
1111111111111111 IIIIII IIIII 111111111111111 11111 111111111111111 1111111111 1111111111 11111111 
US 20190024046Al 

c19) United States 
c12) Patent Application Publication 

Ashton et al. 
c10) Pub. No.: US 2019/0024046 Al 
(43) Pub. Date: Jan. 24, 2019 

(54) METHODS AND CULTURE SUBSTRATES 
FOR CONTROLLED INDUCTION OF 
BIOMIMETIC NEURAL TISSUES 
COMPRISING SINGULAR ROSETTE 
STRUCTURES 

(71) Applicant: Wisconsin Alumni Research 
Foundation, Madison, WI (US) 

(72) Inventors: Randolph Scott Ashton, Madison, WI 
(US); Gavin T. Knight, Coral Springs, 
FL (US) 

(21) Appl. No.: 16/044,236 

(22) Filed: Jul. 24, 2018 

Related U.S. Application Data 

(60) Provisional application No. 62/536,023, filed on Jul. 
24, 2017. 

Publication Classification 

(51) Int. Cl. 
C12N 510793 (2006.01) 

(52) U.S. Cl. 

(57) 

CPC ........ C12N 510619 (2013.01); Cl2N 2513/00 
(2013.01); Cl2N 2506/03 (2013.01); Cl2N 

2501/41 (2013.01); Cl2N 2535/00 (2013.01); 
Cl2N 25011115 (2013.01); Cl2N 2501/727 

(2013.01) 

ABSTRACT 

Described herein are methods, compositions, and kits for 
directed differentiation of human pluripotent stem cells, 
neuromesodermal progenitors, and neural stem cells into 
biomimetic neural tissues comprising one or more rosette 
structures. Preferably, the methods provided herein direct 
differentiation of human pluripotent stem cells, neuromeso
dermal progenitors, and neural stem cells into biomimetic 
neural tissues comprising a singular neural rosette structure 
that is comparable to at least a portion of the developing 
human neural tube. Also described are engineered neural 
tissue preparations comprising biomimetic neural tissues 
comprising a singular rosette structure having regional neu
ral progenitor phenotypes. 
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METHODS AND CULTURE SUBSTRATES 
FOR CONTROLLED INDUCTION OF 

BIOMIMETIC NEURAL TISSUES 
COMPRISING SINGULAR ROSETTE 

STRUCTURES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority to U.S. Provisional 
Application No. 62/536,023, filed Jul. 24, 2017, which is 
incorporated herein by reference in its entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] This invention was made with govermnent support 
under NS082618 awarded by National Institutes of Health 
and 83573701 awarded by Environmental Protection 
Agency. The govermnent has certain rights in the invention. 

BACKGROUND 

[0003] Human pluripotent stem cells (hPSCs), including 
human embryonic stem cells (hESCs) and induced pluripo
tent stem cells (hiPSCs ), are an incredibly powerful tool for 
studying human development and disease and may one day 
serve as a cell source for regenerative cell and tissue 
therapies. Human pluripotent stem cells (hPSCs) in two 
dimensional (2D) and three dimensional (3D) aggregate 
cultures possess the ability to spontaneously differentiate 
and self-organize, a.k.a. morph, into tissues, a.k.a. 
organoids, resembling the microscale structure and func
tions of primordial organs such as the brain, eye, kidney, and 
gut. These organoids provide unprecedented biomimicry for 
studying development and disease in vitro and within a 
human genetic context. However, while spontaneous mor
phogenesis enables organoid derivation, this same property 
results in highly non-standardized tissue products. 
[0004] The current gold standard of central nervous sys
tem (CNS) organoid generation involves long-term 3D 
bioreactor culture of hPSC-derived neural stem cell (NSC) 
aggregates. The NSCs spontaneously morph into organoids 
containing unprecedented micro scale formations of primor
dial CNS structures, e.g. cortical, retinal, and cerebellar 
tissues. However, the organoid's macroscale anatomy, 
which includes macroscale morphology, cytoarchitecture 
(i.e., the spatial organization of different cell and tissue 
phenotypes), and cellular composition, are inconsistent and 
non-mimetic of the highly-stereotyped CNS. This is due to 
the in vitro absence of spatial and temporal cues that 
robustly instruct micro-thru-macroscale CNS morphogen
esis in vivo, including physical limitations on tissue mor
phology and morphogen gradients that spatially pattern 
diverse cell and tissue phenotypes. For example, at the onset 
of organoid derivation, uncontrolled NSC morphogenesis 
results in random formation of numerous neural tube-like 
structures, a.k.a. neural rosettes, in contrast to the singular 
neural tube that forms the primordial anlage and organiza
tional center of CNS morphogenesis in vivo. This results in 
CNS organoids containing multiple morphogenesis centers, 
which inevitably confounds their in vitro development and 
impedes macroscale biomimicry. Such shortcomings of cur
rent culture methodologies to robustly instructed controlled 
in vitro morphogenesis of CNS organoids limits the scal
ability and clinical translatability of this powerful experi-
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mental platform. Thus, there is an ongoing need for 
improved methods and compositions for directed differen
tiation of human pluripotent stem cells, neuromesodermal 
progenitors, and neural stem cells into anatomically biomi
metic neural tissues comprising neural rosette structures 
exhibiting microscale cellular organization comparable to a 
portion of the developing human neural tube. 

BRIEF SUMMARY 

[0005] Described herein are methods, compositions, and 
kits for directed differentiation of human pluripotent stem 
cells, neuromesodermal progenitors, and neural stem cells 
into biomimetic neural tissues comprising one or more 
neural rosette structures. Preferably, the methods provided 
herein direct differentiation of Oct4 + /Sox2+ human pluripo
tent stem cells (hPSCs), Oct4-/SoxY/Brachyury+/Pax6+ 
neuromesodermal progenitors (NMPs), or Oct4-/SoxY/ 
Brachyury-/Pax6+ neural stem cells (NSCs) into biomi
metic neural tissues comprising a singular neural rosette 
structure comparable to a portion of the developing human 
neural tube. 
[0006] In a first aspect, provided herein is a method of 
producing a micropatterned biomimetic neural tissue having 
a singular rosette structure in vitro. The method can com
prise: (a) seeding human pluripotent stem cells (hPSCs) in 
the presence of a Rho kinase inhibitor onto a micropatterned 
substrate configured to instruct biomimetic neural morpho
genesis of cells cultured thereon; (b) culturing the seeded 
cells of (a) on the micropatterned substrate for a first culture 
period of about one to two days in the presence of a first 
neural differentiation base medium to obtain a first cell 
population, wherein the first neural differentiation base 
medium comprises a Rho kinase inhibitor; and ( c) culturing 
the cells of (b) for a second culture period of about 2 to about 
6 days under adherent culture conditions in a second neural 
differentiation base medium, whereby a singular biomimetic 
neural tissue having a polarized rosette structure in which at 
least 80% of cells of the structure are Pax6+/N-cadherin+ 
neuroepithelial cells is produced, wherein greater than about 
75% of the biomimetic neural tissue exhibits a singular 
rosette structure comparable to a developing human neural 
tube. The first neural differentiation medium can be a 
chemically defined medium comprising DMEM/F-12, 
ascorbic acid, sodium bicarbonate, selenium, insulin, trans
ferrin, FGF2, and TGF~l. The first neural differentiation 
medium can be ES medium. The second neural differentia
tion medium can be a chemically defined medium compris
ing DMEM/F-12, ascorbic acid, sodium bicarbonate, sele
nium, insulin, transferrin. The second neural differentiation 
medium can be E6 medium. The second neural differentia
tion medium can further comprise one or more of an FGF 
and an activator of ~-catenin pathway signaling. The FGF 
can be FGF2, FGF8a, FGF8b, FGF8f, FGF17, or FGF18. 
The activator of ~-catenin pathway signaling can be a GSK3 
kinase inhibitor. The GSK3 kinase inhibitor can be 
CHIR99021. In some cases, the second neural differentiation 
medium comprises about 100 ng/ml to about 200 ng/ml 
FGF8b and about 3 µM to about 9 µM CHIR99021. The 
second culture period can be about 5 days. In some cases, the 
method further comprises transiently exposing cells on the 
micropatterned substrate to an activator of Wnt/~-catenin 
signaling about 24-72 hours after plating onto the micropat
terned substrate. In some cases, the method further com
prises, about 24-72 hours after seeding cells onto the micro-
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patterned substrate, exposing the seeded cells to RA and 
Sonic Hedgehog (SHH) or a SHH signaling agonist for 
about 1 to about 5 days, whereby the polarized rosette 
structure comprises Olig2+ motor neurons progenitors 
(pMNs). The SHH signaling agonist can be purmorphamine. 
The hPSCs can be seeded onto the micropatterned substrate 
at a density between about 75xl03 cells/cm2 and about 
2.5xl05 cells/cm2

. 

[0007] In another aspect, provided herein is a method of 
producing a micropatterned biomimetic neural tissue having 
a singular rosette structure in vitro. The method can com
prise culturing Oct4-/Sox2+/Brachyury-/Pax6+ neural stem 
cells (NSCs) on a micropatterned substrate configured to 
instruct biomimetic neural morphogenesis of cells cultured 
thereon for a culture period of about 3 to about 7 days under 
adherent culture conditions in the presence of a neural 
differentiation base medium, wherein the neural differentia
tion medium is a chemically defined medium comprising 
DMEM/F-12, ascorbic acid, sodium bicarbonate, selenium, 
insulin, and transferrin and is supplemented to further com
prise RA and a Rho kinase inhibitor; thereby producing a 
singular biomimetic neural tissue having a polarized rosette 
structure in which at least 80% of cells of the structure are 
Pax6+/N-cadherin+ neuroepithelial cells, wherein greater 
than about 75% of the biomimetic neural tissue exhibits a 
singular rosette structure comparable to a developing human 
neural tube. The NSCs can be cultured on the micropat
terned substrate for about 5 days. The neural differentiation 
medium can be E6. The NSCs can be seeded onto the 
micropatterned substrate at a density between about 75xl03 

cells/cm2 and about 2.5xl05 cells/cm2
. 

[0008] In a further aspect, provided herein is a method of 
producing a micropatterned biomimetic neural tissue having 
a singular rosette structure in vitro. The method can com
prise seeding Oct4-/Sox2+/Brachyury+/Pax6- neuromeso
dermal progenitors (NMPs) on a micropatterned substrate 
configured to instruct biomimetic neural morphogenesis of 
cells cultured thereon, and culturing the seeded NMPs for a 
culture period of about 2 to about 7 days under adherent 
culture conditions in the presence of a neural differentiation 
base medium, wherein the neural differentiation medium is 
supplemented with RA and a Rho kinase inhibitor; thereby 
producing a singular biomimetic neural tissue having a 
polarized rosette structure in which at least 80% of cells of 
the structure are Pax6+/N-cadherin+ neuroepithelial cells, 
wherein greater than about 75% of the biomimetic neural 
tissue exhibits a singular rosette structure comparable to a 
developing human neural tube. NMPs can be seeded onto 
the micropatterned substrate at a density between about 
75xl03 cells/cm2 and about 2.5xl05 cells/cm2

. The NMPs 
can be cultured on the micropatterned substrate for about 5 
days. The neural differentiation medium can be E6. In some 
cases, the method further comprises transiently exposing 
cells on the micropatterned substrate to an activator of 
Wnt/~-catenin signaling about 24-72 hours after plating onto 
the micropatterned substrate. In some cases, the method 
further comprises, about 24-72 hours after seeding cells onto 
the micropatterned substrate, exposing the seeded cells to 
SHH or a SHH signaling agonist for about 1 to about 5 days, 
whereby the polarized rosette structure comprises Olig2+ 
spinal motor neurons progenitors (pMNs). The SHH signal
ing agonist can be purmorphamine. The micropatterned 
substrate can have a bounded geometry having at least one 
dimension of about 150 µm to 800 µm. The micropatterned 
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substrate can have a circular bounded geometry having a 
diameter of about 150 µm to about 500 µm. The micropat
terned substrate can comprise a singular or plurality of 
polyethylene glycol (PEG) brushes or peptide-immobilizing 
PEG brushes arranged in a user-defined, bounded geometry. 
[0009] These and other features, objects, and advantages 
of the present invention will become better understood from 
the description that follows. In the description, reference is 
made to the accompanying drawings, which form a part 
hereof and in which there is shown by way of illustration, 
not limitation, embodiments of the invention. The descrip
tion of preferred embodiments is not intended to limit the 
invention to cover all modifications, equivalents and alter
natives. Reference should therefore be made to the claims 
recited herein for interpreting the scope of the invention. 

