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Abstract
The heterogeneity of vascular smooth muscle cells (SMCs) is
related to their different developmental origins such as the
neural crest and mesoderm. Derivation of SMCs from differ-
entorigins will provide valuable in vitro models for the inves-
tigation of vascular development and diseases. From the
perspective of regenerative medicine and tissue engineer-
ing, an expandable cell source of SMCs is required for the
construction of tissue-engineered blood vessels. In this
study, we developed a robust protocol to derive neural crest
stem cells (NCSCs) from human embryonic stem cells (ESCs)
and induced pluripotent stem cells (iPSCs). NCSCs derived
from ESCs and iPSCs were expandable with similar cell dou-
bling times. NCSCs were capable of differentiating into neu-
ral and mesenchymal lineages. TGF-B1 induced the expres-
sion of SMC markers calponin-1, SM22«, and smooth muscle
myosin heavy chain and resulted in the assembly of smooth
muscle a-actin, calponin-1,and SM22a« into stress fibers. This
work provides a basis for using iPSCs to study SMC biology
and deriving vascular cells for tissue engineering.
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7-AAD 7-amino-actinomycin D

ALP alkaline phosphatase

BDNF brain-derived neurotrophic factor
bFGF basic fibroblast growth factor

BSA bovine serum albumin

CNNI1 calponin-1

CNTF ciliary neurotrophic factor

DMEM Dulbecco’s Modified Eagle’s Medium

EB embryo body
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EGF epidermal growth factor

ESC embryonic stem cell

FBS fetal bovine serum

GDNF glial cell-derived neurotrophic factor
iPSCs induced pluripotent stem cells
MEFs mouse embryonic fibroblasts

NC neural crest

NCSCs neural crest stem cells

NGF nerve growth factor

PBS phosphate-buffered saline

SMA smooth muscle a-actin

SMCs smooth muscle cells

SM-MHC smooth muscle myosin heavy chain
TEVGs tissue-engineered vascular grafts
TGF transforming growth factor
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Introduction

Diseased blood vessels exhibit multiple cell pheno-
types that are responsible for the accumulation of lipids,
cell proliferation, cell migration, matrix synthesis, and
calcification [Ross, 1999]. The heterogeneity of vascular
smooth muscle cells (SMCs) is an important factor in the
development of vascular diseases [Regan et al., 2000; Li
etal., 2001]. The heterogeneity of SMCs can be attributed
to different origins of SMCs during development, and
the neural crest (NC) is one of the major sources of SMCs
[Bergwerff et al., 1998; Hirschi and Majesky, 2004; Na-
kamura et al., 2006; Majesky, 2007]. A genetic approach
that used a Wntl-Cre transgenic line crossed with a
floxed stop Rosa26 reporter line (R26R) showed that mu-
rine NC contributes SMCs in the ascending and arch
portions of the aorta, the ductus arteriosus, the innomi-
nate and right subclavian arteries, and the right and left
common carotid arteries [Jiang et al., 2000]. It is sug-
gested that lineage-dependent differences in vascular
smooth muscle properties may play a role in the hetero-
geneous patterns of disease progression and recurrence
among different human arterial beds [DeBakey and
Glaeser, 2000]. However, NC-derived SMCs are not read-
ily available.

For tissue engineering applications, expandable cell
sources for the construction of tissue-engineered vascu-
lar grafts (TEVGs) are desirable. Several methods have
been developed to construct TEVGs using endothelial
cells, SMCs, and/or fibroblasts [Weinberg and Bell, 1986;
Niklason et al., 1999; UHeureux et al., 2006]. However,
adult human autologous cells are not easily expandable
ex vivo and thus hinder the feasibility of these approach-
es. Induced pluripotent stem cells (iPSCs) generated from
somatic cells make it possible to derive a variety of au-
tologous cells for therapies [Takahashi et al., 2007; Park
et al.,, 2008a; Soldner et al.,, 2009; Yamanaka, 2009],
including NC stem cells (NCSCs) and vascular cells.
NCSCs are multipotent stem cells that have the potential
to differentiate into cell types of all three germ layers
[Stemple and Anderson, 1992; Crane and Trainor, 2006;
Lee et al., 2007] and can be used to generate SMCs and
many other cell types.

