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Abstract

Neural progenitor cells (NPCs) derived from pluripotent stem cells (PSCs) provide a promising cell source for disease modeling, drug
screening, and tissue engineering, To fulfill the potentials of PSC-derived NPCs, a series of fundamental issues, especially the effects
of stem cell niches, need to be elucidated to gain a precise control over stem cell response. This article discussed several important
niche factors that affect NPC differentiation from PSCs: 1) seeding density to represent cell-cell interactions; 2) the extracellular matrix
(ECM)-bound growth factors to present cell-growth factor interactions; and 3) the substrate stiffness to represent cell-matrix interac-
tions. Understanding the effects of these factors will better recreate the stem cell niche to promote neural differentiation from PSCs.
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the original author and source are credited. stem cell niche [16-18]. One advantage of ECM-based scaffolds is
the high biocompatibility due to the fact that scaffolds come from
Introduction native tissues or cell cultures 19, 20]. Besides the applications for
in vivo transplantation, ECM scaffolds can also be used for i vitro
Recently pluripotent stem cells (PSCs), including embryonic stem cell expansion and differentiation [21]. The structure and proper-
cells (ESCs) and induced pluripotent stem cells (iPSCs), have ties of the decellulatized matrix can well modulate or maintain the
emerged as promising cell sources for regenerative medicine and differentiated phenotype of the reseeded cells [19,22].
drug discovery towards the treatments of vatious incurable neural
diseases or injuries [1-4]. In many cases, the pathological trauma Recent studies have shown that the biological scaffolds derived
or disorder of adult central nerve system (CNS) is unable to be from PSC-secreted ECMs can serve as ideal and suitable micro-
healed and repaired [5-7]. For instance, when spinal cord is in- environment for tissue regeneration [23-25]. The decellularized
jured, the motor neurons may lose function permanently, due to PSC-derived ECMs have been shown to recapitulate the molecu-
the inability of the spinal myelin to regenerate [5]. This paralysis lar and cellular milieu, mimic the 3-D microenvironment of em-
leads to the loss of sensation below the site of spinal injury, which bryonic development 7z vivo, and are used to obtain large-quan-
causes paraplegia or quadriplegia of patients [6]. Neural progeni- tity and high-quality cells [26,27]. Hence, these ECMs become
tor cells (NPCs) derived from PSCs possess the great potential the promising scaffolds to provide the native niche for stem cell
to develop testorative treatments for neurodegenerative diseases, differentiation. However, the interactions of stem cells with the
such as stroke, traumatic brain injury, spinal cord injury, or other niche factors especially ECMs during stem cell growth and dif-
CNS disorders [8-10]. PSC-derived NPCs can be differentiated ferentiation have not been fully characterized, due to the complex
into primary CNS lineages including neurons, astrocytes, or oli- 3-D structural and functional cell organizations in the matrices
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[17,28].

In this article, the important roles of several stem cell niche fac-
tors, including seeding density, the ECM-bound growth factors,
and the substrate stiffness are discussed, based on PSC-derived
ECM scaffolds for neural differentiation. In particular, how the
proliferation and differentiation of NPCs are driven by biologi-
cal components and mechanical cues of the matrices is reviewed.
Specifically, the effects of the seeding density and the ECM-
bound growth factors on NPC proliferation and expansion are
discussed. Because the decellulaized ECM scaffolds can be modi-
fied by crosslinking agents that affect the Young’s modulus, the
influence of scaffold modulus on neural differentiation is also
summarized.

Stem Cell Niche

Stem cells are surrounded by specialized niches comprising of a
variety of cell-specific cues. Although these cues are extremely
complicated, they can be divided into three primary groups: cell-
cell interactions, cell-growth factor interactions, and cell-matrix
interactions[29-31]. Previously, several reports demonstrated that
well-modulated intrinsic and external signals such as soluble/
immobilized growth factors and cell-cell contacts influence and
tune the proliferation and differentiation of NPCs [32-35]. The
cell-cell interactions can be simply modulated by seeding density,
which impacts the frequency of cell-cell contacts. For the cell-
growth factor interactions, the dynamic association of grow fac-
tors with ECMs is recently found to play an important role in af-
fecting stem cell fate decision [36]. ECMs can serve as a reservoir
of the growth factors, controlling their sequestration, release, and
thus their biological activities [37]. The immobilized growth fac-
tors in ECMs have been found to be more potent than the soluble
growth factors [38]. For cell-matrix interactions, the impacts of
mechanical properties of the matrix, such as elastic modulus, on
the differentiation profile of NPCs and neural differentiation of
PSCs are also shown [39,40]. Stem cells cultured on hydrogels