INCORPORATION BY REFERENCE 

[0010] All publications, patents, and patent applications 
mentioned in this specification are herein incorporated by 
reference to the same extent as if each individual publica
tion, patent, and patent application was specifically and 
individually indicated to be incorporated by reference. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] The patent or patent application file contains at 
least one drawing in color. Copies of this patent or patent 
application publication with color drawings will be provided 
by the Office upon request and payment of the necessary fee. 
[0012] The present invention will be better understood and 
features, aspects and advantages other than those set forth 
above will become apparent when consideration is given to 
the following detailed description thereof. Such detailed 
description makes reference to the following drawings, 
wherein: 
[0013] FIGS. lA-lI. (A) Pax6 expression, a deterministic 
NSC marker, and N-cadherin polarization within NSC tis
sues derived from hESCs. Flower-like polarized structures 
are referred to neural rosettes. Scale bar is 50 µm. (B) 
Schematic timeline used in FIG. lA to differentiate hESCs 
into NSCs in well plate culture using E6 media. (C) Pax6 
expression and N-cadherin polarization over FIG. lB's time 
course of hESCs differentiation into NSCs. Scale bar is 50 
µm. (D) Flow cytometry quantification of Pax6 expression 
within neurally differentiating hESCs cultures on the indi
cated days (D) of FIG. lB's timeline. (E) Schematic timeline 
for subculture (indicated by *) of day 4 (D4) NSCs onto 
micropatterned substrates and further cultured for various 
durations. (F) Polarization process of D4 NSC-derived tis
sues on single micropatterned regions at the indicated day 
corresponding to the FIG. lE timeline. Scale bar is 200 µm. 
(G) Typical Pax6/N-cadherin staining ofNSC tissues and the 
percentage (n=l00) that contained singular neural rosette 
structure at the indicated day of FIG. lE's timeline. Scale 
bar is 200 µm. (H) Schematic timeline for subculture (indi
cated by *) of neurally differentiating cultures onto micro
patterned substrates at various derivation time points. (I) 
Polarized NSC tissues derived after 5 days of micropattern 
culture for each subculture time point indicated in FIG. lH. 
Scale bar is 200 µm. 
[0014] FIGS. 2A-2D. (A) Polarized NSC tissues on single 
micropatterned regions of various geometry and dimension 
5 days post-seeding. Scale bars are 50 µm. (B) Representa
tion of manually analyzed single neural rosette efficiency 
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corresponding to micropattern morphology. (C) Exemplary 
algorithm for automated analysis of micropatterned NSC 
tissues. (D) Representation of single neural rosette efficiency 
generated from automated analysis of 1633 images ofNSC
derived tissues of various micropatterned morphology. 
[0015] FIGS. 3A-3F. (A) Schematic timeline for subcul
ture (indicated by *) of hESCs (day minus 1, "D-1") and 
NSCs (day 4, "D4") onto micropatterned substrates. Rosette 
formation was analyzed 5 days post-seeding onto micropat
terned substrates. (B) Expression of Pax6 and Otx2 (a 
deterministic marker of forebrain identity) in neural tissues 
derived on 200 µm diameter circular micropatterned sub
strates displaying single neural rosettes 5 days post-seeding. 
(C) Percentages ofmicropatterned tissues comprising >l, 1, 
or zero neural rosettes, where the 200 µm diameter circular 
micropatterned tissues are derived from hESCs (subcul
tured/seeded on DJ) or NSCs (subcultured/seeded on D4). 
(D) Cell density within micropatterned tissues 5 days post
seeding depending on the subculture/seeding time point 
(D-1 hESC vs. D4 NSC). * indicates p<0.05 according to a 
Student's t-test. (E) The average area of an ellipse fitted to 
the N-cadherin polarized ring with D-1 hESC versus D4 
NSC-derived micropatterned tissues in FIG. lE. (F) A set of 
images showing single neural rosettes within tissues derived 
on 200 µm diameter circular micropatterns (top) as well as 
a transverse slice (bottom) of each tissue's highlighted (red) 
region. 
[0016] FIGS. 4A-4E. (A) Schematic timeline for deriva
tion of spinal motor neurons progenitors (pMNs) from 
hESCs in well plate culture. (B) Schematic timeline depict
ing experimental translation of FIG. 4A's well plate timeline 
into one suitable for derivation of spinal tissues containing 
a singular rosette and motor neurons progenitors on micro
patterned culture substrates. Timing of subculture onto 
micropatterned substrates indicated by *. (C) Nkx6.1 and 
Olig2 expression in spinal tissues derived on 200 µm diam
eter circular micropatterned substrates in response to varied 
timing, concentration, and duration of exposure to Sonic 
Hedgehog (SHH) or a small molecule agonist of SHH 
signaling (Purmorphamine (PM)) and a transient increase 
("boost") in Wnt (CHIR) signaling as indicated in FIG. 4B. 
Scale bars are 100 µm. FIG. 4 (D) Quantification ofNkx6.1 + 
and Olig2+ pMNs within micropatterned spinal tissues 
depicted in FIG. 4C using the varied conditions of FIG. 4B 
(n=S tissues per condition). (A) A heatmap of qRT-PCR 
analysis of the micropatterned neuroepithelial tissue's ros
trocaudal (RIC) regional patterning. 
[0017] FIG. 5 demonstrates quantification of polarization 
foci/rosettes per tissue with the number of tissues (technical 
replicates) analyzed per condition indicated above each bar. 
[0018] FIGS. 6A-6F demonstrate singular neural rosette 
emergence within forebrain and spinal neuroepithelial tis
sues. (A) Schematic for derivation of micropatterned fore
brain neuroepithelial tissues; subculture/seeding onto micro
patterned substrates indicated by (*). (B) Representative 
images of neural rosette emergence in micropatterned fore
brain neuroepithelial tissues of various areas with and with
out ROCK inhibitor. (C) Quantification of polarization foci/ 
rosettes per forebrain tissue with the number of tissues 
analyzed per condition above each bar. (D) Schematic for 
derivation of micropatterned spinal neuroepithelial tissues; 
subculture/seeding onto micropatterned substrates indicated 
by (*). (E) Representative images of neural rosette emer
gence in micropatterned spinal cord neuroepithelial tissues 
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of various areas with and without ROCK inhibitor. (F) 
Quantification of polarization foci/neural rosettes per spinal 
tissue with the number of tissue (technical replicates) ana
lyzed per condition above each bar. Scale bars are (B, F) 200 
µm. 
[0019] FIG. 7 demonstrates cell density analysis of fore
brain and spinal cord neuroepithelial tissues. Average NEC 
density compared between forebrain and spinal cord tissues 
on 150, 180, 200, and 250 um diameter circular micropat
terns in the absence or presence of ROCK inhibition. Num
ber of tissues (technical replicates) analyzed presented 
above each condition. Pairwise Student's t-Test indicated no 
significant differences between tissues of equivalent dimen
sions in the absence or presence of ROCK inhibition or 
between forebrain and spinal cord tissues in each condition. 
Error bars represent standard deviation. 
[0020] FIGS. SA-8B demonstrate ECM deposition by 
neuroepithelial tissues upon extended culture. (A) Sche
matic timeline for extended culture of forebrain NECs in 
standard well plate culture; seeding onto TCPS well plate 
indicated by (*). (B) Fluorescent image of Dl0 NECs 
depicting dense deposition oflaminin at the neural rosettes' 
basal tissue boundary. Scale bar is 50 µm. 
[0021] FIGS. 9A-9E presents characterization of FITC
HBP-DBCO bioconjugate synthesis. (A) Standard curve of 
malemide-PEG4-DBCO crosslinker absorbance measured 
at 309 nm. (B) Standard curve of FITC-HBP absorbance 
measured at 495 nm. Size exclusion chromatography traces 
of FITC-HBP quantified from (C) 495 nm measurements 
and (D) a Micro-BCA assay, and (E) DBCO quantified from 
309 nm elution in fractions containing the desired biocon
jugate. 
[0022] FIGS. lOA-l0D demonstrates analysis of HBP
DBCO bioconjugate surface density and ECM adsorption. 
(A) Fluorescent images of FITC-HBP surface immobiliza
tion after 24 hour incubation of micropatterned substrates of 
200 µm diameter circular and azide-functionalized PEG-MA 
posts backfilled with inert PEG brushes at various concen
trations ofFITC-HBP-DBCO. (B) Relative quantification of 
FITC-HBP surface density on micropatterned substrates, 
n=50 micropatterns per condition (technical replicates). (C) 
Fluorescent images of rhodamine-laminin adsorption on 
micropatterned substrates functionalized with various com
binations of HBP. (D) Relative quantification of laminin 
adsorption on micropatterned substrates, n=50 micropat
terns per condition (technical replicates). (*) indicates a 
significance ofp<0.05 calculated using a One-way ANOVA, 
and error bars represent standard deviation. Scale bars are 
200 um. 
[0023] FIGS. llA-llG demonstrate micropatterned neu
roepithelial tissue outgrowth on clickable, HEP-presenting 
substrates. (A) Schematic for derivation and HEP-mediated 
expansion of forebrain neuroepithelial tissues on chemi
cally-modified micropattern arrays of 200 µm diameter 
circles with 400 µm center-to-center spacing. (B) Image of 
singular neural rosette emergence within D6 neuroepithelial 
tissues on inert PEG-MA substrates not functionalized by 
HBP-DBCO bioconjugates. (C) Image of singular neural 
rosette expansion within D6 neuroepithelial tissues on reac
tive PEG-MA substrates functionalized with HBP-DBCO 
bioconjugates. The tissues show radial expansion and depo
sition of a Laminin+ basement membrane analogous to 
extended neuroepithelial culture in well plates as shown in 
FIGS. SA-8B. Bright-field, time course images of radial 
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tissue expansion are shown in FIGS. 12A-12B. (D) (i) 
Magnified image of expanded neuroepithelial of forebrain 
neural tissues on chemically-modified micropattern arrays 
of 200 µm diameter circles with 800 µm center-to-center 
spacing. (F) Image of singular neural rosette tissue out
growth and neuronal differentiation on HBP-functionalized 
substrates at day 11. (G) (i) Magnified image of the neu
roepithelial center of expanded neural tissues with (ii) the 
highlighted 3D cross-section and profile view of (iii) nuclei, 
(iv) Pax6+ core, and (v) primarily peripheral Tuj 1+ neu
ronal processes; white dotted lines indicate hollow polar
ization cavity. Scale bars are (B, C, F) 200 µm, (D(i,ii), 
G(i,ii)) 100 µm, and (D(iii), G(iii,iv,v)) 20 µm. 
[0024] FIGS. 12A-12B demonstrate time course imaging 
of patterned NEC tissue outgrowth. (A) Schematic timeline 
for derivation and HEP-mediated expansion of forebrain 
NEC tissues on 200 µm circular micropatterned arrays with 
40 µm center-to center spacing and intervening reactive 
PEG-MA brushes. (*) indicates when hPSCs are seeded on 
micropatterned substrates. (B) Representative brightfield 
images of neuroepithelial tissue expansion directly follow
ing in situ surface functionalization with HBP. Scale bar is 
400 µm. 
[0025] FIGS. 13A-13C. (A) A low magnification image of 
a micropatterned NSC tissue array. Scale bar is 300 µm. (B) 
The average cell density within micropatterned neural tis
sues from the same arrays as those shown in FIG. ll. The 
number of analyzed tissues per microarray/condition is 
indicated within each bar. * indicates p<0.05 according to a 
one-tailed ANOVA. (C) The average percentage of Pax6+ 
cells per micropatterned neural tissue from the same arrays 
as those shown in FIG. ll. The number of analyzed tissues 
per microarray/condition is indicated within each bar. 
[0026] FIGS. 14A-14D are images demonstrating appli
cation of automated image analysis descriptors for neuroepi
thelial tissues. (A) Maximum intensity projection of micro
patterned neuroepithelial tissue immunostained for 
N-cadherin. (B) Outlined region identified as N-cadherin 
halo boundary for use in area, radius, and eccentricity 
measurements. (C) Selected box region (white) that pro
ceeds around N-cadherin ring boundary to calculate tendril 
angle 1 and 2 and tendril density 1 and 2. (D) Magnification 
of box region with dotted red outline ofN-cadherin stained 
tendrils, which are indicative of cell-to-cell membrane inter
faces. Scale bars are (A, B, C) 100 µm and (D) 10 µm. 
[0027] FIGS. 15A-15B are tables presenting the results of 
human image analysis versus algorithm-based analysis of 
(A) 300 µm circular neuroepithelial tissues and (B) neu
roepithelial tissues having variable morphologies. 
[0028] While the present invention is susceptible to vari
ous modifications and alternative forms, exemplary embodi
ments thereof are shown by way of example in the drawings 
and are herein described in detail. It should be understood, 
however, that the description of exemplary embodiments is 
not intended to limit the invention to the particular forms 
disclosed, but on the contrary, the intention is to cover all 
modifications, equivalents and alternatives falling within the 
spirit and scope of the invention as defined by the appended 
claims. 

DETAILED DESCRIPTION 

[0029] The present invention relates at least in part to the 
inventors' unexpected discovery of methods and an engi
neered culture system for in vitro generation of an engi-
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neered human neural tube-the embryonic predecessor of 
the brain and spinal cord-by directing differentiation of 
human cells under defined conditions. The present invention 
builds on the inventors' previous discovery that a defined set 
of cell culture conditions and components, e.g., xeno-free 
cell culture components, can be used to derive neuroepithe
lium/neural stem cells (NSCs) from hPSCs under chemically 
defined conditions and in the absence of TGF~ pathway 
antagonists or BMP pathway antagonists and without an 
embryoid body stage. As described herein, the inventors 
developed micropatterned substrates and cell culture param
eters to reproducibly direct in vitro morphogenesis of neural 
stem cells and neurally differentiating hPSCs into neural 
tissues having microscale cellular organization (i.e., a sin
gular neural rosette cytoarchitecture) mimetic of the devel
oping neural tube, from which all central nervous system 
(CNS) tissues are derived in vivo. The micropatterned 
substrates and cell culture protocols allow for unprecedented 
control of neural tissue morphogenesis, which the current 
state-of-art methods lack. This discovery represents a sig
nificant advancement and universal basis for beginning to 
engineer anatomically biomimetic neural tissues and human 
CNS organoids in vitro. The inventors' discovery also 
provides an important opportunity to model patterning of the 
human CNS, to study neural development and disease in a 
biomimetic in vitro human model, and to identify materials 
and combinatorial strategies for in vitro tissue engineering. 

I. Definitions 

[0030] Unless defined otherwise, all technical and scien
tific terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art to which the 
invention pertains. Although any methods and materials 
similar to or equivalent to those described herein can be used 
in the practice or testing of the present invention, the 
preferred methods and materials are described herein. 
[0031] In describing the embodiments and claiming the 
invention, the following terminology will be used in accor
dance with the definitions set out below. 
[0032] As used herein, the term "pluripotent stem cell" 
(hPSC) means a cell capable of continued self-renewal and 
of capable, under appropriate conditions, of differentiating 
into cells of all three germ layers. hPSCs exhibit a gene 
expression profile that includes SOXY and OCT4+. 
Examples of human PSCs (hPSCs) include human embry
onic stem cells (hESCs) and human induced pluripotent 
stem cells (hiPSCs ). As used herein, "iPS cells" refer to cells 
that are substantially genetically identical to their respective 
differentiated somatic cell of origin and display character
istics similar to higher potency cells, such as ES cells, as 
described herein. The cells can be obtained by reprogram
ming non-pluripotent (e.g., multipotent or somatic) cells. 
[0033] As used herein, "pluripotency" means a cell's 
ability to differentiate into cells of all three germ layers. 

