy enhancer of
split (HES) and HES-related repressor protein (HERP)
family.'”° Tissue distribution of Notch signaling compo-
nents varies significantly; however, several of these are
confined to the vasculature, including the ligands Delta
like4; Jagged] and 2; the receptors Notchl1, 3, and 4; and the
effectors HERPI, 2, and 3.1 Interaction of the extracellular
domain of the Notch receptors with their ligands on neigh-
boring cells leads to proteolytic cleavage of the receptor
thereby freeing the Notch intracellular domain (ICD). Once
the ICD translocates to the nucleus, it associates with C-
promoter-binding factor-1 to form a multiprotein complex
that initiates DNA transcription of the Notch effector genes
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(HES and HERP).?! In VSMCs in particular, Notch activity
regulates cell differentiation, proliferation, migration, and
survival.>***?* Notch3 is the primary receptor that is ex-
pressed by VSMCs and its ligand Jaggedl is predominantly
expressed by vascular ECs.'”?** Notwithstanding a num-
ber of in-vivo-gene-knockout experiments that demonstrate
the role of EC-mediated Notch signaling during vascular
development and maturity,”*® it is unknown whether
Notch signaling is activated in vitro in 3D cultures to induce
the VSMC contractile phenotype.”’ The objectives of the
current work were, therefore, threefold: (1) to establish li-
gand presentation modes on the transcriptional activation of
VSMC-specific genes, (2) to develop a 3D coculture model
using human coronary artery smooth muscle cell
(HCASMCs) and human coronary artery endothelial cell
(HCAECs) on porous synthetic scaffolds, and (3) to inves-
tigate EC-mediated Notch signaling pathway in 3D cultures
and induction of HCASMC contractile phenotype.

Materials and Methods
Scaffold fabrication and preparation for cell culture

Three-dimensional scaffolds were fabricated from
poly(carbonate urethane) (PCU; Bionate® 55D; DSM Bio-
medical) using a pressure differential solvent casting and
particulate leaching method as established in our laborato-
ry.*° Briefly, ground NH,4CI porogen particles (180-210 pm)
were packed into the cylindrical glass tube and compressed
using air pressure to achieve high packing density and
uniformity. About 20% (w/v) PCU solution in di-
methylformamide was poured over the porogen bed and
infiltrated by the application of a pressure gradient. Fol-
lowing solvent evaporation, the porogen particles were
leached out using water and the scaffolds were dried and
sectioned into 0.5-mm-thick discs using a rotary blade prior
to use in cell culture studies. Scaffold morphology was vi-
sualized using a scanning electron microscope (S-2600N;
Hitachi).

Jagged1/Fc protein immobilization
to protein G Dynabeads

Protein G Dynabeads were washed three times with
phosphate-buffered saline (PBS; pH 7.4, 0.02% Tween) and
mixed with Spg of human Jaggedl/Fc chimera protein
(R&D Systems) in the original bead volume. The mixture
was incubated for 10 min under rotation at room temperature
and the Jaggedl-immobilized beads were washed three
times with PBS. As a control for Jaggedl/Fc chimeric
protein, Protein G beads were incubated with human im-
munoglobulin G (IgG) solution (5ug/mL) at the same
conditions. This control addresses the effect of the Fc
fragment of Jaggedl for any possible nonspecific effects.
Beads were added to cell cultures at a concentration of
3.5x10° beads per well corresponding to 200 beads/cell at a
seeding density of 1.7x 10 cells per well.

Mono- and cocultures of cells

Primary HCASMCs and primary HCAECs purchased
from Lonza Walkersville, Inc., were cultured in smooth
muscle growth media (SmGM; SmGM®-2 BulletKit) and
endothelial cell growth media (EGM; EGM®-2 Bullet Kit),
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respectively, according to the supplier’s instruction. Both
media were supplemented with 100 U/mL penicillin G and
100 pg/mL streptomycin sulfate. Cell cultures were main-
tained in a humidified incubator at 5% CO, and 37°C and
were used between passages 5 and 9. For 2D cell culture
studies, HCASMCs were seeded at a density of 1.7 X 10*
cells/well and cultured for 48h with the addition of the
following: 5 pg/mL of soluble Jagged! protein or IgG pro-
tein (Invitrogen), 3.5 x 10° Dynabeads (Invitrogen), and IgG
or Jaggedl-immobilized 3.5x 10° Dynabeads. HCASMCs
cultured alone served as controls. For cocultures of smooth
muscle and ECs, HCASMCs were seeded at a density of
1.7x10* cells/well and cultured for 48h in SmGM. Equal
number of HCAECs were then seeded over the HCASMC
layer and cultured for an additional 48 h in coculture media
(one part EGM and one part SmGM) determined in
screening experiments. For 3D cultures, HCASMCs were
seeded onto the scaffolds at varying initial densities de-
pending on the experiment and allowed to attach in a 37°C
and 5% CO, incubator for 3h and cultured in a 24-well
culture plate with 2 mL of SmGM for prescribed times. For
3D cocultures, varying numbers of HCAECs were seeded
onto scaffolds containing HCASMCs and cultured for an
additional 48 h in the presence of 1:1 EGM/SmGM.