with varied stiffness demonstrated that substrate elastic modulus
can alter critical cellular events, such as ECM assembly, cell motil-
ity, and cell spreading [13, 41,42]. Although the physicochemical
cues which NPCs require for self-renewal, migration and differ-
entiation are starting to be understood [30], significant work still
need to be done to elucidate the effects of stem cell niche factors
on neural tissue development. So, 3-D tissue engineering scaf-
folds need to incorporate the cues of native stem cell niche in
order to precisely guide stem cell fate decisions and cell functions,
such as migration, proliferation, and differentiated phenotype
[17,43].

Cell-Cell Interactions
Effect of Seeding Density

The seeding density is a crucial parameter in regulating cell-cell
interactions and neural tissue regeneration by controlling cell-cell
contacts [30]. The cell-cell contacts maintained gap junctions and
promoted the expression of adhesion molecules such as E-cad-
herin and N-cadhetin [44,45]. The cadherins of NPCs acted as
anchoring points for the actin cytoskeleton organization and reg-
ulated cell proliferation and differentiation [46]. To obtain homo-
geneous ECM deposition in vitro, it is also necessary to acquire a
large amount of cells uniformly distributed in the scaffolds. On
the other hand, high seeding density could create the limitations
in nutrient diffusion and transport, affecting cellular metabolism,
cell viability, and differentiation potential [47] In a recent study,
human stem cells were seeded on calcium phosphate cement at
a density range of 5X10* to 3X10°, cell viability and the differ-
entiated function increased with seeding density [48]. The cell
seeding density was also shown to impact contraction kinetics of
stem cells on collagen constructs and induced the changes in cel-
lular morphology [49]. These changes in cell nuclear morphology
stimulated differentiation pathway of fibroblastic lineage, which
implied that the seeding density could influence stem cell multi-

Figure 1: Neural differentiation from pluripotent stem cells (PSCs). (A) Neural marker expression in neural progenitors de-
rived from PSCs: nestin (progenitor), -tubulin III(neuron), musashi-1 (progenitor), and GFAP (astrocyte). Scale bar: 100 yum.
(B) and (C) indicated the role of retinoic acid (RA)-RA receptor (RAR) interactions in ESCs cultured on the decellularized
extracellular matrix (ECM) scaffolds (adapted from Sart et al [27]). (B) Localization of RAR-« in ESC monolayers. In the
absence of RA, RAR-« localized in cytoplasm. With RA treatment, RAR-« expression was observed in nucleus (Scale bar: 50
pm). (C) Confocal images of RAR-« in reseeded ESCs on the ECM scaffolds derived from RA-treated embryoid bodies (Scale
bar: 100 pm). RAR-« was observed both in cytoplasm and nucleus even in the absence of RA, indicating the signaling effect
of ECM scaffolds. Green arrow: RAR-x expression in cell nucleus; white arrow: RAR-« expression in cytoplasm.
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potential differentiation.

Seeding density has been shown to modulate the effects of Rho
Kinases in regulation of ESC self-renewal and neural differen-
tiation [50]. While at low seeding density (2X103 cells/cm?2),
treatment with Rho-associated protein kinase (ROCK) inhibitor
Y27632 did not affect ESC self-renewal, at high seeding density
(1X104 cells/cm?2) Y27632-treated cells expressed the reduced
level of Oct-4 and predominantly differentiated into neural line-
age. These results suggested that the ROCK signaling may be ac-
tivated by cell-cell contacts at high density and ROCK inhibition
dys-regulated -catenin localization induced by cell-cell contacts,
affecting the lineage commitment [50]. The seeding density also
played an important role in embryoid body (EB) formation dur-
ing neural differentiation [51]. The high density-EBs were found
to result in neuron subtype along antetior-posterior axis while low
density-EBs induced the differentiation into a more caudalized
subtype. Our lab has derived NPCs from ESCs expressing nestin
and Musashi-1 using EB-based protocol at high seeding density
(Figure 1). The replated NPCs readily differentiated into neurons
(B-tubulin ITI+ cells) and astrocytes (GFAP+ cells).