[0034] As used herein, "neural stem cell" (NSC) refers to 
a multipotent stem cell that is PAX6+/Sox2+ and is capable 
of differentiating into neurons or glia of the CNS or periph
eral nervous system (PNS). 
[0035] As used herein, the term "neuromesodermal pro
genitors" (NMPs) refers to human pluripotent stem cell
derived cells having the following gene expression profile: 
SOX2+/OCT4-/r/PAX6-. NMPs are also referred to as 
caudal lateral epiblasts. 



US 2019/0024046 Al 

[0036] As used herein, the term "spinal motor neuron 
progenitors" (pMNs) refers to human pluripotent stem cell
derived cells positive for the expression of transcription 
factors including Olig2 and Nkx6.1. Olig2+ pMNs differen
tiate into spinal motor neurons (MNs) which are a highly 
specialized class of neurons that reside in the spinal cord and 
project axons in organized and discrete patterns to muscles 
to control their activity. 
[0037] As used herein, the term "neural rosette" refers to 
a neural tube analog comprising polarized neural stem cells 
(NSCs) that forms when human pluripotent stem cells are 
differentiated in two-dimensional (2D) and three-dimen
sional (3D) culture. 
[0038] A "biological molecule" or "biomolecule" as used 
in the context of this invention refers to a molecule that is 
substantially of biological origin. Such molecules may 
include non-naturally occurring components that mimic a 
naturally occurring component, e.g., a non-naturally occur
ring amino acid. 
[0039] The terms "polypeptide," "peptide" and "protein" 
are used interchangeably herein to refer to a polymer of 
amino acid residues. The terms apply to amino acid poly
mers in which one or more amino acid residue is an artificial 
chemical mimetic of a corresponding naturally occurring 
amino acid, as well as to naturally occurring amino acid 
polymers, those containing modified residues, and non
naturally occurring amino acid polymer. 
[0040] The term "chemically defined culture medium" or 
"chemically defined medium," as used herein, means that 
the chemical structure and quantity of each medium ingre
dient is definitively known. 
[0041] As used herein, "a medium consisting essentially 
of' means a medium that contains the specified ingredients 
and those that do not materially affect its basic characteris
tics. 
[0042] "Supplemented," as used herein, refers to a com
position, e.g., a medium comprising a supplemented com
ponent (e.g., retinoic acid, FGF). For example a medium 
"further supplemented" with retinoic acid (RA) or an FGF, 
refers to the medium comprising RA or FGF, and not to the 
act of introducing the RA or FGF to the medium. 
[0043] As used herein, "effective amount" means an 
amount of an agent sufficient to evoke a specified cellular 
effect according to the present invention. 
[0044] As used herein, the terms "xenogen free" and 
"xeno-free" are used interchangeably and refer to a material 
that is free of or substantially free ofxenogeneic material or 
undefined components that are derived from a non-human 
source. 
[0045] "Neural differentiation base medium," as used 
herein, refers to a medium capable of promoting and sup
porting differentiation of human pluripotent stem cells 
towards a neural lineage, e.g., towards neuroectoderm and 
neuroepithelium. A neural differentiation base medium can 
include, but is not limited to E6 medium, as described herein 
and in U.S. Patent Publication No 2014/0134732. 
[0046] The terms "purified" or "enriched" cell populations 
are used interchangeably herein, and refer to cell popula
tions, ex vivo, that contain a higher proportion of a specified 
cell type or cells having a specified characteristic than are 
found en vivo ( e.g., in a tissue). 
[ 004 7] As used herein, "serum-free" means that a medium 
does not contain serum or serum replacement, or that it 
contains essentially no serum or serum replacement. For 
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example, an essentially serum-free medium can contain less 
than about 1 %, 0.9%, 0.8%, 0.7%, 0.6%, 0.5%, 0.4%, 0.3%, 
0.2% or 0.1 % serum, wherein the culturing capacity of the 
medium is still observed. 
[0048] As used herein, "substantially free of' means that 
a culture medium or other composition or solution is free or 
nearly free of a particular component. For example, "sub
stantially free of putrescine" means no putrescine is added to 
a cell culture medium above and beyond any putrescine 
present in the base medium, e.g., DMEM/F12. Alternatively, 
"substantially free of putrescine" means a final putrescine 
concentration less than or equal to 0.08 mg/L. 
[0049] As used herein, "viability" means the state of being 
viable. Pluripotent cells that are viable attach to the cell plate 
surface and do not stain with the dye propidium iodide 
absent membrane disruption. Short term viability relates to 
the first 24 hours after plating the cells in culture. Typically, 
the cells do not proliferate in that time. 
[0050] As used herein, the term "about," when referring to 
a value or to an amount of mass, weight, time, volume, 
concentration, percentage or a physical dimension such as 
length, width, or diameter, is meant to encompass variations 
of in some embodiments ±20%, in some embodiments 
±10%, in some embodiments ±5%, in some embodiments 
±1 %, in some embodiments ±0.5%, and in some embodi
ments ±0.1 % from the specified value or amount, as such 
variations are appropriate to perform the disclosed methods. 

II. Methods 

[0051] The inventors discovered methods of using micro
patterned substrates having particular features and particular 
cell culture parameters to control the differentiation of 
human pluripotent stem cells (hPSCs ), neural stem cells 
(NSCs ), or neuromesodermal progenitors (NMPs) to pro
duce biomimetic neural rosette having advantageous prop
erties. In particular, it was discovered that the size and shape 
of cell attachment-promoting regions of a micropatterned 
substrate influence the number of neural rosettes within a 
given cell culture. In some embodiments, micropatterned 
substrates are engineered (i.e., configured) to effectively and 
reliably derive biomimetic neural tissues comprising a par
ticular number of rosette structures from neural morphogen
esis ofhPSCs, NMPs, or NSCs. As described herein and as 
demonstrated in the Examples that follow, the methods 
preferably yield a singular biomimetic neural tissue having 
a polarized rosette structure in which at least 80% of cells of 
the structure are Pax6+/N-cadherin+ neuroepithelial cells, 
wherein greater than about 75% of the biomimetic neural 
tissue exhibits a singular rosette structure comparable to a 
developing human neural tube. 
[0052] Accordingly, in a first aspect, provided herein are 
in vitro methods for efficiently and robustly producing 
biomimetic neural tissue having a singular rosette structure 
in vitro, where the biomimetic neural tissue exhibits 
microscale cellular organization (i.e., cytoarchitecture) simi
lar to that of the developing human neural tube. The term 
"biomimetic," as used in connection with a neural tissue 
containing a singular neural rosette structure produced on a 
cell culture substrate disclosed herein, refers to an aggregate 
of cells or a tissue having structural similarity to tissues 
found in nature, namely the anatomic structure and cyto
architecture of the embryonic neural tube. Biomimetic neu
ral tissues having a singular rosette structure are in vitro
derived ( e.g., engineered) cell aggregates that mimic the 
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polarized neural cytoarchitecture, with polarized NSCs dis
playing apical N-cadherin expression and basal extracellular 
matrix protein deposition, of an embryonic neural tube. 

[0053] In certain embodiments, a method of producing a 
micropatterned biomimetic neural tissue having a singular 
rosette structure in vitro comprises or consists essentially of 
the following steps: (a) seeding human pluripotent stem cells 
(hPSCs) in the presence of a Rho kinase inhibitor onto a 
micropatterned substrate configured to instruct biomimetic 
neural morphogenesis of cells cultured thereon; (b) culturing 
the seeded cells of (a) on the micropatterned substrate for a 
first culture period of about one to two days in the presence 
of a first neural differentiation base medium to obtain a first 
cell population, wherein the first neural differentiation base 
medium comprises a Rho kinase inhibitor; and ( c) culturing 
the cells of (b) for a second culture period of about 2 to about 
6 days (e.g., 2, 3, 4, 5, 6 days, inclusive) under adherent 
culture conditions in a second neural differentiation base 
medium, whereby a singular biomimetic neural tissue hav
ing a polarized rosette structure in which at least 80% of 
cells of the structure are Pax6+/N-cadherin+ neuroepithelial 
cells is produced, wherein greater than about 75% of the 
biomimetic neural tissue exhibits a singular rosette structure 
comparable to a developing human neural tube. 

[0054] The first neural differentiation medium can be a 
chemically defined medium comprising DMEM/F-12, 
ascorbic acid, sodium bicarbonate, selenium, insulin, trans
ferrin, FGF2, and TGF~l. The first neural differentiation 
medium can be ES medium. The second neural differentia
tion medium can be a chemically defined medium compris
ing DMEM/F-12, ascorbic acid, sodium bicarbonate, sele
nium, insulin, transferrin. The second neural differentiation 
medium can be E6 medium. The second neural differentia
tion medium can further comprise one or more of an FGF 
and an activator of ~-catenin pathway signaling. When the 
second culture period occurs in the presence of E6 medium, 
the resulting biomimetic neural tissue exhibits a singular 
rosette structure comprises cells having forebrain identity. 
Culturing the cells for about 2 to about 6 days in E6 media 
supplemented to further comprise an FGF and/or a Wnt/ 
beta-catenin activator promotes the differentiation of cells 
having midbrain through spinal cord tissue identity within 
the resulting biomimetic neural tissue exhibits a singular 
rosette structure. The FGF can be FGF2, FGF8a, FGF8b, 
FGF8f, FGFl 7, or FGF18. The activator of ~-catenin path
way signaling can be a GSK3 kinase inhibitor. The GSK3 
kinase inhibitor can be CHIR99021. In some cases, the 
second neural differentiation medium comprises about 100 
ng/ml to about 200 ng/ml FGF8b and about 3 µM to about 
9 µM CHIR99021. The second culture period can be about 
5 days. In some cases, the method further comprises tran
siently exposing cells on the micropatterned substrate to an 
activator ofWnt/~-catenin signaling about 24-72 hours after 
plating onto the micropatterned substrate. In some cases, the 
method further comprises, about 24-72 hours after seeding 
cells onto the micropatterned substrate, exposing the seeded 
cells to a retinoid RA and Sonic Hedgehog (SHH) or a SHH 
signaling agonist for about 1 to about 5 days, whereby the 
polarized rosette structure comprises Olig2+ motor neurons 
progenitors (pMNs). The SHH signaling agonist can be 
purmorphamine. The hPSCs can be seeded onto the micro
patterned substrate at a density between about 75xl03 

cells/cm2 and about 2.5xl05 cells/cm2
. 
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[0055] In another aspect, provided herein is a method of 
producing a micropatterned biomimetic neural tissue having 
a singular rosette structure in vitro. The method can com
prise culturing Oct4-/Sox2+/Brachyury-/Pax6+ neural stem 
cells (NSCs) on a micropatterned substrate configured to 
instruct biomimetic neural morphogenesis of cells cultured 
thereon for a culture period of about 3 to about 7 days ( e.g., 
3, 4, 5, 6, 7 days, inclusive) under adherent culture condi
tions in the presence of a neural differentiation base medium, 
wherein the neural differentiation medium is a chemically 
defined medium comprising DMEM/F-12, ascorbic acid, 
sodium bicarbonate, selenium, insulin, and transferrin and is 
supplemented to further comprise RA and a Rho kinase 
inhibitor; thereby producing a singular biomimetic neural 
tissue having a polarized rosette structure in which at least 
80% of cells of the structure are Pax6+/N-cadherin+ neu
roepithelial cells, wherein greater than about 75% of the 
biomimetic neural tissue exhibits a singular rosette structure 
comparable to a developing human neural tube. In certain 
embodiments, the NSCs are cultured on the micropatterned 
substrate for about 5 days. The NSCs can be seeded onto the 
micropatterned substrate at a density between about 75xl03 

cells/cm2 and about 2.5xl05 cells/cm2
. 

[0056] In a further aspect, provided herein is a method of 
producing a micropatterned biomimetic neural tissue having 
a singular rosette structure in vitro, where the method 
comprises seeding Oct4-/Sox2+/Brachyury+/Pax6- neu
romesodermal progenitors (NMPs) on a micropatterned sub
strate configured to instruct biomimetic neural morphogen
esis of cells cultured thereon, and culturing the seeded 
NMPs for a culture period of about 2 to about 7 days (e.g., 
2, 3, 4, 5, 6, 7 days, inclusive) under adherent culture 
conditions in the presence of a neural differentiation base 
medium, wherein the neural differentiation medium is 
supplemented with RA and a Rho kinase inhibitor; thereby 
producing a singular biomimetic neural tissue having a 
polarized rosette structure in which at least 80% of cells of 
the structure are Pax6+/N-cadherin+ neuroepithelial cells, 
wherein greater than about 75% of the biomimetic neural 
tissue exhibits a singular rosette structure comparable to a 
developing human neural tube. NMPs can be seeded onto 
the micropatterned substrate at a density between about 
75xl03 cells/cm2 and about 2.5xl05 cells/cm2

. In some 
embodiments, NMPs are cultured on the micropatterned 
substrate for about 5 days. In some cases, the method further 
comprises transiently exposing cells on the micropatterned 
substrate to an activator of Wnt/~-catenin signaling about 
24-72 hours after plating onto the micropatterned substrate. 
In other cases, the method further comprises, about 24-72 
hours after seeding cells onto the micropatterned substrate, 
exposing the seeded cells to an activator of the sonic 
hedgehog pathway for about 1 to about 5 days, whereby the 
polarized rosette structure comprises Olig2+ spinal motor 
neuron progenitors (pMNs). Suitable activators of the 
hedgehog pathway include, but are not limited to native or 
recombinant Sonic Hedgehog (SHH), purmorphamine (at a 
concentration from about 25 nM to about 2000 nM), 
smoothened agonist (SAG), or CUR61414. In certain 
embodiments, the SHH signaling agonist is purmorphamine 
at a concentration from about 25 nM to about 2000 nM. 