Transfection of HCAECs with Jagged1 siRNA

Prior to transfection, HCAECs were passaged in antibi-
otic-free growth media such that they would be at 50%
confluence at the time of transfection. Two hundred pico-
moles of human Jaggedl siRNA or scrambled control
nontargeting siRNA (ON-TARGETplus; Thermo Scientific
Dharmacon®) was diluted in 1 mL of Opti-MEM reduced
serum medium. Each of these solutions was then mixed with
another 1 mL of Opti-MEM reduced serum medium con-
taining 20 uL. of Lipofectamine™ RNAiMAX. Solutions
were incubated at room temperature for 20 min and added to
a culture dish with 50% confluent HCAECs. Following
culture for 24 h, HCAECs were trypsinized and transferred
to scaffolds that had been previously seeded with
HCASMCs and cultured. The cocultures were maintained
for 48h before cell harvesting and lysis to test the trans-
fection efficiency and protein expression levels.

Separation of HCAECs from coculture

To examine target protein expression in response to co-
culture in each cell type separately, anti-PECAM conjugated
Dynabeads (Invitrogen; 25 pL corresponding to 10" beads
for 10° HCAECs) were employed to separate the HCAECs
from the HCASMCs. First, cells were recovered from
scaffolds or culture plates by incubating in a 0.25% Trypsin/
ethylenediaminetetraaceticacid (EDTA) solution at 37°C for
5 min. This method has proven effective in the past for cell
recovery from PCU scaffolds.®' Scaffolds or culture plates
were then rinsed several times with a low serum-content
buffer (5% fetal bovine serum in 1x PBS) to neutralize the
trypsin activity. The trypsinized cell suspension was
centrifuged for 5 min at room temperature and the pellet was
resuspended in 0.1% bovine serum albumin (BSA)/PBS.
Washed anti-PECAM conjugated Dynabeads were mixed
with the cell suspension and rotated at 4°C for 20 min to
facilitate attachment to HCAECs. Following incubation,
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samples were placed in a magnet to separate the bead-bound
HCAECs from the supernatant (i.e., HCASMCs). The su-
pernatant was collected and the bead-bound HCAECs were
rinsed and magnetized three times to increase the separation
efficiency.

RNA isolation and quantitative real-time polymerase
chain reaction analysis

Real-time polymerase chain reaction (PCR) combined
with reverse transcription was used to quantify messenger
RNA of Notch3, smooth muscle-a-actin (SM-a-actin), and
calponin in HCASMCs. Total RNA from HCASMCs was
isolated using TRIzol® reagent following the manufacturer’s
protocol. Complementary DNA was synthesized using 1 pig
of total RNA primed with oligo(dT),,_;s as described in
SuperScript™. Conventional reverse transcription PCR was
used to test primer specificity by running PCR for 40 cycles
at 95°C for 20 s and 52°C for 1 min. Quantitative real-time
PCR was conducted in 10pL reaction volumes, using a
Chromo4 Real-time Thermal Cycler, and gene expression of
human Notch3, SM-a-actin, calponin, and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was then determined
with iQ™ SYBR® Green Supermix according to the re-
commended protocol of the manufacturer. Notch3 forward
primer, 5-CCT AGA CCT GGT GGA CAA G-3’, and re-
verse primer, 5’-ACA CAG TCG TAG CGG TTG-3’; SM-
a-actin forward primer, 5'-CAA GTG ATC ACC ATC GGA
AAT G-3’, and reverse primer, 5-GAC TCC ATC CCG
ATG AAG GA-3’; calponin forward primer, 5-TGA AGC
CCC ACG ACA TTT TT-3’, and reverse primer, 5-GGG
TGG ACT GCA CCT GTG TA-3’; and GAPDH forward
primer, GGT GGT CTC CTC TGA CTT CAA CA, and
reverse primer, GTT GCT GTA GCC AAA TTC GTT GT,
were used.”? Cycling parameters were optimized as follows:
denaturation 95°C (10s), gradient annealing 50°C/65°C
(10s), extension 72°C (30s), and running for 39 cycles.
Notch3, SM-a-actin, and calponin gene expression in
HCASMCs was normalized to GAPDH with at least three
repeats per experimental group and expressed as relative
ratios using the Gene Expression Macro analysis software.