In this study, we established a novel protocol to effec-
tively differentiate iPSCs into NCSCs and to further de-
rive SMCs from NCSCs. SMCs of NC origin are not only
useful for investigations on SMC biology but they are also
a valuable cell source for tissue engineering and blood
vessel regeneration.
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Materials and Methods

Culture of Human Embryonic Stem Cells and iPSCs

An undifferentiated human embryonic stem cell (ESC) line
(H1; WiCell Research Institute; passages 30-50) and an iPSC line
(BJ1-1PS1, derived from skin fibroblasts; passages 23-55) [Park et
al., 2008b] were maintained as described previously [Lam et al.,
2008; Kurpinski et al., 2010]. Briefly, cells were cocultured with
mitotically inactivated mouse embryonic fibroblasts (MEFs) in
ESC maintenance medium consisting of Knockout Dulbecco’s
Modified Eagle’s Medium (DMEM)/F-12 medium supplemented
with Knockout serum replacer, 1% non-essential amino acids,
1 mM L-glutamine (all from Invitrogen Corp.), 0.1 mM B-mercap-
toethanol (Sigma-Aldrich Corp.), and 4 ng/ml human basic fibro-
blast growth factor (bFGF) (R&D Systems, Inc.). Undifferentiated
iPSCs and human ESCs were characterized with positive staining
of Oct3/4, Nanog, SSEA-3, and TRA-1-60.

Derivation and Characterization of NCSCs from Human

ESCs and iPSCs

To derive NCSCs, iPSCs and ESCs were detached by collage-
nase IV (1 mg/ml) and dispase (0.5 mg/ml) and grown as embryo
body (EB)-like floating cell aggregates in ESC maintenance me-
dium without bFGF for 5 days. The cell aggregates were allowed
to adhere to CELLstart™ matrix- (Invitrogen) coated dishes in a
serum-free neural induction medium (NCSC medium) consist-
ing of Knockout DMEM/F12, StemPro neural supplement (Invi-
trogen), 1% GlutaMAX™.-I (Invitrogen), 20 ng/ml bFGF, and 20
ng/ml epidermal growth factor (EGF). After 7 more days, the col-
onies with rosette structures were mechanically harvested, cul-
tured in suspension in NCSC medium for 1 week, replated onto
CELLStart-coated dishes, and cultured for 3 more days. Cells
were dissociated into single cells using TryplE Select (Invitrogen)
and cultured in NCSC medium as a monolayer and further puri-
fied by cloning, subculture, and/or flow-activated cell sorting
(FACS) to obtain homogeneous populations that were positive for
NC markers. NCSCs were characterized by immunostaining for
nestin, the low affinity nerve growth factor (NGF) receptor p75,
vimentin, HNK1, AP2, and Slug. Homogeneity was analyzed by
flow cytometry analysis of p75. The cells were maintained in
NCSC medium, with 50% of the cultural medium changed every
other day, and were passaged weekly.

NCSCs could also be cultured as neurospheres in suspension.
For sphere formation assay, cells were dissociated and plated onto
6-well ultra-low-attachment plates (Costar; Corning) and cul-
tured in NCSC medium. Neurospheres formed 2 days after being
cultured in suspension and increased in size over time. The
spheres were fixed in paraformaldehyde and cryosectioned into
10-pm-thick sections as the sphere sizes reached approximately
200 pm. The sections were immunostained with NC markers to
confirm the NC identity.

Multipotency and Differentiation Potential of iPSC-NCSCs

Cell differentiation into neural cells and mesenchymal cells
was carried out using the protocols described previously [Wang
et al,, 2004; Lee et al., 2007; Wang et al., 2011]. To induce NCSC
differentiation into peripheral neurons, NCSCs were cultured for
2 weeks in N2 medium supplemented with brain-derived neuro-
trophic factor (BDNF; R&D Systems) (10 ng/ml), NGF (R&D Sys-
tems) (10 ng/ml), glial cell-derived neurotrophic factor (GDNF;
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R&D Systems) (10 ng/ml), and 1 mM dibutyryl-cAMP (Sigma-
Aldrich). To induce NCSC differentiation into Schwann cells,
NCSCs were cultured for 2 weeks in N2 medium supplemented
with ciliary neurotrophic factor (CNTF; R&D Systems) (10 ng/
ml), bFGF (10 ng/ml), 1 mM dibutyryl-cAMP, and neuregulin (20
ng/ml; R&D Systems).