[0057] The methods provided herein effectively ( equal or 
greater than 80% efficiency) induce single neural rosette 
emergence within hPSC-derived forebrain and spinal tis
sues. 
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[0058] In some embodiments, the method employs a cell 
culture substrate comprising a micropattemed substrate con
figured to promote neural differentiation and controlled 
morphogenesis of hPSCs, NMPs, or NSCs cultured on the 
substrate into biomimetic neural tissues containing a singu
lar rosette structure. Preferably, the micropatterned substrate 
comprises one or more regions resistant to cell attachment/ 
adherence and one or more regions that promote cell attach
ment/adherence. For example, the methods of this disclosure 
can comprise culturing neural stem cells on one or more cell 
attachment-promoting regions of a micropattemed substrate, 
where the cell attachment-promoting regions are surrounded 
on some or all sides by regions that are resistant to cell 
attachment. In this manner, growth of the cultured neural 
stem cells is constrained and spread of cultured cells beyond 
the cell attachment-promoting regions is minimized or pre
vented. By the term "micropatterned" it is generally meant 
that a particular material ( e.g., biomolecules, cell adhesion 
molecules) is arranged or ordered into a user-defined nano
to-microscale pattern. 

[0059] In certain embodiments, the micropatterned sub
strate comprises an engineered, predetermined (i.e., user
defined) arrangement of one or more surface-grafted poly 
(ethylene glycol) ("PEG") brushes, which robustly resist 
protein adsorption and thereby cell adhesion. In such cases, 
a micropatterned substrate comprises a user-defined arrange
ment of one or more PEG brushes grafted onto a solid 
support ( e.g., tissue culture polystyrene, glass slide, glass, or 
silica substrates). Micropatterned regions resistant to cell 
attachment can comprise a singular or a plurality of surface
grafted PEG brushes lacking any cell attachment peptides or 
other moieties that promote cell attachment. Micropattemed 
regions that promote adherence of cells cultured thereon can 
comprise a singular or a plurality of PEG brushes having a 
peptide-immobilizing moiety. In such cases, the arrange
ment of a singular or a plurality of peptide-immobilizing 
PEG brushes provides a user-defined, tunable substrate that 
can control cell adhesion and thereby the resulting tissue 
morphology. Furthermore, PEG brushes can be chemically 
modified to enable in situ conjugation of peptides, whose 
sequences are derived from extracellular matrix ("ECM") 
proteins. For example, a micropattemed substrate can com
prise an arrangement of PEG brushes comprising peptides 
having one or more RGD (Arg-Gly-Asp) sequence motifs, 
which are also known as integrin binding motifs. A RGD 
sequence motif corresponds to a cell attachment site of a 
large number of adhesive ECM and cell surface proteins. 
RGD sequences are common in integrin-binding adhesion 
proteins such as fibronectin, collagen, and laminin. The 
integrin-binding activity of such adhesion proteins can be 
reproduced by short synthetic peptides containing the RGD 
sequence. Accordingly, to promote adherence of cells to 
particular regions of a micropattemed substrate, those 
regions can comprise one or more PEG brushes conjugated 
to RGD-containing peptides. For regions that are resistant to 
cell attachment, PEG brushes lacking any cell adhesion 
molecules (e.g., cell tethering moiety) are preferably used. 

[0060] In some cases, a micropatterned substrate is 
obtained according to the synthesis protocols described by 
Knight et al., Chem. Commun., 2015, 51, 5238-5241, which 
is incorporated by reference herein as if set forth in its 
entirety. As described therein, a micropattemed substrate can 
be an azide-functionalized poly(ethylene glycol) methacry
late (PEGMA) grafted substrate configured to undergo a 
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1,3-dipolar cycloaddition "click" reaction with peptides 
conjugated to high strain molecules such as dibenzocyclooc
tyne (DBCO). Other peptide immobilizing PEG brushes are 
described by Sha et al., Biomacromolecules, 2013, 14 (9): 
3294-3303, which is incorporated by reference herein as if 
set forth in its entirety. As described therein, PEG brushes 
present dual orthogonal chemistries (i.e., azido and acety
lene groups) for ligand (e.g., peptide) immobilization via 
versatile copper-free click reactions, which are useful for in 
situ surface modifications during cell culture and thereby 
spatiotemporal control of adherent tissue morphologies. 

[0061] In some cases, a micropatterned substrate com
prises one or more PEG brushes or poly(ethylene glycol) 
methacrylate (PEGMA)-azide brushes everywhere except 
for an array of circles having a diameter of about 100 µm, 
200 µm, 250 µm, 300 µm, or more. In such cases, when 
seeded with hPSCs, NMPs, or NSCs, the cells will adhere 
within the circular brush-free regions. When further cul
tured, the cells differentiate into shaped tissues confined by 
the surrounding inert PEG or PEGMA-azide brushes. 
Advantageously, the micropatterned substrates provided 
herein can comprise a plurality of cell adhesion peptides 
arranged according to user-defined, tunable spatial param
eters. User-defined parameters include spacing, diameter 
(also sometimes referred to herein as "width"), height (also 
sometimes referred to herein as "length"), and number of 
cell adhesion peptides per unit of surface area ( also referred 
to herein as "cell adhesion peptide surface area density"). 

[0062] Accordingly, provided herein are micropattemed 
substrates comprising regions that promote adherence of 
cells cultured thereon, where these regions are engineered 
(i.e., configured) to have a bounded geometry to promote 
differentiation and morphogenesis of neural stem cells or 
human pluripotent stem cells cultured on or recruited to the 
matrix. For example, bounded geometries of a micropat
temed substrate may be used to control the macroscale 
structuring of neural tissue during cell differentiation and 
morphogenesis of hPSCs or NMPs on the culture substrate. 
The bounded geometric shape can be any two-dimensional 
(2-D) shape (e.g., regular or irregular) having dimensions 
defined by the shape ( e.g., pre-defined diameter, length, 
width etc.) (e.g., diameter, width, length and the like). In 
some embodiments, the bounded geometric shapes are 
circle, triangles, squares, rectangles, or ovals of varying 
dimensions (e.g., 36 µm, 100 µm, 490 µm, 4.8 mm, and 12.6 
mm in diameter; typically about 200-800 µm). The dimen
sions will have a defined scale based upon their shape such 
that at least one distance from one side to a substantially 
opposite side is about 100-800 µm ( e.g., where the shape is 
rectangular or oval, the distance between one side to an 
opposite side is 100-800 µm). In preferred embodiments, the 
bounded geometric shape of a micropattemed substrate is a 
circle measuring about 100 µm, 150 µm, 180 µm, 200 µm, 
about 300 µm, or about 400 µm in diameter. In some cases, 
it may be appropriate to use a circle or other shape having 
a diameter of less than 100 µm and, in some cases, as low 
as 50 µm (e.g., 50, 60, 70, 80, 90, or 100 µm), however 
proliferating cells grown on smaller micropattemed surfaces 
tend to lift off the surface as an aggregate or ball of cells. 
Accordingly, practical constraints may set a lower limit on 
micropattemed surface dimensions. In other embodiments, 
the geometric shape may comprise a 3-D shape (e.g., a 
spheroid, cube, pyramid). In such instances, the diameter/ 
width and the like, will be from about 100 µm to 800 µm. 
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[0063] Any appropriate means of producing a micropat
terned substrate can be used. In some cases, micropatterned 
substrates are produced by manually depositing peptide
immobilizing PEG brushes and cell adhesion peptides onto 
a solid support. In other cases, micropatterned substrates are 
produced using automated ( e.g., robotic) techniques, micro
contact printing, microfluidic etching, or deposition of vari
ous materials. In other cases, photolithography-based micro
fabrication techniques can be used. For example, 
photolithography-based microfabrication techniques can be 
used to produce templates or molds for micrometer-level 
patterning of a cell adhesion-resistant substance (e.g., a 
nonadherent agar) onto a substrate (e.g., glass slide, glass 
coverslip, elastomeric polymer ( e.g., polydimethylsiloxane 
(PDMS)) coated with a cell adhesive material. In this 
manner, the methods yield a micropatterned substrate com
prising well-defined adhesive and nonadhesive domains. 

[0064] In a first step, a method for efficiently and robustly 
producing neural rosettes having microscale cellular orga
nization (i.e., cytoarchitecture) similar to that of the devel
oping human neural tube comprises culturing neural stem 
cells (NSCs) on a micropatterned substrate as described 
herein, where the micropatterned substrate preferably has a 
user-defined bounded geometry that promotes differentia
tion of neural stem cells or human pluripotent stem cells 
cultured thereon to produce a biomimetic neural rosette. The 
NSCs can be seeded onto the micropatterned substrate at a 
particular cell density and at a particular stage of differen
tiation from hPSCs. For example, neural stem cells (NSCs) 
or neuromesodermal progenitors (NMPs) can be seeded onto 
a micropatterned substrate having a user-defined bounded 
geometry at a density of about 50,000 cells/cm2 to about 
250,000 cells/cm2 (e.g., about 50,000 cells/cm2

, about 
60,000 cells/cm2

, about 70,000 cells/cm2
, about 75,000 

cells/cm2
, about 80,000 cells/cm2

, about 90,000 cells/cm2
, 

about 95,000 cells/cm2
, about 100,000 cells/cm2

, about 
150,000 cells/cm2

, about 200,000 cells/cm2
, about 250,000 

cells/cm2
). In certain embodiments, NSCs are seeded onto a 

micropatterned substrate on day 4 of the in vitro differen
tiation protocol described in U.S. patent application Ser. No. 
13/795,485 (published as U.S. Patent Pub. 2014/0134732), 
which is incorporated by reference herein as if set forth in its 
entirety. The '485 application provides a chemically defined, 
feeder-independent, and xenogeneic material-free protocol 
for directly differentiating hPSCs into pure neuroepithelial 
cultures (>90% Pax6+/N-cadherin+ neural stem cells having 
widespread rosette formation) within 6 days under adherent 
conditions, without small molecule inhibitors, and using 
only minimalistic medium consisting of DMEM/F12, 
sodium bicarbonate, selenium, ascorbic acid, transferrin, 
and insulin (i.e., E6 medium). Preferably, NSCs are seeded 
onto a micropatterned substrate having a user-defined 
bounded geometry at a density between about 75xl03 cells/ 
cm2 and about 2.5xl05 cells/cm2 on day 4 of the E6 in vitro 
differentiation described in the '485 application. 

[0065] In some cases, pluripotent stem cells that have been 
cultured in an adherent monolayer in a cell culture plate are 
subcultured onto a micropatterned surface and then cultured 
for a first culture period of about three (3) days to about six 
(6) days in a defined culture medium that supports differ
entiation of human pluripotent stem cells into neural stem 
cells, whereby PAX6-positive neural stem cells are obtained. 

[0066] In some cases, the methods further comprise 
releasing geometric confinement to the bounded micropat-
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terned surfaces. As described in the Examples that follow, 
release of geometric confinement is associated with radial 
outgrowth from the neural rosette tissues and with mainte
nance of a singular neuroepithelium and peripheral neuronal 
differentiation. In some cases, array substrates are config
ured to permit controllable release of micropatterned tissues 
from their geometric confinement ("bounded geography") 
and permit radial tissue outgrowth. In some cases, the 
micropatterned substrates is configured to comprise "click
able" bioconjugates in which a peptide such as heparin 
binding peptide that does not itself promote cell migration 
but can bind to polypeptide secreted by cells of the neural 
rosette tissue during extended culture. 

[0067] In some cases, the differentiation method provided 
herein further includes exposing cultured cells ( e.g., cultured 
NMPs) to a transient increase or "boost" ofWnt/~-catenin 
signaling by transiently exposing the cultured seeded NMPs 
cells to a Wnt/~-catenin signaling agonist following about 
72 hours of culture, for example, as described in U.S. 
application Ser. No. 14/496,796, which is incorporated by 
reference as if set forth in its entirety. In some cases, cultured 
seeded NMPs cells are exposed to a Wnt/~-catenin signaling 
"boost" following about 72 hours of culture (i.e., about 72 
hours following seeding onto a micropatterned substrate). 
As will be appreciated by those of ordinary skill in the art, 
Wnt/~-catenin signaling can be activated by modulating the 
function of one or more proteins that participate in the 
Wnt/~-catenin signaling pathway to increase ~-catenin 
expression levels or activity, TCF and LEF expression 
levels, or ~-catenin/TCF/LEF induced transcriptional activ
ity. In some embodiments, activation of Wnt/~-catenin sig
naling is achieved by inhibiting Gsk3 phosphotransferase 
activity or Gsk3 binding interactions. While not wishing to 
be bound by theory, it is believed that inhibition of Gsk3 
phosphorylation of ~-catenin will inhibit tonic degradation 
of ~-catenin and thereby increase the level of ~-catenin and 
activity to drive differentiation of pluripotent stem cells. 
Gsk3 inhibition can be achieved in a variety of ways 
including, but not limited to, providing small molecules that 
inhibit Gsk3 phosphotransferase activity, RNA interference 
knockdown of Gsk3, and overexpression of dominant nega
tive form of Gsk3. Dominant negative forms of Gsk3 are 
known in the art as described, e.g., in Hagen et al. (2002), 
l Biol. Chem., 277(26):23330-23335, which describes a 
Gsk3 comprising a R96A mutation. 