Immunofluorescence staining and laser scanning
confocal microscopy

For some 3D coculture experiments, HCASMCs and
HCAECs were live-stained using CellTracker™ green
(CTG) and CellTracker™ red (CTR), respectively, at a
concentration of 10uM in serum-free media for 45 min.
Following two 30-min incubations in SmGM or EGM to
rinse out the unincorporated CTG and CTR, respectively,
the respective cells were seeded and cultured for a pre-
scribed time. Cells were then fixed using a 4% solution of
paraformaldehyde, permeabilized in 0.5% Triton X-100, and
washed three times with 1x PBS. Cocultured cell-scaffold
constructs were incubated in 1% BSA/PBS with vascular
endothelial (VE)-cadherin antibody (1:50 dilution; Santa
Cruz, Inc.) for 1h followed by three washes in 1x PBS.
Scaffolds were then incubated in Alexa Fluor® 568-conju-
gated secondary antibody for 1h, washed three times with
1x PBS, and incubated with Hoechst 33342 (10 pg/mL;
Sigma-Aldrich) for 5 min to label the nuclei. Samples were
mounted on glass microscope slides in a mounting medium
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composed of glycerol and water (glycerol:water, 9:1v/v)
and sealed using nail enamel. A Zeiss LSM 410 confocal
microscope (Carl Zeiss) equipped with argon/neon and UV
lasers was used for imaging the samples. Images were
captured by taking serial optical slices at regular increments
through the sample depths. Where applicable, long-term
HCASMC monocultures were stained using Alexa Fluor®
488 Phalloidin (1:50 dilution) in 1% BSA/PBS for 1h.

Protein extraction and western blot

Expression levels of Jaggedl, Notch3, SM-a-actin, and
calponin in 3D cultures were evaluated using western blot-
ting. Scaffolds were incubated in 0.25% Trypsin/EDTA for
5 min at 37°C. The trypsin solution was pipetted repeatedly
into the scaffolds to recover cells after which the cells were
centrifuged and collected. Cells from cocultures were sep-
arated using anti-PECAM conjugated Dynabeads (as de-
scribed in the ‘‘Separation of HCAECs from coculture’
section) before they are recovered using elution buffer and
lysed. Lysates were microcentrifuged and total protein
concentrations were determined using 660 nm colorimetric
protein assay (Pierce™ 660-nm Protein Assay Kit) accord-
ing to the manufacturer’s instructions. Twenty micrograms
per well of protein was loaded and separated by 10% sodium
dodecyl sulfate—polyacrylamide gel electrophoresis for
50 min and then subsequently transferred onto a nitrocellu-
lose membrane. Ponceau S stain was used to verify proper
transfer. Membranes were then blocked with 5% nonfat dry
milk in 1x PBS for 1 h and incubated in primary antibodies
(diluted in 5% nonfat dry milk in 1x PBS): anti-SM a-actin
(1:1000 dilution), anti-calponin (1:1000 dilution), anti-Jag-
gedl (1:200 dilution), anti-Notch3 (1:200 dilution), and
anti-GAPDH (1:2000 dilution) all from Santa Cruz, Inc., for
2h. After incubation with horseradish peroxidase-conju-
gated secondary antibodies for 45 min, membranes were
incubated for 5min in SuperSignal®West Pico Chemilumi-
nescent substrate. Bio-Rad’s ChemiDoc™ XRS + System
was used to image the membranes and blots were quantified
using Image Lab™ software.

Statistical analysis

Quantified data for RNA and protein expression levels
were plotted and analyzed using GraphPad Prism 5. Values
were normalized against GAPDH and are presented as
mean * standard deviation from at least three independent
experiments. Statistical analyses were conducted by one-
way analysis of variance followed by Tukey’s post hoc test
to compare differences between two groups. Values of
p<0.05 were considered to be statistically significant.

Results

Jagged1-induced Notch3, SM-«-actin, and calponin
gene expression levels in HCASMCs