For osteogenic differentiation, NCSCs were seeded at a low
density (10° cells/cm?) on tissue culture-treated dishes and main-
tained for 4 weeks in  MEM medium containing 10% fetal bovine
serum (FBS), 10 mM B-glycerol phosphate, 0.1 wM dexametha-
sone, and 200 wM ascorbic acid (all from Sigma-Aldrich). Then,
the culture was fixed in 4% paraformaldehyde and stained with
Alizarin Red (2% in water, pH to 4.2 using 10% ammonium hy-
droxide) for calcified matrix.

For chondrogenic differentiation, NCSCs were cultured as cell
pellets (<1 mm in diameter) in suspension for 4 weeks in « MEM
medium containing 10% FBS, 10 ng/ml transforming growth fac-
tor (TGF)-B3 (R&D Systems), 0.1 wM dexamethasone, and 200
M ascorbic acid. The cell pellets were embedded in OCT com-
pound (TissueTek, Inc.), cryosectioned, and fixed in 4% parafor-
maldehyde. The cross sections of the pellets were immunostained
for collagen II or stained for glycosaminoglycans using Alcian
Blue (pH 2.5).

For adipogenic differentiation, NCSCs were grown to conflu-
ence and exposed to 1 mM dexamethasone, 10 pg/ml insulin, and
0.5 mM isobutylxanthine (all from Sigma-Aldrich) in « MEM me-
dium containing 10% FBS for 4 weeks. Cells were fixed in 4%
paraformaldehyde and stained with Oil Red O (0.5% in 85% pro-
pylene glycol) for lipids and fat.

Derivation of SMCs from iPSC-NCSCs

To derive SMCs with NC origin, iPSC-NCSCs were seeded at
a low density (10° cells/cm?) on tissue culture dishes for 3 weeks
in DMEM (high glucose) medium containing 5% FBS and 10 ng/
ml TGF-B1 (R&D Systems). Cells were fixed in 4% paraformalde-
hyde, and immunostaining was performed for smooth muscle a-
actin (SMA), calponin-1 (CNNI), SM22«, and smooth muscle
myosin heavy chain (SM-MHC).

Immunostaining, Microscopy, and Flow Cytometry Analysis

Cells were fixed with 4% paraformaldehyde in phosphate-buff-
ered saline (PBS) for 15 min, followed by permeabilization with
0.5% Triton X-100 in PBS for 10 min. For immunostaining, the
specimens were incubated with respective primary antibodies for
2 hand with appropriate secondary antibodies for 1 h. Nuclei were
stained by DAPI (Invitrogen) in blue. The following antibodies
were used: p75, nestin, SM22a, and SM-MHC (all from Abcam,
Inc.); HNK1, SMA, and S100B (all from Sigma-Aldrich); vimentin
(from Dako North America, Inc.); peripherin and collagen-II
(both from Millipore Corp.); CNN1 (from Epitomics); alkaline
phosphatase (ALP) and AP2 (both from Developmental Studies
Hybridoma Bank), and Slug (from Santa Cruz Biotechnology).

The fluorescently stained samples were imaged using a Nikon
fluorescence microscope, a Zeiss microscope, or a Leica confocal
microscopy system. For confocal microscopy, multiple z-section
images (0.3 wm per section) were collected for a given specimen.
The optical sections were subsequently projected onto a single
plane to create an overall image of the specimen.

Flow cytometry analysis was performed as described previ-
ously. Briefly, cells were detached by EDTA treatment, and the
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nonspecific binding sites on the cell surface were blocked for 30
min by incubation with 1% bovine serum albumin (BSA) (Sigma-
Aldrich). The samples were incubated for 30 min with a primary
antibody against the surface marker, followed by staining with
a fluorescence-labeled secondary antibody (Molecular Probes,
Inc.) for 30 min. As negative controls, the samples were incubated
with nonspecific antibody with the same isotype as the respective
primary antibody, followed by incubation with the same second-
ary antibody. Dead cells were excluded by 7-amino-actinomycin
D (7-AAD) (Invitrogen) staining. The expression of the markers
was quantified using a Beckman-Coulter EPICS XL flow cytom-
eter.