[0068] In some embodiments, Gsk3 is inhibited by con
tacting a cell with a small molecule that inhibits Gsk3 
phosphotransferase activity or Gsk3 binding interactions. 
Suitable small molecule Gsk3 inhibitors include, but are not 
limited to, CHIR99021, CHIR98014, BIO-acetoxime, BIO, 
LiCl, SB 216763, SB 415286, ARA014418, 1-Azakenpaull
one, Bis-7-indolylmaleimide, and any combinations thereof. 
In some embodiments, any ofCHIR99021, CHIR98014, and 
BIO-acetoxime are used to inhibit Gsk3 in pluripotent stem 
cells in the differentiation methods described herein. In one 
embodiment, the small molecule Gsk3 inhibitor to be used 
is CHIR99021 at a concentration ranging from about 3 µM 
to about 12 µM, e.g., about 3 µM, 4 µM, 5 µM, 6 µM, 7 µM, 
8 µM, 9 µM, 10 µM, 11 µM, 12 µM or another concentration 
ofCHIR99021 from about 3 µM to about 12 µM. In another 
embodiment, the small molecule Gsk3 inhibitor to be used 
is CHIR98014 at a concentration ranging from about 0.1 µM 
to about 1 µM, e.g., about 0.1 µM, 0.2 µM, 0.3 µM, 0.4 µM, 
0.5 µM, 0.6 µM, 0.7 µM, 0.8 µM, 0.9 µM or another 
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concentration ofCHIR98014 from about 0.1 µM to about 1 
µM. In another embodiment, the small molecule Gsk3 
inhibitor to be used is BIO-acetoxime at a concentration 
ranging from about 0.1 µM to about 1 µM, e.g., about 0.1 
µM, 0.2 µM, 0.3 µM, 0.4 µM, 0.5 µM, 0.6 µM, 0.7 µM, 0.8 
µM, 0.9 µM or another concentration of BIO-acetoxime 
from about 0.1 µM to about 1 µM. 
[0069] In other embodiments, Gsk3 activity is inhibited by 
RNA interference knockdown of Gsk3. For example, Gsk3 
expression levels can be knocked-down using commercially 
available siRNAs against Gsk3, e.g., SignalSilence® GSK-
3a./~ siRNA (catalog #6301 from Cell Signaling Technol
ogy®, Danvers, Mass.), or a retroviral vector with an 
inducible expression cassette for Gsk3, e.g., a commercially 
available Tet-inducible retroviral RNA interference (RNAi) 
system from Clontech (Mountain View, Calif., Catalog No. 
630926), or a cumate-inducible system from Systems Bio
sciences, Inc. (Mountain View, Calif.), e.g., the SparQ® 
system, catalog no. QM200PA-2. 
[0070] In other embodiments, the Wnt/~-catenin signaling 
pathway is activated by overexpressing ~-catenin itself, e.g., 
human ~-catenin ( exemplary nucleotide and amino acid 
sequences are found at GenBank Accession Nos: X87838 
and CAA61107.1, respectively). In one embodiment, 
~-catenin overexpression is achieved using an inducible 
expression system, e.g., any of the just-mentioned inducible 
expression systems. Alternatively, a constitutively active, 
stabilized isoform of ~-catenin is used, which contains point 
mutations S33A, S37 A, T41A, and S45A as described, e.g., 
in Baba et al. (2005), Immunity 23(6):599-609. 
[0071] In yet other embodiments, Wnt/~-catenin signaling 
pathway activation in pluripotent stem cells is achieved by 
contacting the cells with an agent that disrupts the interac
tion of ~-catenin with Axin, a member of the ~-catenin 
destruction complex. Disruption of the Axin/~-catenin inter
action allows ~-catenin to escape degradation by the 
destruction complex thereby increasing the net level of 
~-catenin to drive ~-catenin signaling. For example, the 
Axin/~-catenin interaction can be disrupted in pluripotent 
cells by contacting the cells with the compound 5-(Furan-
2-yl)-N-(3-(l H-imidazol-1-yl)propyl)-1,2-oxazole-3-car
boxamide ("SKL2001"), which is commercially available, 
e.g., as catalog no. 681667 from EMD Millipore. An effec
tive concentration of SKL2001 to activate Wnt/~-catenin 
signaling ranges from about 10 µM to about 100 µM, about 
20 µM, 30 µM, 40 µM, 50 µM, 60 µM, 70 µM, 80 µM, 90 
µMor another concentration of SKL2001 from about 10 µM 
to about 100 µM. 
[0072] In some cases, neural stem cells for use in the 
methods provided herein are obtained by directed differen
tiation of human pluripotent stem cells (hPSCs). As used 
herein, "pluripotent stem cells" appropriate for use accord
ing to a method of the invention are cells having the capacity 
to differentiate into cells of all three germ layers. Suitable 
pluripotent cells for use herein include human embryonic 
stem cells (hESCs) and human induced pluripotent stem 
(iPS) cells. As used herein, "embryonic stem cells" or 
"ESCs" mean a pluripotent cell or population of pluripotent 
cells derived from an inner cell mass of a blastocyst. See 
Thomson et al., Science 282:1145-1147 (1998). These cells 
express Oct-4, SSEA-3, SSEA-4, TRA-1-60 and TRA-1-81, 
and appear as compact colonies having a high nucleus to 
cytoplasm ratio and prominent nucleolus. ESCs are com
mercially available from sources such as WiCell Research 
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Institute (Madison, Wis.). As used herein, "induced pluri
potent stem cells" or "iPS cells" mean a pluripotent cell or 
population of pluripotent cells that may vary with respect to 
their differentiated somatic cell of origin, that may vary with 
respect to a specific set of potency-determining factors and 
that may vary with respect to culture conditions used to 
isolate them, but nonetheless are substantially genetically 
identical to their respective differentiated somatic cell of 
origin and display characteristics similar to higher potency 
cells, such as ESCs, as described herein. See, e.g., Yu et al., 
Science 318:1917-1920 (2007). 
[0073] Induced pluripotent stem cells exhibit morphologi
cal properties ( e.g., round shape, large nucleoli and scant 
cytoplasm) and growth properties (e.g., doubling time of 
about seventeen to eighteen hours) akin to ESCs. In addi
tion, iPS cells express pluripotent cell-specific markers (e.g., 
Oct-4, SSEA-3, SSEA-4, Tra-1-60 or Tra-1-81, but not 
SSEA-1). Induced pluripotent stem cells, however, are not 
immediately derived from embryos. As used herein, "not 
immediately derived from embryos" means that the starting 
cell type for producing iPS cells is a non-pluripotent cell, 
such as a multipotent cell or terminally differentiated cell, 
such as somatic cells obtained from a post-natal individual. 
[007 4] Human iPS cells can be used according to a method 
described herein to obtain primitive macrophages and 
microglial cells having the genetic complement of a par
ticular human subject. For example, it may be advantageous 
to obtain neural tissue organoids that exhibit one or more 
specific phenotypes associated with or resulting from a 
particular disease or disorder of the particular mammalian 
subject. In such cases, iPS cells are obtained by reprogram
ming a somatic cell of a particular human subject according 
to methods known in the art. See, for example, Yu et al., 
Science 324(5928):797-801 (2009); Chen et al., Nat. Meth
ods 8(5):424-9 (2011 ); Ebert et al., Nature 457(7227):277-
80 (2009); Howden et al., Proc. Natl. Acad. Sci. U.S.A. 
108(16):6537-42 (2011). 
[0075] Prior to plating onto a micropatterned substrate, 
hPSCs ( e.g., hESCs or hiPSCs ), can be cultured in the 
absence of a feeder layer (e.g., a fibroblast layer) on a 
substrate suitable for proliferation of hPSCs, e.g., MATRI
GEL™, vitronectin, a vitronectin fragment, or a vitronectin 
peptide, or Synthemax®. In some cases, the hPSCs are 
passaged at least 1 time to at least about 5 times in the 
absence of a feeder layer. Suitable culture media for pas
saging and maintenance of hPSCs include, but are not 
limited to, mTeSR® and ES™ media. In some embodi
ments, the hPSCs are maintained and passaged under xeno
free conditions, where the cell culture medium is a defined 
medium such as ES or mTeSR, but the cells are maintained 
on a completely defined, xeno-free substrate such as vit
ronectin or Synthemax® ( or another type-of self-coating 
substrate). In one embodiment, the hPSCs are maintained 
and passaged in ES medium on vitronectin, a vitronectin 
fragment, or a vitronectin peptide or a self-coating substrate 
such as Synthemax®. 
[0076] In preparation for differentiation into neural stem 
cells, hPSCs are typically plated onto a micropattemed 
substrate at a density of at least about 50x 103 cells/cm2 to 
about 2xl05 cells/cm2 (e.g., at least about 50xl03 cells/cm2

, 

75xl03 cells/cm2
, lxl05 cells/cm2

, 1.5xl05 cells/cm2
, 2xl05 

cells/cm 2, 2.5xl 05 cells/cm2
. While not wishing to be bound 

by theory, it is believed that the density of hPSCs is an 
important factor affecting the efficiency of the methods 
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described herein. In some embodiments, plated hPSCs will 
be at least about 95% confluent upon changing the culture 
medium from one suited for hPSC proliferation to one that 
sustains differentiation of the hPSCs as described herein. 

[0077] In various embodiments, the differentiation of 
hPSCs into neural stem cells is affected by culturing the 
pluripotent stem cells (PSCs) in any of a number of serum
free media that support differentiation of human pluripotent 
stem cells into neural stem cells, collectively referred to 
herein as ("neural differentiation media"). "Neural differen
tiation medium," as used herein, refers to a medium capable 
of promoting and supporting differentiation of human pluri
potent stem cells towards a neural lineage, e.g., towards 
neuroectoderm and neuroepithelium. A neural differentia
tion base medium can include, but is not limited to E6 
medium, as described herein and in U.S. Patent Publication 
No. 2014/0134732. In some embodiments, the neural dif
ferentiation medium to be used in the neural differentiation 
method is "E4" medium, which consists essentially of a base 
medium (e.g., DMEM/F12 or a similar base medium as 
described herein) containing water, salts, amino acids, vita
mins, a carbon source, a buffering agent; plus selenium and 
insulin. Optionally, the neural differentiation medium to be 
used may also include ascorbate (referred to herein as an 
"E5" medium). In some embodiments, the neural differen
tiation medium to be used in the neural differentiation 
method is "E6" medium, which consists essentially of a 
carbonate-buffered E5 medium plus transferrin. 
[0078] As used herein, the terms "E6 culture medium" and 
"E6" are used interchangeably and refer to a chemically 
defined culture medium comprising or consisting essentially 
of DF3S supplemented to further comprise insulin (20 
µg/mL), transferrin (10.67 ng/mL). The medium can be 
prepared based on the formula in previous publication (Chen 
et al., (2011) Nature Methods. 8(4), 424-429). Similar 
medium is available from Thermal Fisher/Life Technologies 
Inc. as Essential 6, or from Stem Cell Technologies as 
TeSR-E6. As used herein, the terms "ES culture medium" 
and "ES" are used interchangeably and refer to a chemically 
defined culture medium comprising or consisting essentially 
of DF3S supplemented by the addition of insulin (20 
µg/mL), transferrin (10.67 ng/mL), human FGF2 (100 
ng/mL), and human TGF~l (Transforming Growth Factor 
Beta 1) (1.75 ng/mL). The medium can be prepared based on 
the formula in previous publication (Chen et al., (2011) 
Nature Methods. 8(4), 424-429). As an alternative, the 
medium is also available from Thermal Fisher/Life Tech
nologies Inc. as Essential 8, or from Stem Cell Technologies 
as TeSR-ES. 

[0079] In other embodiments, the medium to be used 
includes at least the same components as a neural differen
tiation medium mentioned above, but the medium is sub
stantially free of: a TGF~ superfamily agonist (e.g., Nodal); 
an albumin, and at least one of putrescine and progesterone. 
Optionally, a fibroblast growth factor (e.g., FGF2) may also 
be included in the medium to be used. In other embodiments, 
the medium to be used does not include a fibroblast growth 
factor. In some embodiments, a retinoic acid receptor ago
nist is also included to facilitate neural differentiation into 
certain neuronal lineages depending on the concentration of 
retinoid used. An exemplary class of suitable retinoic acid 
receptor agonists are the retinoids and retinoid analogs, 
which include without limitation All-Trans Retinoic Acid 
(ATRA), Retinal Acetate, EC23 ( 4-[2-(5,6,7,8-Tetrahydro-
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5,5,8,8-te-tramethyl-2-naphthalenyl)ethynyl)-benzoic acid; 
CAS No: 104561-41-3), BMS453 (4-[(lE)-2-(5,6-Dihydro-
5,5-dimethyl-8-phenyl-2-naphthalenyl)ethenyl]-benzoic 
acid; CAS No: 166977-43-10), Fenretinide (N-(4-Hydroxy
phenyl)retinamide; CAS No: 65646-68-6), AM580 ( 4-[(5,6, 
7 ,8-Tetrahydro-5 ,5 ,8,8-tetramethy 1-2-naphthaleny l)carbox
amido ]benzoic acid; CAS No: 102121-60-8), Tazarotene 
( 6-[2-(3,4-Dihydro-4,4-dimethyl-2H-1-benzothiopyran-6-
yl)ethynyl]-3-pyridinecarboxylic acid ethyl ester; CAS No: 
118292-40-3), and TTNPB ( 4-[(E)-2-(5,6, 7,8-Tetrahydro-5, 
5,8,8-tetramethyl-2-naphthalenyl)-1-propenyl]benzoic acid; 
CAS No: 71441-28-6). Other exemplary retinoic receptor 
agonists that could be used include AC261066 (4-[4-(2-
Butoxyethoxy-)-5-methyl-2-thiazolyl]-2-fluorobenzoic 
acid; CAS No: 870773-76-5), AC55649 (4'-Octyl-[1,1'-bi
phenyl]-4-carboxylic acid; CAS No: 59662-49-6), Ada
palene (6-( 4-Methoxy-3-tricyclo[3.3.1.13,7]dec-l-ylphe
nyl)-2-naphthalenecarboxylic acid; CAS No: 106685-40-9), 
AMS0 ( 4-[[(5,6,7,8-Tetrahydro-5,5,8,8-tetramethyl-2-naph
thalenyl)amino ]carbonyl]benzoic acid; CAS No: 94497-51-
5), BMS753 ( 4-[[(2,3-Dihydro-1,1,3,3-tetramethyl-2-oxo
lH-inden-5-yl)carbonyl]amino ]benzoic acid; CAS No: 
215307-86-1 ), BMS961 (3-Fluoro-4-[[2-hydroxy-2-(5,5,8, 
8-tetramethyl-5,6,7,8,-tetrahydro-2-naphthalenyl)acetyl] 
amino]-benzoic acid; CAS No: 185629-22-5), CD1530 (4-
( 6-Hydroxy-7-tricyclo[3 .3 .1.13, 7]dec- l-yl-2-naphthalenyl) 
benzoic acid; CAS No: 107430-66-0), CD2314 (5-(5,6,7,8-
Tetrahydro-5,5,8,8-tetramethyl-2-anthracenyl)-3-
thiophenecarboxylic acid; CAS No: 170355-37-0), CD437 
( 6-( 4-Hydroxy-3-tricyclo[3.3.1.13, 7]dec- l-ylphenyl)-2-
naphthalenecarboxylic acid; CAS No: 125316-60-1), and 
Ch55 (4-[(lE)-3-[3,5-bis(l,1-Dimethylethyl)phenyl]-3-oxo
l-propenyl]benzoic acid; CAS No: 110368-33-7). In some 
embodiments, the concentration of the retinoic acid receptor 
agonist (e.g., all-trans retinoic acid (ATRA) is about 0.1 µM 
to about 1.0 µM. A suitable concentration of retinoic acid 
receptor agonist ranges from about 0.1 µM to about 20 µM, 
e.g., about 0.2 µM, 0.3 µM, 0.5 µM, 1.0 µM, 2.5 µM, 3.0 µM, 
3.5 µM, 4.0 µM, 5 µM, 7 µM, 10 µM, 12 µM, 15 µM, 17 µM 
or another concentration of ATRA from about 0.1 µM, to 
about 20 µM. In some embodiments, the concentration of 
ATRA is about 3.0 µM. 