Although Notch3-dependent protein synthesis in
HCASMCs has been reported previously in 2D cultures, it
was not clear whether the differential protein synthesis was
the result of transcriptional repression/activation or mRNA
stability/instability. Therefore, one of the objectives of this
study was to examine Notch-induced differential SM-a-
actin and calponin gene expression of HCASMCs in re-
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sponse to Jaggedl presentation strategies using quantitative
real time (RT)-PCR. For our targeted gene analysis, Notch3
was chosen because it is the primary receptor for Jaggedl in
arterial SMCs. SM-a-actin and calponin were targeted as
these are early-to-mid stage SMC differentiation mark-
ers>** and direct targets for Notch activity.?"**>® Quanti-
tative RT-PCR (Fig. 1A-C) indicated that soluble Jagged1
was unable to produce any significant changes of Notch
transcriptional activity and HCASMC marker gene expres-
sion compared with the controls in which HCASMCs were
cultured either in SmGM or in IgG-supplemented SmGM
(p>0.05), suggesting that soluble Jaggedl does not stimu-
late Notch3 at the transcriptional level. The IgG control
accounts for any nonspecific effects of the Fc-fragment
found on the Jaggedl protein. Since Notch3 signaling is
generally thought to be paracrine, we conjugated Jagged1 on
the surface of protein G beads such that the protein G beads
could potentially mimic a signaling cell surface presenting
the Jagged] ligand to adjacent HCASMCs. Results shown in
Figure 1D-F demonstrated that, although Jagged-im-
mobilized beads were able to significantly upregulate
Notch3 gene expression in HCASMCs (p<0.05), a corre-
sponding increase in contractile gene expression was not
detected (p>0.05), suggesting the possibility of posttran-
scriptional mRNA transcript instability.?” This also suggests
that other biochemical or structural cues—which are not
offered by the Jaggedl-immobilized beads—may be nec-
essary to activate the signaling cascade that results in
HCASMC differentiation. Given that both soluble and bead-
bound Jagged]1 failed to upregulate SM-a-actin and calponin
that are downstream targets of Notch3 signaling, we tested
the possibility that HCAEC-expressed Jaggedl may be re-
quired. To do this, we used a combination of direct cocul-
ture system and human Jagged1 siRNA. As shown in Figure
1G, Jaggedl in HCAECs was effectively knocked down by
siRNA compared with the control scrambled siRNA. As a
result of Jagged!l knockdown in HCAECsS, both Notch3 and
SM-a-actin  genes were significantly downregulated in
HCASMCs compared with the scrambled control siRNA
(Fig. 1H, I; p<0.05), demonstrating a direct link between
HCAEC-bound Jaggedl and HCASMC differentiation.
Unlike bead-immobilized Jaggedl, which was able to up-
regulate the expression of Notch3 in HCASMCs but failed
to upregulate contractile marker gene expression, HCAEC-
bound Jaggedl appears to have a direct effect on the ex-
pression of Notch3 and SM-a-actin in HCASMCs. The data
collectively presented in Figure 1 for 2D cultures underscore
the need for a direct coculture system for studying the
modulation of HCASMC phenotype.

The effect of porous and interconnected 3D scaffolds
on cocultured HCASMCs and HCAECs

To evaluate Notch-induced HCASMC marker protein ex-
pression mediated by HCAECs, we established a 3D cocul-
ture system. This was accomplished by fabricating 3D PCU
scaffolds that are highly porous with interconnected channels
between adjacent pores (Fig. 2A, B). In addition to the
macropores (~ 180 um), micropores (~ 10 pum) are also evi-
dent (Fig. 2B) on the scaffold struts that could potentially
alter surface topography and also facilitate mass transport
within the construct thus enhancing intercellular
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Human coronary artery endothelial cell (HCAEC)-bound Jagged1 in a direct coculture of human coronary artery

smooth muscle cells (HCASMCs) and HCAECs upregulates mRNA expression of Notch3 and modulates phenotypic
marker genes in HCASMCs. HCASMCs were seeded on two-dimensional (2D) culture dishes and cultured for 4 days in
smooth muscle growth media (SmGM) with or without soluble Jaggedl (A—C), or in SmGM supplemented with or without
Jaggedl-immobilized beads (D-F). Quantitative real-time polymerase chain reaction (PCR) analysis revealed that soluble
Jaggedl has no effect on Notch3 transcriptional activity and smooth muscle cell (SMC) contractile marker genes. Con-
jugated Jaggedl beads were able to upregulate the expression of Notch3 but failed to upregulate SMC contractile marker
genes. (G) HCAECs were transiently transfected with Jaggedl siRNA or scrambled siRNA (as a control) for 2 days prior to
coculture with HCASMCs on 2D surfaces. Western blot analysis revealed that transfection was successful and the corre-
sponding Jaggedl expression in HCAECs was significantly reduced. (H, I) Following 2 days of HCASMC and HCAEC
coculture, quantitative real-time PCR analysis revealed that direct coculture of HCASMCs and HCAECs significantly
downregulates when Jaggedl was knocked down in HCAECs using siRNA. Data are represented as mean = standard

deviation (SD) from three independent experiments (*p <0.05).

interactions.”®*” HCASMCs seeded at 750,000 cells/scaffold
and cultured for 16 days were densely packed and expressed
abundant and aligned F-actin that covered the scaffold sur-
face (Fig. 2C). To gain insight into the interaction of
HCAECs with HCASMC:s in 3D cultures, HCASMCs were
first seeded onto the scaffolds at a density of 10,000 cells/
scaffold and were cultured for 14 days. The initial low
seeding density was chosen since it may allow visualization
of how HCAEC:s interact with the less-crowded CTG-stained
HCASMC:s cultured on 3D scaffolds (Fig. 2D). After the 14
days of culture, 6000 HCAECsS labeled with CTR were see-
ded onto the HCASMC layer. Both cell types were cocultured
on the scaffolds for 24 and 48 h. As shown in Figure 2E and
F, the HCAECs were located on top of the underlying