Results

Derivation and Characterization of NCSCs from

iPSCs and Human ESCs

A schematic diagram of the protocol for NCSC deri-
vation is shown in figure la. Undifferentiated ESCs or
iPSCs were maintained and expanded on a mouse feed-
er layer in media supplemented with bFGF (fig. 1b). Af-
ter the treatment with collagenase and dispase, ESC or
iPSC colonies were collected, with feeders left behind
(tig. 1c). ESC and iPSC colonies were cultured as cell ag-
gregates in suspension (fig. 1d) and then allowed to ad-
here to form rosette structures (fig. le) for NCSC isola-
tion. The colonies with rosette structures were mechan-
ically harvested and cultured in suspension in NCSC
medium for 7 more days. The cells that aggregated in
clusters or spheres (fig. 1f) survived and grew, while
nonneural single cells died in suspension. The neural
aggregates were allowed to attach, dissociated into sin-
gle cells, and plated as a monolayer in fresh NCSC me-
dium (fig. 1g).

At the rosette stage of ESC and iPSC differentiation,
four types of colonies were observed, i.e. colonies with a
rosette structure, colonies with differentiated neurons,
colonies with differentiated flat nonneural cells, and a
small number of undifferentiated ESC/iPSC colonies.
Rosette-containing colonies accounted for the NCSC
derivation efficiency during the ESC/iPSC differentia-
tion process. Immunostaining for NC markers showed
that the majority of cells in the colonies with rosette
structures were positive for NC markers nestin (fig. 2a,
b), p75 (fig. 2¢, d), vimentin (fig. 2e, f), Slug (fig. 2g, h),
and AP2 (fig. 2i, j). The percentage of rosette-containing
colonies for H1 and BJ1-iPS1 cells is summarized in fig-
ure 3a. H1 and BJ1-iPS1 cell lines had similar efficiencies
in forming rosettes.

Interestingly, in the colonies with differentiated flat
nonneural cells, many of the cells stained positive for
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Fig. 1. Procedure to derive NCSCs from human ESCs and iPSCs.
a A schematic diagram of the protocol was described. b Human
ESCs and iPSCs were cultured on MEFs. ¢ ESC and iPSC colonies
were detached by collagenase and dispase while MEFs were left
behind. The asterisk indicates the area occupied by the ESC/iPSC
colony. d EB-like cell aggregates were cultured in suspension.

SMA (data not shown). In addition, when ESCs and iPSCs
were allowed to spontaneously differentiate, the majority
of the cells that migrated out of the colonies were also
SMA positive (data not shown). However, it was not clear
whether these myofibroblasts or SMC precursors were
derived from the NC or the mesoderm.

Cells Tissues Organs 2012;195:5-14

e Rosette colony formed after EB-like cell aggregates attached to
the CELLstart-coated surface. f Rosette colonies were mechani-
cally harvested and cultured in suspension. The arrow indicates
dead nonneural cells in suspension. g iPSC-derived NCSCs were
cultured as a monolayer. Scale bar = 100 pm.

The adherent NCSCs were expandable and could be
maintained in NCSC medium. The doubling time of
ESC-NCSCs and iPSC-NCSCs during expansion is char-
acterized and summarized in figure 3b. There was no
significant difference between ESC-NCSCs and iPSC-
NCSCs in terms of doubling time.
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Fig. 2. Characterization of the cells in the ro-
sette-containing colonies. The majority of cells
in the colonies with rosette structures were pos-
itive for NC markers nestin (a, b), p75 (c, d), vi-
mentin (e, f), Slug (g, h), and AP2 (i, j). Nuclei
were stained using DAPI (blue in the online
version). Scale bar = 100 pm.
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Fig. 3. Rosette-forming capability of hu-
man ESCs and iPSCs and proliferation rate
of derived NCSCs. a Percentage of rosette-
containing colonies in the culture of ESCs
and iPSCs. Eighty to 120 total colonies
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During cell maintenance and expansion, NCSCs be-
came more homogeneous. As shown in figure 4, iPSC-
(BJ1-iPS1 cell line) derived NCSCs homogeneously ex-
pressed NCSC markers nestin (fig. 4a, b), p75 (fig. 4c, d),
vimentin (fig. 4e, f), and HNKI (fig. 4g, h). The homoge-
neity was further confirmed by flow cytometry analysis
of p75 expression (fig. 4i, j).