Cell seeding density also affected the 3-D aggregate size for PSC
expansion and EB formation. The defined numbers of human
PSCs were seeded into 96-, 386-, or AggreWell plates and aggre-
gates with a series of defined size can be formed [52]. Different
aggregate size has been shown to affect lineage specific differenti-
ation. For example, the small EBs (~ 77 um) enriched endoderm
cells, the large EBs (~ 334 pum) promoted ectoderm differentia-
tion, and the intermediate EBs (~ 210 um) were better for meso-
derm induction [53]. In 3-D ECM scaffolds, applying novel seed-
ing methods to optimize seeding density has been a critical step to
regulatecell organization and functional differentiation [26].

Cell-Growth Factor Interactions
Effect of the ECM-Bound Growth Factors

Growth factors can be sequestered in the ECMs such as proteo-
glycans and presented to the receptors on cell surface, constitut-
ing the dynamic interactions of growth factor and ligand bind-
ing [37]. In addition, ECMs serve as the reservoir of growth
factors, organize the cytokine gradients, and mediate the release
of growth factors in the presence of mechanical force or during
ECM remodeling [13]. Compared to soluble growth factors, the
bound growth factors tethered with ECM components have in-
creased protein stability and provide persistent signaling [38]. For
example, fibroblast growth factor (FGF)-2 covalently attached to
the synthetic polymer showed 100-fold higher potency compared
to FGF-2 in solution [54]|. Therefore, the function of receptors
on cell membrane is contingent on the mode of growth factor
presentation.

FGF-2 is an important regulator during human PSC self-renew-
al and neural differentiation [55,56]. FGF-2 is known to bind
heparin sulfate proteoglycans and influence cell fate through the
activation of mitogen-activated protein kinase (MAPK) and the
phosphorylation of extracellular signal-regulated protein kinases
(ERK) [57]. FGF-2 has a wide range of biological functions and
effects on cell survival, self-renewal, and differentiation. Especial-
ly, FGF-2 has the potential of neuronal-induction and the cells
from non-neuronal origin can be differentiated into neuronal
phenotypes when treated by FGF-2 [58]. In a recent study, mouse
ESCs induced by FGF-2 generated neuronal tube in vitro, show-
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ing the effect of FGF-2 on ESC growth and differentiation [59].
Since FGF-2 is an important modulator responsible for PSC pro-
liferation and neural differentiation, the impact of matrix-bound
FGF-2 should be considered for NPC behavior in ECM scaffolds.

Besides FGF-2, other growth factors have also demonstrated
the effects on neural cell proliferation and differentiation. Small
molecules such as retinoic acid (RA), as well as growth factors
such as transforming growth factor (T'GF)-81, brain-derived neu-
rotrophic factor (BDNF), and nerve growth factor (NGF), etc.,
have been shown to affect neural differentiation [2,00-62]. For
example, TGF-B1 is associated with matrix proteins such as fi-
bronectin, fibrillin, and proteoglycans [63]. Its sequestration and
release from ECMs is an important mechanism that regulates its
bioactivity [63,64]. TGF-31 has been shown to exert anti-apop-
totic and growth and migration-enhancing activities on NPCs
through SMAD2 (for growth and migration) or ERK1/2 (for
anti-apoptotic behavior) signaling [65]. The interactions of these
growth factors with ECMs potentiate their effects on stem cell
fate decision.