HCASMC layer. By 48h, the relative number of CTR-posi-
tive cells encountered increased compared with 24 h, sug-
gesting the proliferation of the ECs. Although HCASMCs
were densely packed (Fig. 2C) it was important to ascertain
whether these cells were actively migrating into the cross-
section of the 3D scaffolds with increasing culture time.
Serial confocal images of HCASMCs on the scaffolds (Fig. 3)
revealed that cells were, in fact, both migrating and prolif-
erating as the culture time increased. Contrary to the need for
active migration and proliferation of HCASMCs on the 3D
scaffold cross-section, ECs should form only a monolayer
when seeded on the SMC layer. This is important when
mimicking vascular physiology since ECs only form mono-
layers with contact-inhibited growth characteristics. Serial
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FIG. 2. Coculture of HCASMCs and HCAECs on porous and interconnected three-dimensional (3D) scaffolds. (A)
Images (top) of rod-like and sectioned polyurethane scaffold discs (0.5 mm), and scanning electron micrograph (SEM)
images (bottom) of porous scaffolds using NH,Cl (180-210 pm). Scale bar=500 um. (B) SEM of porous 3D polyurethane
scaffolds under higher magnification. Scale bar=50 um. HCASMCs were seeded into 3D porous scaffolds and cultured for
16 days. Confocal microscopy after staining for F-actin [(C), green; magnification=40x] showed that HCASMCs were
densely packed and covered the scaffold surface. Nuclei are labeled blue. (D) HCASMCs were sparsely seeded into 3D
scaffold and were cultured for 14 days prior to coculture. Confocal microscopy showed that HCASMCs were labeled by
CellTracker Green. Following CellTracker Red-labeled HCAEC seeding and cocultured for 24 h (E) and 48 h (F), the cells
were imaged. Nuclei are labeled blue. More red-stained cells were encountered by 48 h compared with 24 h, suggesting
proliferation of the endothelial cells. Magnification=40x. Color images available online at www.liebertpub.com/tea

confocal analysis (Fig. 4) revealed cell-type partitioning
where the top 10um of the scaffold was a pure HCAEC
population whereas at depths beyond 10 um pure SMC pop-
ulations were evident, suggesting that the ECs were forming a
monolayer. Since the whole-cell height for an EC is 10—
11 um,* our data suggest that our 3D coculture model is
feasible in forming an EC monolayer. It is also interesting to
point out that the seeding density of ECs appeared to make a
considerable difference on EC morphogenesis. While we
were able to observe EC monolayer formation with 200,000
HCAECs/scaffold (Fig. 4A, B, G, H), scaffolds seeded with
400,000 HCAECs/scaffold revealed morphogenesis of the
HCAECS into cord-like structures (Fig. 4J, K).

The effect of 3D cocultures on Notch-
and SMC-specific protein expression levels

As stated in the “‘Introduction” section, induction of a
contractile VSMC phenotype is an important stage in en-
gineering vascular tissues and is required for tissue func-
tionality. ECs, in addition to providing a nonthromobogenic
surface, are thought to regulate the contractile VSMC phe-
notype. To explore this, we first seeded 750,000 HCASMCs
on 3D PCU scaffolds and cultured them for 14 days, after
which HCAECs were seeded and cultured for an additional
2 days while making direct contact with the SMCs. Western
blotting analyses demonstrated that both Jaggedl in

HCAECs and Notch3 in HCASMCs were significantly up-
regulated in the cocultures compared with monocultures
(Fig. 5SA-C, p<0.001). This increase in the cocultures was
nearly twofold for both Jagged!l and Notch3. Concomitant
with the increased expression of Jaggedl and Notch3 in the
cocultures, the contractile phenotype marker proteins SM-o.-
actin and calponin in HCASMCs were also significantly
upregulated when cocultured with HCAECs (Fig. 5D, E,
p<0.001), suggesting that in the absence of ECs,
HCASMCs were in a more synthetic phenotype when cul-
tured on 3D PCU scaffolds. The finding that HCASMCs
lacked their contractile marker protein expression in 3D
cultures indicates that topographical effects may have been
in play. We noted that both SM-o-actin and calponin were
not detected in the separated EC blots, demonstrating that
the separation protocol using PECAM-incubated magnetic
beads was selective to HCAECs. It is worth mentioning that
following coculture with HCAECs and cell separation,
Jaggedl was detected in the HCASMC fraction (Fig. 5A, B).
The detection of Jaggedl in HCASMC:s is not related to EC
contamination caused by separation inefficiency but rather
attributed to Jaggedl expression in VSMCs following a
physical association with HCAECs.*® Interaction of Jag-
gedl-expressing ECs with VSMCs that express Notch3 re-
ceptors promotes Notch3 upregulation, smooth muscle
differentiation, and initiates expression of Jaggedl in the
newly differentiated VSMCs thus initiating a feed-forward
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Culture Time
16 days