When cultured in suspension in ultra-low-attachment
plates in NCSC medium supplemented with bFGF and
EGF, both ESC-NCSCs and iPSC-NCSCs formed neural
sphere-like aggregates. The cells within the spheres re-
tained the expression of NCSC markers nestin/vimentin
(fig. 5a—c) and HNK1/p75 (fig. 5d-f). Furthermore, im-
plantation of ESC-NCSCs and iPSC-NCSCs in nude rats
did not result in teratoma formation, suggesting that
there were no undifferentiated ESCs or iPSCs in NCSC
culture (data not shown).

Multipotency and Differentiation of iPSC-NCSCs

Next we assessed the differentiation of ESC- and
iPSC-derived NCSCs into mesodermal and ectodermal
lineages. Representative results for iPSC-NCSC differ-
entiation are shown in figure 6. Neuronal differentia-
tion was induced by the combination of BDNF, GDNEF,
NGF, and dbcAMP. After 2 weeks, NCSCs differentiat-
ed into peripheral neurons (fig. 6a) identified with pe-
ripherin (fig. 6b). Schwann cell differentiation was in-
duced in the presence of CNTF, neuregulin 1p, and
dbcAMP. After 2 weeks, NCSCs differentiated into
Schwann cells (fig. 6¢) as assessed by the expression of
S100 (fig. 6d).

Besides the peripheral neural lineages, NCSCs could
also differentiate into various mesenchymal lineages.
Under specific conditions, iPSC-NCSCs differentiated
into chondrocytes as assessed by Alcian Blue staining for
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glycosaminoglycans (fig. 6e) and immunofluorescent
staining for collagen II (fig. 6f), differentiated into osteo-
blasts as assessed by Alizarin Red staining for calcified
matrix (fig. 6g) and immunofluorescent staining for ALP
(fig. 6h), and differentiated into adipocytes as assessed by
phase contrast and Oil Red staining for lipid droplets
(fig. 6i, j). These results demonstrated the multipotency
of the iPSC-NCSCs.

Differentiation of iPSC-NCSCs into Smooth Muscle

Lineage

Under general maintenance conditions, iPSC-NCSCs
showed low or no expression of smooth muscle markers
SMA (fig. 7a), CNNI1 (fig. 7c), SM22a (fig. 7e), and SM-
MHC (fig. 7g). In addition, none of the SMC contractile
markers were detected in stress fibers. After treatment
with TGF-B1 (10 ng/ml) for 2 weeks, iPSC-NCSCs
showed an increase in cell spreading and a higher expres-
sion of SMA (fig. 7b), CNNI1 (fig. 7d), SM22a«a (fig. 7f),
and SM-MHC (fig. 7h). Furthermore, TGF-B1 induced
the assembly of SMA, CNN1, and SM22a into stress fi-
bers. In TGF-B1-treated samples, SM-MHC showed dif-
fused cytoplasmic staining but was not detected in stress
fibers (fig. 7h), suggesting that these differentiated cells
did not terminally differentiate into mature SMCs. Im-
age analysis demonstrated that, upon differentiation in
the presence of TGF-31, about 80% of the cells expressed
SMA, CNN1, and SM22a, and about 30% of the cells
showed a low level of SM-MHC expression. However,
only ~20% of the cells expressed SMA, CNNI1, and
SM22a assembled into stress fibers, which suggests that
other factor(s) are needed to induce the terminal differ-
entiation of SMCs.
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Fig. 4. Characterization of NCSCs derived from
iPSCs cultured as a monolayer. Cells were immu-
nostained uniformly for NCSC markers nestin
(a,b), p75 (¢, d), vimentin (e, f), and HNKI1 (g, h),
indicating their NCSC identity. NCSC homoge-
neity was confirmed by flow cytometry analysis
of p75. i Negative control. j p75 staining. Nuclei
were stained by DAPI (blue in the online version).
Scale bar = 40 pm.
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Fig. 5. Characterization of NCSCs derived from iPSCs cultured as neurospheres in low-attachment cell cul-
ture plates. The cells maintained uniform expression of NCSC markers nestin/vimentin (a-c) and HNK1/
p75 (d-f). Nuclei were stained by DAPI (blue in the online version). Scale bar = 100 pm.