[0080] Directed differentiation of human pluripotent stem 
cells into neural stem cells is carried out by culturing 
pluripotent stem cells on a substrate that supports prolifera
tion of pluripotent stem cells (e.g., vitronectin or MATRI
GEL™), and in a serum-free medium comprising water, 
salts, amino acids, vitamins, a carbon source, a buffering 
agent, selenium and insulin, wherein human pluripotent 
stem cells are cultured in the substantial absence of 
embryoid bodies, a transforming growth factor ~ (TGF~) 
superfamily agonist, a TGF~ signaling antagonist, or a bone 
morphogenetic protein (BMP) signaling antagonist. In other 
embodiments, cells are cultured in a medium described 
herein and further supplemented to include, for example, a 
TGF~ signaling antagonist (e.g., SB431542, Sigma; at about 
10 µM) and/or a BMP signaling antagonist (e.g., noggin at 
about 200 ng/ml or dorsomorphin at about 1 µM). 

[0081] In some embodiments, the hPSCs are cultured in 
the presence of one of the neural differentiation media 
described herein to obtain a population of cells that is at least 
about 90% PAX6-positive (by protein expression) within a 
period of at least about four days to about 12 days, e.g., 
about 5 days, 6 days, 7 days, 8 days, 9 days, 10 days, 11 
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days, or another period from at least about 4 days to about 
12 days. In some embodiments, the cultured cells are at least 
90% PAX6-positive at any period from about four days to 
about six days after initiating neural differentiation of the 
hPSCs. 
[0082] The expression ( or lack thereof) of a number of cell 
type-associated markers can be used to characterize the 
differentiation ofhPSCs or NMPs into neural stem cells over 
the course of the methods described herein. For example, the 
expression of some markers associated with pluripotency in 
hPSCs decline over the course of differentiation of the 
hPSCs into neural stem cells. Such pluripotency markers 
include Oct4, Nanog, SSEA-3, SSEA-4, TRA-1-60, and 
TRA-1-81. Neuromesodermal progenitors (NMPs) have the 
following expression profile: SOXY/OCT4-/T/PAX6-. 
During differentiation of NMPs to neural stem cells or 
neuronal cell types, expression of these NMP markers and 
other markers associated with mesoderm or endoderm also 
decline over time or are absent, e.g., T (Brachyury) and Sox 
17. Conversely the expression of markers associated with 
neural stem cells increases over the course of differentiation. 
Suitable markers (at the RNA or protein level) for neural 
stem cells and neural differentiation include, but are not 
limited to, PAX6, SOX2, Nestin, N-Cadherin, and SOX!. 
[0083] Typically, the populations of neural stem cells 
obtained by the methods described herein comprise at least 
90% PAX6-positive neural stem cells. Such populations may 
then be pattered and adopt the identity of progenitors of 
various cell types within the CNS. For example, the neural 
stem cells can be differentiated into motor neurons, forebrain 
cortical glutamatergic neurons, GABAergic neurons, cho
linergic neurons, and astrocytes. Alternatively, the neural 
stem cells may be passaged and expanded in the presence of 
FGF and/or frozen in a freezing medium (e.g., Synth-A
Freeze® medium) at high density (e.g., about lxl06 cells/ 
ml). 
[0084] Any appropriate method can be used to detect 
expression of biological markers characteristic of cell types 
described herein. For example, the presence or absence of 
one or more biological markers can be detected using, for 
example, RNA sequencing, immunohistochemistry, poly
merase chain reaction, qRT-PCR, or other technique that 
detects or measures gene expression. Suitable methods for 
evaluating the above-markers are well known in the art and 
include, e.g., qRT-PCR, RNA-sequencing, and the like for 
evaluating gene expression at the RNA level. Quantitative 
methods for evaluating expression of markers at the protein 
level in cell populations are also known in the art. For 
example, flow cytometry is typically used to determine the 
fraction of cells in a given cell population that express ( or do 
not express) a protein marker of interest (e.g., PAX6). As 
described in the Examples section below, differentiation of 
human pluripotent stem cells into biomimetic neural rosettes 
according to methods of the present invention can be con
firmed based on the absence of non-neural cell types such as 
and the presence of cells having neural identity. Differenti
ated cell identity is also associated with downregulation of 
pluripotency markers such as NANOG and OCT4 (relative 
to human ES cells or induced pluripotent stem cells). 
[0085] Induced pluripotent stem cell-derived biomimetic 
neural tissues comprising one or more rosette structures 
allow modeling of drug responses in tissue constructs that 
recapitulate neural development in an individual having, for 
example, a particular genetic background or detectable phe-
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notype. Accordingly, subject-specific human iPS cell-de
rived biomimetic neural tissues comprising one or more 
rosette structures are useful to identify genetic factors and 
epigenetic influences that contribute to variable effects of a 
known or unknown drug on neural development/neural 
differentiation. 

[0086] Subject-specific somatic cells for reprogramming 
into induced pluripotent stem cells can be obtained or 
isolated from a target tissue of interest by biopsy or other 
tissue sampling methods. In some cases, subject-specific 
cells are manipulated in vitro prior to use in a three
dimensional tissue construct of the invention. For example, 
subject-specific cells can be expanded, differentiated, 
genetically modified, contacted to polypeptides, nucleic 
acids, or other factors, cryo-preserved, or otherwise modi
fied prior to introduction to a micropatterned substrate to 
obtain biomimetic neural tissues comprising one or more 
rosette structures. 

[0087] Preferably, human pluripotent stem cells ( e.g., 
human ESCs or iPS cells) are cultured in the absence of a 
feeder layer ( e.g., a fibroblast layer), a conditioned medium, 
or a culture medium comprising poorly defined or undefined 
components. As used herein, the terms "chemically defined 
medium" and "chemically defined cultured medium" also 
refer to a culture medium containing formulations of fully 
disclosed or identifiable ingredients, the precise quantities of 
which are known or identifiable and can be controlled 
individually. As such, a culture medium is not chemically 
defined if (1) the chemical and structural identity of all 
medium ingredients is not known, (2) the medium contains 
unknown quantities of any ingredients, or (3) both. Stan
dardizing culture conditions by using a chemically defined 
culture medium minimizes the potential for lot-to-lot or 
batch-to-batch variations in materials to which the cells are 
exposed during cell culture. Accordingly, the effects of 
various differentiation factors are more predictable when 
added to cells and tissues cultured under chemically defined 
conditions. As used herein, the term "serum-free" refers to 
cell culture materials that are free of or substantially free of 
serum obtained from animal (e.g., fetal bovine) blood. In 
general, culturing cells or tissues in the absence of animal
derived materials (i.e., under conditions free of xenogeneic 
material) reduces or eliminates the potential for cross
species viral or prion transmission. 

[0088] To increase plating efficiency and cell viability, 
cells are preferably plated onto a micropatterned substrate in 
one of the above-mentioned media in the presence of a 
Rho-Kinase (ROCK) inhibitor, e.g., Y-27632 (R&D Sys
tems) at a concentration of about 10 µM and cultured 
overnight prior to initiating neural differentiation. Kinase 
inhibitors, such as ROCK inhibitors, are known to protect 
single cells and small aggregates of cells. See, e.g., US 
Patent Application Publication No. 2008/0171385, incorpo
rated herein by reference as if set forth in its entirety; and 
Watanabe K, et al., "A ROCK inhibitor permits survival of 
dissociated human embryonic stem cells," Nat. Biotechnol. 
25:681-686 (2007). ROCK inhibitors are shown below to 
significantly increase pluripotent cell survival on chemically 
defined surfaces. ROCK inhibitors suitable for use herein 
include, but are not limited to, (S)-(+)-2-methyl-1-[(4-
methyl-5-isoquinolinyl)sulfonyl]homopiperazine dihydro
chloride (informal name: H-1152), 1-(5-isoquinolinesulfo
nyl)piperazine hydrochloride (informal name: HA-100), 
1-( 5-isoquinolinesulfonyl)-2-methylpiperazine (informal 
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name: H-7), 1-( 5-isoquinolinesulfony 1 )-3-methy lpiperazine 
(informal name: iso H-7), N-2-(methylamino) ethyl-5-iso
quinoline-sulfonamide dihydrochloride (informal name: 
H-8), N-(2-aminoethyl)-5-isoquinolinesulphonamide dihy
drochloride (informal name: H-9), N-[2-p-bromo-cinnamy
lamino )ethyl]-5-isoquinolinesulfonamide dihydrochloride 
(informal name: H-89), N-(2-guanidinoethyl)-5-isoquino
linesulfonamide hydrochloride (informal name: HA-1004), 
1-( 5-isoquinolinesulfonyl) homopiperazine dihydrochloride 
(informal name: HA-1077), (S)-( + )-2-Methyl-4-glycyl-1-(4-
methylisoquinolinyl-5-sulfonyl)homopiperazine dihydro
chloride (informal name: glycyl H-1152) and (+)-(R)-trans-
4-(1-aminoethyl)-N-( 4-pyridyl)cyclohexanecarboxamide 
dihydrochloride (informal name: Y-27632). The kinase 
inhibitor can be provided at a concentration sufficiently high 
that the cells survive and remain attached to the surface. An 
inhibitor concentration between about 3 µM to about 10 µM 
can be suitable. At lower concentrations, or when no ROCK 
inhibitor is provided, undifferentiated cells typically detach, 
while differentiated cells remain attached to the defined 
surface. 

[0089] In a further aspect, provided herein is a method of 
generating a series ofbiomimetic neural tissues, each com
prising a singular rosette structure, where the series of 
engineered biomimetic neural tissues comprise neurons and 
neuron-supporting cells found at particular stages of devel
opment of the human neural tube. In some cases, the method 
comprises culturing a cell culture substrate comprising bio
mimetic neural tissues having a singular rosette structure 
under conditions that promote further differentiation of cells 
of the neural rosettes into various cell types of the human 
central nervous system. For example, the neural rosettes can 
be cultured under conditions that promote differentiation of 
the stem cells into different types of neurons and neuron
supporting cells. In some cases, microfluidics technology is 
used to create a gradient of signaling molecules whose 
variable concentration instructs the stem cells to tum into 
different types of neurons and neuron-supporting cells 
including, for example, motor neurons, forebrain cortical 
glutamatergic neurons, GABAergic neurons, cholinergic 
neurons, and astrocytes. 

[0090] Any appropriate method can be used to analyze 
biomimetic neural tissues comprising one or more or, pref
erably, a singular rosette structure. In preferred embodi
ments, the analysis method(s) are useful to detect the pres
ence and identity of neurons and neuron-supporting cells 
(e.g., glia) in a biomimetic micropatterned neural tissue 
comprising a singular rosette structure. For example, con
focal microscopy and other microscopy-based imaging 
methods can be used. In some cases, an automated method 
of detecting and analyzing singular rosette structures in 
biomimetic micropattemed neural tissues is used. In such 
cases, confocal microscopy can be used to collect multiple 
images of single micropatterned tissues that have been 
treated with detectably labeled antibodies or stains having 
specificity for various cell types present at particular stages 
of development of the human neural tube. As described in 
the Examples that follow, confocal images can be obtained 
of single micropattemed tissues fluorescently labeled to 
detect N-cadherin expression. For example, an exemplary 
protocol for detecting and analyzing singular rosette struc
tures includes acquiring a series of confocal images using a 
60x objective at 1024x1024 pixels to scan through the tissue 
vertically in user-defined increments or steps, and analyzing 
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a stack of the acquired confocal images to detect rosette 
structures and cell types present in or adjacent to the rosette 
structures using, for example, a machine learning program 
for image classification. 