0 um

40 ym

140 pm

pathway.*! We also observed that HCAEC-expressed
Notch3 was not affected by coculturing (Fig. 5C). Although
Notch3 expression is thought to be restricted to arterial
SMCs, our finding is consistent with emerging data that
suggest Notch3 expression in other cell types, including
HCAECs.*>***2 Given that we cocultured the two cell types
in our scaffolds such that they make direct contact with each
other, it is plausible to postulate that other soluble factors
secreted by HCAECs could also play a role in upregulating
Notch3 and subsequent VSMC differentiation marker ex-
pression. To test this possibility, we adopted a 2D transwell
coculture where the two cell types are not making physical
contacts while HUAEC-secreted molecules could freely
diffuse into the HCASMC layer (see Fig. SF for the setup).
Western blotting showed that both Notch3 and SM-a-actin
expression was unchanged in the noncontact cocultured
HCASMCs compared with the monocultured HCASMCs
(Fig. 5G), suggesting that soluble factors had no effect in
Notch3 activation and SM-a-actin expression in HCASMCs.

8 days
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FIG. 3. HCASMC-infiltrated 3D poly-
carbonate urethane (PCU) scaffolds in long-
term cultures. HCASMCs were seeded on
3D porous scaffolds and were cultured for
8 and 16 days. Images by confocal micros-
copy taken at different focal planes after
staining for F-actin (green) showed that cells
were both migrating and proliferating as the
culture time increased. Nuclei are labeled
blue. Scale bar= 100 pm. Color images
available online at www.liebertpub.com/tea

Effect of siRNA knockdown of Jagged1 on protein
expression levels in 3D cocultures

Although the data presented in Figure 5 indicated that
SM-g-actin and calponin upregulation in response to 3D
cocultures was concomitant with Jaggedl and Notch3 activ-
ity, they do not provide direct evidence that Jagged1-selective
Notch3 signaling pathway is the reason for the observation.
To establish causative link, we knocked down the expression
of Jaggedl in HCAECs using siRNA and transfection effi-
ciency was tested to ensure sufficient knockdown of Jagged1
in HCAECs (Fig. 6A, B; p<0.0001). Jaggedl expression in
HCAEC:S in the 3D coculture system was significantly higher
when treated with control siRNA than with Jagged1-specific
siRNA. A corresponding Notch3 downregulation was ob-
served in cocultured HCASMCs with siRNA-treated
HCAECs thus linking Jaggedl! to its target receptor Notch3.
As expected, both SM-a-actin and calponin were signifi-
cantly downregulated (Fig. 6C, D; p<0.001), suggesting that
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VE-cadherin

FIG. 4. In 3D coculture, HCAECs
organize into a monolayer on top of
underlying HCASMCs. HCASMCs
(750,000 cells/scaffolds) were cul-
tured on 3D scaffolds for 14 days prior
to coculture for additional 2 days with
200,000 HCAECs. Confocal micros-
copy images taken at different focal
planes show HCASMCs and HCAECs
stained with a cytoplasmic stain
(CellTracker Green) and VE-cadherin
(red) antibody, respectively. Images
are shown split into their component
red (A—C) and green (D-F) channels
as well as composite images (G-I).
HCAECs were only found within the
top 10 um of the scaffold surface (A,
B, G, H) whereas HCASMCs could be
seen at lower levels (F, I), suggesting
the formation of two distinct cell lay-
ers. When 400,000 HCAECs were
seeded on top of the smooth muscle
cells, morphogenesis of the cell
monolayers into cord-like structures
akin to capillaries (arrow indicated)
was observed (J, K). Scale bar =20 um.
Color images available online at
www.liebertpub.com/tea

CellTracker Green

Composite

Composite

Notch3 signaling is responsible for contractile VSMC phe-
notype regulation in 3D cocultures.

Discussion

In this study we have developed and evaluated 3D co-
culture systems that utilizes HCASMCs and HCAECs and
demonstrated Notch signaling to be responsible for inducing
the contractile phenotype of HCASMCs in 3D that other-
wise have predominantly a synthetic phenotype. Previously,
several in vitro coculture models have been developed to
study EC-SMC interactions. These are cocultures of ECs
and SMCs on opposite sides of a porous membrane,** mi-
crocarrier techniques,44 direct 2D coculture'>**® where
these cells are separated by a layer of either collagen®” or
fibronectin,”® and a coculture system consisting of SMCs
within a 3D collagen and gelatin gel and a confluent

BHATTACHARYYA ET AL.