Discussion

Here we developed a robust method to derive NCSCs
from pluripotent stem cells and further directed NCSC
differentiation into smooth muscle lineage. Since NCSCs
are expandable in culture, this approach can provide an
unlimited source of SMCs with NC origin. NCSCs and
SMCs derived from iPSCs can be used not only for mod-
elling vascular development and vascular diseases with
different genetic backgrounds but also for regenerative
medicine and tissue engineering applications.

In terms of NCSC derivation efficiency, we did not
find a significant difference between human ESC line H1
and iPSC line BJ1-iPS1. Both cell types formed rosette-
like structures in approximately 60% of the colonies. The
NCSCs derived from H1 and BJ1-iPS1 lines displayed
similar characteristics including NC marker expression
and differentiation potential. They also displayed similar
proliferation rates. However, we did observe a different
efficiency of rosette formation in several skin fibroblast-
derived iPSCs [Wang et al.,, 2011]. More ESC and iPSC
lines should be compared in order to determine the con-
sistency of NCSC and SMC derivation efficiency from
pluripotent stem cells.

Recent studies showed that NCSCs could be isolated
from ESCs and purified by sorting for p75* cells with or
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without coculturing with stromal cells [Lee et al., 2007;
Jiang et al., 2009], and SM22a-positive cells were obtained
by sorting for CD73 and NCAM. In this study, we devel-
oped a protocol to induce the differentiation of human
ESCs and iPSCs into NCSCs in a high yield without cocul-
ture. In addition, a homogeneous population of NCSCs
could be obtained without sorting in most of the cases. We
found that the neural induction medium with StemPro
neural supplement, bFGF, and EGF induced the differen-
tiation of pluripotent stem cells into NCSCs with a high
yield at the rosette-forming stage. Most of the cells in the
rosette structure and on the periphery parts were positive
for NC markers nestin, p75, vimentin, Slug, and AP2. After
the cells of the rosette-containing colonies were further
selected by neurosphere-forming capability and subse-
quently propagated in NCSC medium, the cells were more
homogenous over time and expressed the NC markers.
Among biochemical signaling molecules, TGF-f1
plays an important role in SMC differentiation. TGF-{31
has been shown to upregulate the expression of SMC
markers in SMCs [Hautmann et al., 1997; Adam et al,,
2000; Hirschi et al., 2002; Liu et al., 2003], MSCs [Kinner
et al., 2002; Wang et al.,, 2004; Kurpinski et al., 2010],
ESCs [Kurpinski et al., 2010], and adult NCSC lines [Chen
and Lechleider, 2004]. In this study, we showed that TGF-
B1 could efficiently induce the differentiation of iPSC-
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Fig. 6. In vitro differentiation of iPSC-NCSCs into peripheral
neural lineages (peripheral neurons and Schwann cells) and mes-
enchymal lineages (chondrocytes, osteoblasts, and adipocytes).
Peripheral neurons: phase contrast image (a) and immunostain-
ing for peripherin (b). Schwann cells: phase contrast image (c) and
immunostaining for S100B (d). Chondrogenic differentiation: Al-
cian Blue staining for glycosaminoglycans (e) and immunofluo-
rescent staining of collagen II (f). Osteoblastic differentiation:
Alizarin Red staining for calcified matrix (g) and immunofluo-
rescent staining of ALP (h). Adipogenic differentiation: phase
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contrast image (i) and Oil Red staining (j). In all immunofluores-
cence images, nuclei were stained by DAPI (in blue). Scale bars =
100 pm (a-d, f, h—j) and 200 pm (e, g).

Fig. 7. Differentiation of iPSC-NCSCs into smooth muscle lin-
eage. iPSC-NCSCs were cultured in medium containing 5% FBS
in the absence (a, ¢, e, g) or presence (b, d, f, h) of TGF-B1 (10 ng/
ml) for 2 weeks and immunostained for smooth muscle markers
SMA (a, b), CNNI (c, d), SM22« (e, f), and SM-MHC (g, h). Scale
bar = 100 pm.
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NCSCs into SMC lineage, with the expression of SMC

markers SMA, CNN1, SM22«a, and SM-MHC. In addi-

tion, TGF-B1 promoted the incorporation of SMA,
CNN1, and SM22a into the stress fibers. However, only
~20% of the cells expressed these SMC markers in stress
fibers, and SM-MHC had not assembled into the stress

fibers at this point. These results suggest that other fac-
tors may be needed to drive further maturation of SMCs,

which needs further investigation.
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