II. Compositions 

[0091] In a first aspect, provided herein is a cell culture 
substrate useful for producing biomimetic neural rosettes, 
preferably wherein a single biomimetic neural rosette is 
obtained. In some embodiments, the cell culture substrate 
comprises a solid support, and a micropattemed substrate 
configured to promote neural differentiation and morpho
genesis of human pluripotent stem cells cultured on or 
recruited to the substrate, where the substrate is configured 
to promote differentiation of human pluripotent stem cells or 
neural stem cells into one or more biomimetic neural 
rosettes relative to control stem cells cultured on solid 
support lacking the micropatterned substrate. 
[0092] In some cases, the micropattemed substrate com
prises a plurality of peptide-immobilizing PEG brushes 
arranged in a user-defined, bounded geometry. Preferably, 
the bounded geometry has at least one dimension from side 
to side of the bounded geometry of about 100 µm to 800 µm. 
In some cases, the bounded geometry is a circle having a 
diameter of about 100 µm to about 500 µm. Preferably, the 
micropattemed substrate is configured to mimic the extra
cellular matrix and basement membrane of a mammalian 
cell. 
[0093] In some cases, a micropattemed substrate is cov
ered by or coated in a cell culture substrate. In some cases, 
the cell culture substrate can be an undefined extracellular 
matrix protein substrate such as Matrigel®. In other embodi
ments, a defined, xenogen-free cell culture substrate is used. 
Such substrates include, but are not limited to, vitronectin, 
a vitronectin fragment, a vitronectin peptide, and self
coating substrates such as Synthemax® (Corning). Other 
substrates include, without limitation, collagen, fibronectin, 
laminin, Arg-Gly-Asp (RGD) peptide, Tyr-Ile-Gly-Ser-Arg 
(YIGSR) peptide, gycosaminoglycans (GAGs), hyaluronic 
acid (HA), integrins, ICAMs, selectins, cadherins, and cell 
surface protein-specific antibodies. 
[0094] In some cases, the micropattemed culture substrate 
is on a solid support. The solid support can be made of any 
material suitable for culturing mammalian cells. For 
example, the solid support can be a material that can be 
easily sterilized such as plastic or other artificial polymer 
material, so long as the material is biocompatible. A solid 
support can be made of any material that allows cells and/or 
tissue to adhere ( or can be modified to allow cells and/or 
tissue to adhere or not adhere at select locations) including, 
but not limited to, polyamides; polyesters; polystyrene; 
polypropylene; polyacrylates; polyvinyl compounds (e.g. 
polyvinylchloride ); polycarbonate (PVC); polytetrafluoro
ethylene (PTFE); nitrocellulose; cotton; polyglycolic acid 
(PGA); cellulose; dextran; gelatin, glass, fluoropolymers, 
fluorinated ethylene propylene, polyvinylidene, polydimeth
ylsiloxane, polystyrene, and silicon substrates (such as fused 
silica, polysilicon, or single silicon crystals), and the like. 
Also metals (gold, silver, titanium films) can be used. The 
solid support can be chosen from any number of rigid or 
elastic supports. For example, solid supports can comprise 
glass or polymer microscope slides. In some aspect, the solid 
support may be selected based upon a cell type's propensity 
to bind to the support. 
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[0095] As will be recognized in the art, the micropattemed 
substrates disclosed herein may be used in any culture 
system including static ( e.g., tissue culture plates) and fluid 
flow reactor systems ( e.g., microfluidic devices). Such 
microfluidic devices are useful in the rapid screening of 
agents where small flow rates and small reagent amounts are 
required. Microfluidic devices are also useful for in vitro 
exposure of a micropattemed substrate to one or more 
gradients of transcription factors or other factors capable of 
directing neural differentiation. 

[0096] In another aspect, provided herein are two-dimen
sional (2D) preparations of biomimetic neural tissues com
prising a single rosette structure or multiple rosette struc
tures. In some cases, the two-dimensional preparations are in 
vitro cellular compositions comprising polarized Pax6+/N
cadherin+ neural stem cells (NSCs) in a biomimetic neural 
tissue. In some embodiments, the in vitro cell composition 
comprises a single ring of polarized Pax6+/N-cadherin+ 
NSCs mimetic of the developing neural tube. Applications 
of in vitro cellular compositions provided herein include in 
vitro screening of agents for those that modulate neural tube 
or CNS development. For example, in vitro-derived com
positions comprising one or more biomimetic neural rosettes 
can be used for high throughput screening of candidate 
agents. 

[0097] In another aspect, provided herein is a plurality of 
two-dimensional (2D) preparations of biomimetic neural 
tissues having cellular architecture analogous to developing 
neural tube slice cultures. In particular, provided herein is a 
plurality of 2D preparations of biomimetic neural tissues 
that collectively provide an engineered, standardized model 
of the developing human CNS, in whole or in part. As 
described herein, micropatterned substrates are used to 
reproducibly obtain preparations of biomimetic neural tis
sues comprising a singular neural rosette structure with at 
least 80% efficiency and to further differentiate cells within 
the neural rosettes to produce biomimetic neural tissues 
having diverse neuronal cell types. In preferred embodi
ments, the biomimetic neural tissue preparations comprise 
diverse regional phenotypes found along the rostrocaudal 
(head-to-tail) axis and dorsoventral (back-to-front) axis of 
the central nervous system (CNS). These regional CNS 
phenotypes are described in U.S. application Ser. Nos. 
13/795,485 and 14/496,796, each of which is incorporated 
herein by reference as if set forth in its entirety. For example, 
NMPs of various HOX expression profiles can be micro
patterned to form a biomimetic neural tissue with a singular 
rosette structure as described herein. It can then be exposed 
to a transient boost of Wnt/~-catenin signaling followed by 
SHH signaling in order to "ventralize" its differentiation to 
produce a spinal motor neuron progenitor phenotype within 
its constituent cells as described in U.S. application Ser. No. 
15/475,831, which is incorporated herein by reference as if 
set forth in its entirety. 

[0098] In this manner, the micropatterned substrates 
described herein allow unprecedented control of neural stem 
cell tissue morphogenesis, which the current state-of-the-art 
methods lack. This discovery represents a significant 
advancement and universal basis for engineering anatomi
cally biomimetic in vitro tissues that recapitulate stages of 
human CNS development. Standardized production of such 
biomimetic in vitro tissues provide a revolutionary experi
mental paradigm for conducting personalized neuroscience 
studies. For example, neural organoid tissues are useful to 
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study the effects of genetic mutations on development and 
function across the human CNS, to conduct personalized 
neuroscience studies using neural stem cells derived from 
induced pluripotent stem cells (iPS cells) of a particular 
human subject, and to assess neurotoxicity of various agents 
or other effects on neural development. In some cases, 
engineered, micropattemed substrates of the invention are 
useful in drug discovery and development including screen
ing for metabolic stability, drug-drug interactions, toxicity 
and infectious disease. Exemplary test agents include, with
out limitation, infectious agents, proteins, peptides, antibod
ies, small molecules, oligonucleotides, polynucleotides, 
peptidomimetics, cytotoxic agents, pharmaceutical agents, 
and xenobiotics ( e.g., environmental toxin, chemical/bio
logical warfare agent, a natural compound, and a nutraceu
tical). 

[0099] In some cases, 2D preparations of biomimetic 
neural tissues as described herein can be screened to identify 
agents that modulate neural tube development and develop
ment of the human central nervous system (CNS). Screening 
methods can comprise or consist essentially of ( a) contacting 
a test agent to one or more in vitro derived biomimetic 
neural rosettes; and (b) detecting an effect of the agent on 
biomimetic neural rosettes or cells derived therefrom (e.g., 
disrupt or otherwise alter development of the neural tube or 
differentiation of neural cell types from biomimetic neural 
rosettes). In some cases, screening methods include screen
ing candidate compounds to identify test agents that promote 
the development of the human CNS. In other cases, candi
date compounds can be screened for toxicity to human 
neural cell types or tissues. In some cases, detecting com
prises detecting at least one positive or negative effect of the 
agent on morphology or life span of such cells and tissues, 
whereby an agent that increases or reduces the life span of 
human neural cell types or tissues, or has a positive or 
negative impact on the morphology of human neural cell 
types or tissues, is identified as having an effect on devel
opment of the human neural tube or neural tissues. In some 
cases, detecting comprises performing a method selected 
from the group consisting of RNA sequencing, gene expres
sion profiling, transcriptome analysis, cell proliferation 
assays, metabolome analysis, detecting reporter or sensor, 
protein expression profiling, Forster resonance energy trans
fer (FRET), metabolic profiling, and microdialysis. In some 
cases, the agent can be screened for an effect on gene 
expression, and detecting can comprise assaying for differ
ential gene expression relative to an uncontacted biomimetic 
neural rosettes or cells derived therefrom. 

[0100] In exemplary embodiments, detecting and/or mea
suring a positive or negative change in a level of expression 
of at least one gene following exposure ( e.g., contacting) of 
a test compound to one or more biomimetic neural rosettes 
comprises whole transcriptome analysis using, for example, 
RNA sequencing. In such cases, gene expression is calcu
lated using, for example, data processing software programs 
such as Light Cycle, RSEM (RNA-Seq by Expectation
Maximization), Excel, and Prism. See Stewart et al., PLoS 
Comput. Biol. 9:e1002936 (2013). Where appropriate, sta
tistical comparisons can be made using ANOVA analyses, 
analysis of variance with Bonferroni correction, or two
tailed Student's t-test, where values are determined to be 
significant at P<0.05. Any appropriate method can be used 
to isolate RNA or protein from neural constructs. For 
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example, total RNA can be isolated and reverse transcribed 
to obtain cDNA for sequencing. 
[0101] Test compounds can be dissolved in a solvent such 
as, for example, dimethyl sulfoxide (DMSO) prior to con
tacting to one or more biomimetic neural rosettes provided 
herein. In some cases, identifying agents comprises analyz
ing the contacted biomimetic neural rosettes for positive or 
negative changes in biological activities including, without 
limitation, gene expression, protein expression, cell viabil
ity, and cell proliferation. For example, microarray methods 
can be used to analyze gene expression profiles prior to, 
during, or following contacting the plurality of test com
pounds to the biomimetic neural rosettes. In some cases, a 
method of the present invention further comprises additional 
analyses such as metabolic assays and protein expression 
profiling. 

IV. Article of Manufacture 

[0102] In another aspect, provided herein is a kit compris
ing one or more components useful for obtaining an in vitro 
cellular composition. Components of the kit can include one 
or more micropatterned substrates as described herein. The 
kit can also contain a chemically defined culture medium 
and one or more medium additives. In another aspect, 
provided herein is a kit comprising one or more components 
useful to prepare a 2D model of the developing human 
neural tube according to the methods provided herein. 
Components of the kit can include one or more micropat
terned substrates as described herein. 
[0103] The invention will be more fully understood upon 
consideration of the following non-limiting Examples. 

EXAMPLES 

Example I-Controlled Neural Rosette Induction 

[0104] The derivation of organoids from human pluripo
tent stem cells (hPSCs) or their early-stage germ layer 
progenitors has redefined the possibilities of in vitro tissue 
engineering. Human PSCs have traditionally been charac
terized by their ability to spontaneously recapitulate facets 
of developmental tissue morphogenesis upon ectopic 
implantation in vivo, i.e. the teratoma assay1. However, 
recent discovery of their ability to also self-organize emer
gence of organotypic tissues ex vivo, e.g., cortical 2, retinal3, 
cerebral4, and intestinal organoids5, has spurred the creation 
of novel developmental and disease models with unprec
edented biomimicry of micro scale cytoarchitectures and cell 
phenotype diversity6

,7. These innate emergent properties of 
hPSCs could one day serve as the basis for advanced 
biomanufacture of functional tissue and organ models or 
transplants5·8. Yet, it remains a challenge to engineer repro
ducible hPSC morphogenesis in vitro and thereby enable 
controlled emergence of organotypic tissues with consistent 
and standardized cytoarchitecture9·10

. 

[0105] Human central nervous system (CNS) and hPSC
derived neural organoid morphogenesis both commence 
with neurulation of colunmar neuroepithelial cells (NECs ), 
also known as polarized NSCs. In this dynamic process, 
NSCs polarize adherens, e.g., N-cadherin, and tight junction 
proteins towards an apical lumen while depositing extracel
lular matrix (ECM) proteins at their basal surface. In vivo, 
neurulation results in emergence of a singular neuroepithe
lial tube that spans the entire rostrocaudal (RIC) axis of the 
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embryo's dorsal plane and serves as the primordium of all 
brain, retinal, and spinal cord tissues. This singular polarized 
neuroepithelium serves as a critical morphogenesis center 
for organizing development of lamellar tissue cytoarchitec
tures during subsequent stages of CNS morphogenesis. For 
example, it localizes waves of mitotic NEC proliferation at 
the tube's apical surface while daughter cells migrate radi
ally towards the basal surface to complete differentiation and 
functional maturation and expand the CNS parenchyma. 
Disruption of the neuroepithelial tube's N-cadherin polar
ized cytoarchitecture eliminates the sole neurogenic source 
of embryonic CNS development11

. Alternatively, the pres
ence of multiple neural tubes during development causes 
congenital abnormalities such as dipolmyelia and 
diastematomyelia12'13 or anencephaly as observed in dipros
opic parapagus twins 14. Therefore, formation of singular 
neuroepithelial tissues within hPSC-derived organotypic tis
sues is an important cytoarchitectural feature for generating 
biomimetic CNS tissue models 15 . 

[0106] In current 2- and 3-D hPSC-derived cultures, neu
rulation occurs spontaneously yielding uncontrolled emer
gence of numerous polarized neuroepithelial tissues, a.k.a 
neural rosettes4'16. Integration of engineering techniques 
such as stirred-tank bioreactor culture during neural 
organoid derivation can induce the formation of larger and 
more contiguous neuroepithelial tissues4. Likewise, deriva
tion of neural organoids around filamentous biomaterial 
scaffolds was shown to induce elongated neuroepithelial 
tissues within 3-D organoids17. Yet, the persistent presence 
of multiple neural rosettes of indiscriminate shapes and sizes 
within a single tissue inevitably confounds subsequent mor
phogenesis events, potentially limits tissue maturation, and 
produces significant variability in the resulting cytoarchi
tecture4. Interestingly, singular neural rosette emergence 
was routinely observed upon derivation of neuroepithlelial 
cysts, which have considerably smaller dimensions than 
hPSC-derived organoids, from a single cell suspension of 
mouse embryonic stem cells (mESCs)18·19. However, 
manual isolation and re-plating of singular neural rosettes 
remains the only reliable in vitro method for generating such 
critical biomimetic cytoarchitecture within hPSC-derived 
organotypic CNS tissues20 . 