20 pm

monolayer of ECs on the gel surface.*”° While these
models have helped to elucidate some important interactions
between the two cell types, most of them were performed
only in 2D cultures often evaluating how SMCs influence
EC behavior. Thee-dimensional coculture approaches such
as microcarriers are limited to aggregates of cellular
spheroids whereas the collagen gel system appeared to
promote the synthetic phenotype that is undesirable in later
stages of tissue engineering. To recapitulate the cellular
microenvironment that more closely mimics the one ob-
served in vivo, it is desirable that VSMC phenotype be
studied in 3D engineered vascular tissue models rather than
in conventional 2D culture systems. Although 2D coculture
methods have been used to study Notch3 signaling,*>** they
do not replicate the 3D microenvironment found in tissues.
For instance, the 2D culture systems involve a single layer
of SMCs directly in contact with the signal-initiating ECs
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FIG. 5. Upregulation of Jaggedl in
HCAECs and Notch3 in HCASMCs en-
hances SMC-specific marker protein SM-o-
actin and calponin expression in 3D cocul-
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ture. HCASMCs were seeded on 3D scaf-
folds for 14 days to achieve a dense cell
population and extracellular matrix compo-
nents, after which HCAECs were seeded and
cocultured for an additional 2 days. Fol-
lowing separation of cells, western blot

=

analysis demonstrated that both Jaggedl in
HCAECs and Notch3 in HCASMCs were
significantly upregulated in the cocultures
compared with the monocultures (A-C).

The SMC contractile phenotype marker
proteins SM-o-actin and calponin in

Normalized Expression

HCASMC:s were significantly upregulated in
HCASMC:s cocultured with HCAECs (D,

E). These upregulations were dependent on
cell—cell contact since noncontact coculture

model did not have any effect (F, G). Data
are represented as mean+SD from three

Notch3 | & — independent experiments (¥p <0.05). NS,
F not significant. Color images available
online at www.liebertpub.com/tea
SM-c-actin | G- —
GAPDH
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whereas a 3D culture system has multiple SMC layers that
allow studies on signal propagation through these multiple
layers thereby mimicking a typical arterial wall. Our data
presented in Figures 2 and 4 showed that HCASMCs and
HCAECs can be cocultured on highly porous 3D polyure-
thane scaffolds with distinctive layers forming for each cell
type. Remarkably, the thickness of the EC layer in our study
was found to be similar to that observed in vivo, suggesting
that HCAECs only formed a monolayer on our scaffolds.
Williams and Wicks®' and Pullens ez al.>* seeded VSMCs
and ECs onto a 3D porous poly(glycolic acid) tubular
scaffolds and studied the effect of ECs on SMC function. In
these studies, however, the goal was exploring collagen and
proteoglycan deposition within the 3D scaffold mesh.
Whether or not the two cell types partitioned into separate
layers was not studied. Partitioning of the two cell types is
often achieved artificially by separating them using coating
with ECM components, with porous membranes, or by en-
capsulating the VSMCs.***° Unlike previous studies, we
believe that our work demonstrated that a dense layer of
HCASMC:s can effectively support a monolayer of HCAEC
formation as shown by the VE-cadherin staining (Fig. 4).

The number of HCAECs seeded on a dense HCASMC layer
also played a role since higher EC numbers formed corded
and tube-like structures akin to a capillary network pre-
sumably stimulating morphogenesis of ECs into branching
networks of cord structures.>?