Although the roles of specific growth factors and signaling path-
ways on NPC differentiation and function have been discussed
previously in monolayer culture [66], their influence in 3-D cul-
ture and the interactions with ECMs have not been fully studied.
In particular, 3-D decellularized PSC-derived ECM scaffolds have
been shown to preserve the signaling capacity during tissue de-
velopment which is related to lineage specifications [26,27]. Our
study has shown that retinoid signaling was present in the cells
grown in ECM scaffolds derived from RA-treated EBs (Figure
1B and 1C)[27]. The ESCs grown in this type of ECM scaffolds
showed the decreased proliferation and Oct-4 expression and the
increased neural marker expression compared to cells grown in
ECM scaffolds derived from spontaneous EBs. The interactions
of PSC-derived ECMs with other growth factors, especially the
patactine/autoctine factors, need to be fully understood [25,67].

Cell-Matrix Interactions: Effect of Matrix Stiff-
ness

Matrix stiffness regulated stem cell fate decision

PSCs and NPCs are sensitive to the biomechanical properties of
the surrounding ECM microenvironment [68]. The mechanical
cues or signals, including substrate stiffness, surface nanotopog-
raphy, and extracellular forces can strongly guide stem cell fate
decision [42,69]. Matrix stiffness, indicated by elastic modulus, has
recently been demonstrated to be a critical biophysical factor that
has significant effects on PSC self-renewal and neural differentia-
tion (Table 1)[40,70,71]. Normally, cells sense elasticity during the
attachment on the substrate through focal adhesions and forma-
tion of stress fibers. In most cases, their responses to the matrix
properties relied on myosin-directed contraction and cell ECM
adhesions, which involve integrins, cadherins, and other adhesion
molecules [72].

Pelham and Wang were the first group to modulate the elasticity
of matrix by growing cells on collagen-coated polyacrylamide gel
substrate [73]. Since then, the influences of substrate stiffness
on regulating stem cell activities and directing stem cell fate have
gained increasing interests [74]. Soft matrices have been shown
to induceneuronal phenotypes in mesenchynal stem cells; stiffer
substrates with modulus in the range of muscle tissue generated

myogenic commitment, while rigid matrices mimicking collagen-
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ous bone favored osteogenic lineage [13,42]. The mechanical
response of ESCs to the matrix stiffness was also observed re-
cently. The spreading and proliferation of ESCs increased as the
function of substrate stiffness [39]. And the softer substrate(~
0.6 kPa) was shown to keep the self-renewal capability of mouse
ESCs in the absence of leukemia inhibitory factor [75]. Human
PSCs, however, preferred a stiff hydrogel (~ 10 kPa) which main-
tained cell proliferation and pluripotency via activation of paralo-
gous proteins YAP/TAZ [72].

Matrix stiffness regulated neural differentiation

For NPCs, the influence and repercussions of substrate modulus
seem to be more distinct and significant compared to other line-
ages. Native brain tissue is one of the softest tissues in the body
(i.e. elastic modulus (E) = 0.5 -1 kPa) [77,78] compared to other
tissues or organs, such as muscle (E ~ 10kPa) [79], cartilage tissue
(E ~ 500 kPa) [80], connective tissue (E ~ 10kPa), and cortical
bone (E ~ 107 kPa) [81]. In addition, the different parts of brain,
including white and gray matter, pia mater, layered cell structures,
glial scars and blood vessels, have a mechanical modulus varying
from 0.5 to 50 kPa [78,82]. Thus, NPCs may encounter different
biomechanical environments and biomechanical cues, in particu-
lar stiffness of substrate, which play important roles in NPC dif-
ferentiation [77].

Several groups have shown that neurons, glia and neural differ-
entiation were promoted on soft substrates while rigid matrix
was preferable for mesoderm cells [83,84]. Saha et al developed
a synthetic hydrogel to evaluate the effects of substrate modu-
lus on hippocampus-derived NPC differentiation [77]. Soft gels
(E~ 100-500 Pa) were found to favor neurons while harder gels
(E~ 1,000-10,000 Pa) promoted the NPC differentiation into glial
cells. The study by Leipzig et al also precisely controlled neural
stem cell proliferation and differentiation by optimizing hydrogel
elasticity [32]. The stiff ness of the photocrosslinkable hydrogel
scaffolds was modulated by varying the concentration of a pho-
tointiator, 2, 2-dimethoxy-2-phenylacetophenone (DMAP)[32].
The results showed that NPCs preferably differentiated into neu-
rons on very soft substrates (E< 1 kPa), astrocytes on stiffer ones
(E~ 1-3.5 kPa), and oligodendrocytes on the stiffest substrate (E
> 7 kPa). However, the differences in oligodendrocyte matura-
tion may exist on different substrates, as myelination tests showed
maturation and myelination was the best at modulus < 1 kPa [32].