Unlike cardiac and skeletal muscle cells that are termi-
nally differentiated and hence cannot revert to an earlier
developmental stage, VSMCs are able to modulate their
contractile or synthetic phenotypes in response to changing
environmental cues. Understanding the regulating pathways
in response to local environmental cues required for phe-
notype modulation is imperative for engineering living
vascular substitutes. When seeded onto a 3D scaffold tem-
plate, VSMCs must adopt a synthetic phenotype to facilitate
cellular proliferation and ECM secretion. Studies from our
laboratory demonstrated that 3D porous polyurethane scaf-
folds promote the synthetic VSMC phenotype in response to
fibronectin conjugation®*> and promoted elastin synthesis
via Ras-dependent signaling pathway.’® Following tissue
maturation, VSMCs must switch to a quiescent and con-
tractile phenotype to mimic the functional properties of the
native blood vessel, an event likely to be influenced by the
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FIG. 6. siRNA-mediated knockdown of
Jaggedl reduces the expression levels of
SMC-specific marker proteins associated
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with downregulation of Notch3 in 3D co-
culture. HCASMCs were seeded on 3D
scaffolds and were cultured prior to cocul-
ture. HCAECs were transiently transfected
with Jaggedl siRNA or scrambled siRNA
(as a control), seeded on the HCASMC
layer, and cocultured for 2 days. Following
separation of cells, Western blot analysis
revealed that transfection was successful and
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HCASMC:s by siRNA-mediated knockdown
of Jaggedl as determined by western blot
analysis (B). Both SM-a-actin and calponin
were significantly downregulated, suggest-
ing that Notch3 signaling is responsible for
contractile VSMC phenotype regulation in
3D cultures (C, D). Data are represented as
mean+ SD from three independent experi-
ments (¥p <0.05).
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presence of ECs. Emerging in vivo data on vascular devel-
opment and maturation strongly suggest Notch signaling as
a modulator of VSMC plasticity toward maturation and
contraction. However, it was unknown whether the in vivo
observation can be recapitulated in vitro using a synthetic
3D tissue engineering scaffold. In arterial SMCs, Notch3 is
the predominant receptor while Jagged-1 is the principal
ligand expressed by ECs. Given such unique arterial tissue
distribution, the present study investigated Jagged1/Notch3
signaling. Indeed, our findings collectively presented in
Figures 5 and 6 revealed that coculture significantly upre-
gulated the expression of Notch3 and Jaggedl in HCASMCs
and HCAEC S, respectively. Concomitantly, SM-a-actin and
calponin that are components of the contractile apparatus in
VSMCs were upregulated. The absence of SM-o-actin and
calponin from HCAECs in coculture indicates that the
separation protocol used was highly efficient. siRNA
knockdown of Jaggedl in HCASMCs abrogated the ex-
pression of the contractile apparatus in VSMCs, establishing
a link between Notch signaling and VSMC maturation.
Notwithstanding a number of in vivo studies that docu-
mented the requirement of EC-expressed Notch ligand
Jaggedl for vascular smooth muscle development and
maturation,”®?*3? in vitro studies yielded conflicting data
(reviewed in Boucher et al.57). Further, it is not clear whe-
ther Jaggedl presented to VSMCs without ECs will be able
to activate Notch signaling and subsequent contractile

phenotype. While soluble,”® protein G bead bound,”® and
alginate and (polystyrene)-bound Jaggedl were able to in-
duce mesenchymal stem cell differentiation toward cardio-
myocytes and osteogenic lineages, respectively, it seems
that arterial VSMC phenotype switching requires Jagged]
ligand expressed by ECs. With respect to the role of mate-
rial-bound Jagged! on the differentiation and maturation of
VSMCs, both transcriptional activation® and repression®!
effects have been reported. Such discrepancies may be a
result of a highly context-dependent nature and tight spa-
tiotemporal regulation of Notch pathway components during
development, in the adult vasculature, and in response to
physiological changes in vivo.>” Although our gene ex-
pression data with Jaggedl bound to protein G beads
showed Notch3 upregulation, neither SM-a-actin nor cal-
ponin was activated at the transcriptional level (Fig. 1). To
the contrary, coculture of HCASMCs with HCAECs upre-
gulated Notch3 and correspondingly SMC contractile
markers (Figs. 5 and 6), suggesting the possibility that
Notch3 expression may be a necessary but not a sufficient
condition for SMC differentiation. One unique feature of the
Notch signaling pathway is the requirement of ligand in-
ternalization by the signal-sending cells,> which leads to
receptor activation by pulling on the receptor. This pulling
helps to generate the physical forces needed to dissociate
and activate the receptor, and downstream target genes.“‘65
This reliance on endocytosis by signal-sending cells is
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believed to be an important step in activating Notch
downstream target genes and may explain why Notch sig-
naling requires contact between the signal-sending cell and
the signal-receiving cell.°®®®” Given that ligand internaliza-
tion in the case of Jaggedl-bound beads is not a likely
process (note that the signal-sending cell is replaced by
Jagged-1-bound beads), it is reasonable to expect that pre-
senting Jaggedl bound to beads may not be a sufficient
condition for effective Notch activation and downstream
target gene expression in HCASMCs, which underscores the
need for cell-cell contact in our culture system. Finally,
although our study focused on the role of Jaggedl in upre-
gulating Notch3, we are not ruling out the possibility that
Notch expression may also be regulated by other signaling
pathways. Taken together, our work demonstrates an ap-
proach by which a contractile SMC phenotype may be in-
duced following vascular tissue engineering.

Conclusions

In this study we developed a 3D coculture system for
HCASMC:s and HCAECs and demonstrated that the two cell
types formed separate layers whereby the top 10-pm
thickness was attributed to ECs. Targeted SMC contractile
gene and protein expression studies showed that upregula-
tions of SM-o-actin and calponin were dependent on Notch3
receptor expression on HCASMCs and Jagged! expression
on the HCAEC surface. Knockdown of Jaggedl using siR-
NA attenuated both Notch3 and the contractile phenotype
marker proteins SM-a-actin and calponin. Collectively, our
studies showed the importance of mechanistic studies to
identify signaling events in 3D cultures.
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