Neural differentiation from human PSCs has also been found to
be affected by modulus very recently [40, 84]. PSC differentia-
tion into each germ layer was affected by different stiffness of
the scaffolds. Neural differentiation (ectoderm) was found to be
promoted by soft ECMs (<0.1 MPa), while intermediate ECMs
( 0.1-1 MPa) were better for endoderm differentiation and stiff
ECMs (1.5-6 MPa) promoted cardiomyocye differentiation (mes-
oderm)|[40,70,83,84|. The soft ECM may result in less cell spread-
ing, higher cell packing density, and more condensed cell/nucleat
shape, which played import roles during neurogenesis [40]. In
contrast, mesoderm differentiation may require higher intercel-
lular force which was enhanced on stiff matrix [84]. Compared to
the alteration of lineage commitment in adult NPCs, soft ECMs
increased the population of eatly neural progenitors from human
PSCs, reflecting the effect of matrix stiffness on the early embry-
onic development.

Combination of biological cue and stiffness of ECM scaf-
folds

To incorporate both biological factors with biomechanical signals,
decellularized ECM scaffolds which recapitulate the cellular and
molecular milieu of the cellular microenvironment, can be used
to mimic the 3-D microenvironment of stem cells in vivo [27].
Although photo crosslinkable hydrogel provided a system where
biomechanical cues could be incorporated in 3-D scaffolds [32],
it lacked the biological molecules existing in the native 3-D tis-
sues. Thus, scaffolds based on PSC-derived ECMs, which could
contain biological cues corresponding to the development stage,
need to be designed and developed. Here, by varying the con-
centration of crosslinking agent genipin to treat ECM scaffolds,
the effects of scaffold elastic modulus on the self-renewal and
differentiation of PSC-derived NPCs can be examined (Figure
2)[85,86]. Our lab has used genipin to cross-link PSC-derived
ECM scaffolds which increased the matrix modulus (unpublished
data). The increased modulus affected neural differentiation of
PSC-derived NPCs with higher modulus better maintaining the
cells at progenitor stage. Thus, the cross-linking can be applied
to tune the elasticity of ECM-based scaffolds to modulate neural
differentiation. In this way, ECM scaffolds can provide biologi-
cal factors in combination with biomechanical signals. Forming
a hybrid of cell-derived ECM and synthetic ECM is also possible
to provide aspectrum of biological and biomechanical signals in
artificial niches and regulate stem cell fate [21].

Figure 2: The physical properties of extracellular matrix (ECM) scaffolds.(A) Ultrastructure of ECM
scaffoldsderived from pluripotent stem cells assessed by scanning electron microscopy (SEM). (B)
Representative images of surface roughness (~ 313 nm), and (C) modulus (~ 4 MPa) of ECM scaf-

folds analyzed by atomic force microscopy (AFM).
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Conclusion

Recreating stem cell niches is critical for efficient derivation of
NPCs from PSCs. The effects of several niche factors on neu-
ral differentiation were discussed here: seeding density to reflect
cell-cell interactions; the ECM-bound growth factors to reflect
cell-growth factor interactions; and matrix stiffness to reflect cell-
matrix interactions. All these factors constitute the dynamic inter-
actions influencing neural differentiation of PSCs. Differentiation
of PSCs is regulated by physical and biochemical cues involving
the immensely complex surrounding microenvironment. These
environmental factors can be evaluated simply and individually
in 2-D culture systems. However, the true and native 3-D com-
position of stem cell niches seems to be rately estimable, due
to the intrinsic complexity of the milieu combined with signals
that cause synergistic effects on cell differentiation and function.
Further studies on cell-cell or cell-l ECM interactions occurring in
ECM scaffolds need to be performed to elucidate the complex
interactions in stem cell niche.
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