[0107] Geometric confinement of hPSC tissues on 2-D 
micropatterned substrates was recently shown to induce 
self-organized embryonic patterning, i.e., gastrulation, in a 
morphology dependent manner21 ·22

. Based on this and pre
viously discussed mESCs studies, we investigated whether 
engineering the morphology of neurally differentiating 
hPSC tissues could similarly regulate their morphogenesis 
including neural rosette emergence. Neural rosette forma
tion was observed to be a function of local cell density and 
acquisition of a Pax6+/N-cadherin+ neuroectodermal fate in 
both standard well-plate and 2-D micropatterned culture. 
Using an automated workflow consisting of a custom image 
analysis algorithm and machine learning classifier, screens 
of hPSC-derived NSC tissues of various morphologies 
revealed an indirect correlation between the tissue's surface 
area the propensity for singular neural rosette emergence. 
Circular micropatterns of 200-250 µm diameter (0.03-0.049 
mm2) were observed to most effectively induce singular 
neural rosette emergence within forebrain neuroepithelial 
tissues reaching levels of 80-85% efficiency when initially 
seeded as hPSCs. These studies were further extended to 
develop an analogous protocol for neuroepithelial tissues of 
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a ventral spinal cord regional phenotype. This revealed that 
spinal neuroepithelial tissues, unlike there forebrain coun
terparts, preferentially formed singular neural rosettes (73. 
5%) on circular micropattems of 150 µm diameter (0.018 
mm2

), indicating unique biophysical differences between 
NECs of varying regional phenotypes. During the rosette 
emergence period, the proliferative neural tissues morphed 
from a 2-D monolayer to a 3-D multilayered, disk morphol
ogy of the prescribed micropattemed diameter. Upon release 
from micropattem confinement, the tissue slices expanded 
radially while maintaining a singular neuroepithelial rosette 
as the morphogenesis center, depositing a basal lamina, and 
displaying neuronal differentiation at the tissues' periphery. 
Thus, we have developed a culture platform for engineering 
controlled neural rosette emergence within hPSC-derived 
organotypic CNS tissues. Reproducible induction of this 
nascent cytoarchitecture is a pre-requisite for advanced 
biomanufacture of human CNS organoids with consistent, 
biomimetic anatomy. 
[0108] Results 
[0109] Characterization of Neural Rosette Emergence in 
Well Plate Culture: 
[0110] Forebrain NECs were derived from hPSCs using 
our previously published, chemically defined E6 protocol23

. 

In six days and without the use of SMAD inhibitors24
, the 

E6 protocol generates near homogenous monolayers of 
Pax6+/SoxY/N-cadherin+ NECs that undergo spontaneous 
neurulation to produce cultures densely populated with 
neural rosettes of varying shapes and sizes (FIG. lA). To 
better characterize neural rosette emergence, we conducted 
a time course analysis using Pax6 and N-cadherin immu
nostaining (FIG. lB). In agreement with previous studies23

, 

the onset of Pax6 expression, a human neuroectodermal fate 
determinant25

, began between days 2 (0%) and 3 (44±15%) 
of the E6 protocol (FIGS. lC-D). By day 3 and concurrent 
with increasing Pax6 expression, the presence of polarized 
N-cadherin+ foci were observed. By day 5, Pax6 expression 
had reached 81±5% and N-cadherin+ polarization foci had 
both increased in prevalence and morphed into coherent 
rings surrounded by contiguous alignment of polarized 
NECs, which is characteristic of neural rosettes. Thus, 
neural rosette emergence occurs over five days after com
mencing E6 culture in 6-well plates with correlated and 
progressive increases in Pax6 expression and N-cadherin 
polarization. 
[0111] Characterization of Neural Rosette Emergence 
within Micropatterned Tissues: 
[0112] Hundreds of neural rosettes form spontaneously 
and randomly upon NEC derivation in vitro (FIG. lA). We 
hypothesized that the prevalence of neural rosettes could be 
regulated by controlling tissue size and geometry. This was 
corroborated by our previous observation that -0-4 neural 
rosettes routinely form within micropatterned, 300 µm diam
eter circular NEC tissues26

. Based on the temporal dynamic 
of rosette formation observed in well plate culture (FIGS. 
lB-lD), we first characterized the time of neural rosette 
emergence within micropattemed neural tissues. NECs were 
harvested on day 4 of the E6 protocol (D4 NSCs ), which 
corresponded with increasing Pax6 expression and rosette 
formation capacity (FIG. lE). Next, they were seeded at 
75,000 cells/cm2 onto micropatterned, poly(ethylene glycol 
methyl ether)-grafted substrates presenting arrays of300 µm 
diameter circular regions (0.071 mm2

) coated with MATRI
GEL™ (FIG. 13A)27

'
28

. Time course analysis over the next 
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8 days using Pax6 and N-cadherin immunostaining revealed 
several distinct stages of rosette emergence that we classi
fied as pre-polarization (-day 7), polarization foci (-day 8), 
neural rosette (-day 9), and contraction (-day 13) (FIG. lF). 
Interestingly, despite being D4 NECs upon seeding onto 
micropattemed substrates, -5 days of additional E6 culture 
was still required for neural rosette emergence similar to 
well plate culture (FIG. lC). The 5 day time point also 
correlated with the highest occurrence (30%, n=l00 tissues) 
of singular rosette emergence within micropatterned NEC 
tissues (FIG. lG). Additionally, the NECs appeared to 
proliferate within micropattemed tissues after seeding as 
indicated by increased Pax6+ cell density (e.g., day 7 vs 9, 
FIG. lF). 
[0113] Persistence of the approximate 5 day time course 
for neural rosette emergence in E6 media, whether seeding 
hESCs at 150,000 cells/cm2 in well plates or D4 NECs at 
75,000 cells/cm2 on micropattemed substrates, indicates that 
temporal aspects of rosette emergence may rely on a con
served aspect of E6 culture. As a final test of the 5-day 
paradigm, we investigated whether seeding Pax6+ cultures 
on micropatterned substrates was requisite for adherence to 
the 5 day neural rosette emergence time course. Neurally 
differentiating cultures were subcultured at day 1, 2, 3, 4, 
and 5 of the E6 protocol, i.e., Pax6 expression being absent 
in Dl-2 and present in D3-5 cultures. The cells were 
re-seeded onto 300 um diameter (0.071 mm2

) circular 
micropattem arrays. Cultures were maintained in E6 media 
for 5 days prior to fixation and immunostaining (FIG. lH). 
In all conditions, the cells proliferated and produced neu
roepithelial tissues with at least a 2-fold increase in cell 
density, >80% Pax6 expression, and consistent neural rosette 
formation (FIG. 1I and FIGS. 13B-13C). Of note, all tested 
cell phenotypes were observed to initially adhere as mono
layers in well plates or on micropattemed substrates even 
when the seeding density was increased by several folds 
(data not shown). These results indicate that a 5 day para
digm for neural rosette emergence in E6 media holds for 
cultures seeded at all stages of hESC neural induction and 
appears to be a function of Pax6 expression and local cell 
density. From here onward, a 5 day culture period was used 
to assess neural rosette emergence. 
[0114] Neural Rosette Emergence is Regulated by Tissue 
Morphology: 
[0115] The previous experiments demonstrate that switch
ing from a 9.6 cm2 (a well in a 6-well plate) to a 0.071 mm2 

(300 µm diameter) circular neuroepithelial tissue can sub
stantially reduce the number of emerging neural rosettes. 
However, formation of neuroepithelial tissues with a bio
mimetic, singular rosette was not highly reproducible (about 
30%, FIG. lG). Biophysical studies have inextricably linked 
developmental morphogenesis events such as neural tube 
formation with tissue biomechanics28

•
29

. Specifically, stud
ies on micropattemed cultures have observed that muticel
lular tissues contract as a unit, generating gradients of 
mechanical stresses with maximal cytoskeletal forces aris
ing at their periphery and in spatial distributions dependent 
upon tissue morphology30

. Therefore, we hypothesized that 
the reproducibility of singular rosette emergence could be 
further improved by varying neuroepithelial tissue morphol
ogy, i.e., size and geometry. 
[0116] This hypothesis was tested by assessing singular 
rosette induction efficiency within micropattemed neuroepi
thelial tissues of circular, triangle, square, and oblong mor-
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phologies of varying sizes (FIG. 2A). Culture substrates 
were designed to normalize the surface area of all tissue 
morphologies of a given size scale to 200 (0.031 mm2

), 300 
(0.071 mm2

), or 400 µm (0.126 mm2
) diameter circular 

micropatterns. In this manner, the cell seeding density would 
be constant amongst tissues of differing morphologies 
within the same size scale. Day 4 NECs were seeded onto 
0.031, 0.071, and 0.126 mm2 micropattern arrays at 33,300, 
75,000, and 133,000 cells/cm2

, respectively, to correspond 
with changes in micropattern cell-adhesive area across each 
size scale. After 5 days in E6 media, the cultures were fixed, 
immunostained for Pax6 and N-cadherin, and analyzed 
manually to quantify the number of N-cadherin+ polariza
tion foci and rosettes (FIG. 2B). Each tissue was categorized 
as follows: the presence of O or 1 polarization foci were 'O 
Rosette'; 1 rosette and O polarization foci were '1 Rosette'; 
> 1 rosette with > 1 additional polarization foci were '+ 1 
Rosette". Although all micropatterned tissue morphologies 
exhibited the capacity to induce '1 Rosette' neuroepithelial 
tissues, 200 µm (0.031 mm2

) circular (56%) and square 
(57%) morphologies were the most efficient. Yet, manual 
analysis of each image limited our ability to screen larger 
sample sizes per tissue morphology. 

[0117] To increase sample size, an automated workflow 
consisting of an image analysis algorithm and machine 
learning classifier was developed to quantitatively charac
terize and classify N-cadherin polarization foci and rosettes 
within micropatterned tissues (FIG. 2C and FIG. 6). The 
automated workflow was used to analyze a total of 1633 
images of neuroepithelial tissues with circular, triangle, and 
square morphologies across 0.031, 0.071, and 0.126 mm2 

surface area size scales. Compared to manual assessment, 
image analysis using the automated workflow estimated 
lower percentages of singular rosette emergence efficiency 
across all tissue morphologies. This was expected since the 
classifiers rosette identification error rate is primarily due to 
false positive (i.e., erroneously classifying a polarization 
foci as rosette). However, the trends in single rosette emer
gence efficiency were consistent with manual assessment in 
FIG. 2B. The probability of biomimetic, singular rosette 
emergence increased as the neuroepithelial tissue's surface 
area decreased. Interestingly, the automated analysis of 
increased sample size suggests that 200 µm diameter (0.031 
mm2

) circular versus square or triangle morphologies is 
more efficient at inducing singular rosette emergence, i.e., 
48.9% vs. 29.9% vs. 31.2%, respectively (FIG. 2D). 

[0118] The MATLAB® Machine Learning Toolbox was 
used to develop a classifier function based on 76 randomly 
selected images of 300 µm diameter (0.071 mm2

) circular 
tissues. In addition to the image analysis algorithm's 
descriptor data, these images were also examined indepen
dently by five NSC culture experts, who were asked to 
quantify the total number of N-cadherin + polarization areas 
(i.e., foci) and determine which should also be classified as 
rosettes. Agreement between 4 out 5 experts was required to 
designate any polarization foci or rosette as a 'ground truth'. 
Then, the human ground truth and the algorithm's descriptor 
data for each identified N-cadherin polarization area in the 
76 images (235 total identified areas) was used to develop a 
classifier function in MATLAB®. Analysis of each human 
expert's image data versus the consensus ground truth 
revealed a human polarization and rosette identification 
error rate of 11.90±5 .80% and 9 .20±3 .91 %, respectively 
(FIG. 15A). In comparison, the classifier function exhibited 
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similar error rates of 14.35% and 8.86%, respectively. To 
further validate the classifier, a second round of human 
expert and algorithm analyses was conducted on an addi
tional 36 images selected randomly and distributed evenly 
across all NSC tissue morphologies. The human experts and 
automated image analysis algorithm identified 149 N-cad
herin polarization areas total. The human versus classifier 
polarization and rosette error rates were 19.05±14.61% vs. 
20.27% and 9.93±6.96% vs. 19.56% (FIG. 15B). Despite the 
increase in the classifier's rosette identification error rate, the 
automated image analysis and classifier workflow was 
deemed acceptable for detecting trends in singular rosette 
emergence given the magnitude of differences observed in 
FIG. 2B. 
[0119] Seeding at the hESC State Increases Singular Neu
ral Rosette Emergence with Forebrain Neuroepithelial Tis
sues: 
[0120] A significant increase in neuroepithelial cell den
sity was noted between tissues formed using Pax6- Dl-2 
cultures versus Pax6+D3-5 cultures (FIG. SB). Thus, we 
hypothesized that rosette emergence could be affected by the 
micropatterned cells' proliferative capacity over 5 days of 
E6 culture. This was tested using the disparate cell pheno
types encountered during E6 neural induction, i.e., Pax6-
hESCs (D-1) and Pax6+D4 NECs (FIG. 3A). Both cell types 
were seeded onto 200 µm diameter (0.031 mm2

) circular 
micropatterned arrays at 75,000 cells/cm2 in biological 
duplicate, fixed, and immunostained after 5 days (FIG. 3B). 
In all tissues, the cells obtained a Pax6+/Otx2+ dorsal 
forebrain phenotype (23) with near uniformity. Manual 
analysis of over 100 neuroepithelial tissues in each experi
ment revealed a singular neural rosette emergence efficiency 
of 80.0±0.05% vs. 38.6±4.7% for neuroepithelial tissues 
formed by seeding hESCs vs. D4 NECs, respectively (FIG. 
3C). The average cell density of neuroepithelial tissues 
formed using hESC vs. D4 NECs was -1.25 fold higher after 
5 days of E6 culture or -30 more cells per tissue, i.e., 
149±23 vs. 119±18 cells respectively (FIG. 3D). Although 
all tissues were multilayered, this change in cell density 
correlated with differences in neuroepithelial tissue mor
phology. Singular rosettes tissues derived from D-1 hESCs 
exhibited apico-basal polarity from a wider, central N-cad
herin ring, while D4 NEC-derived singular rosette tissues 
had a tighter N-cadherin ring and appeared to have con
tracted slightly from their initial boundary (FIGS. 3B, 3E, 
and 3F). Hence, E6 culture of hESCs on 200 µm diameter 
(0.031 mm2

) circular micropatterns induces highly repro
ducible, singular rosette emergence within forebrain neu
roepithelial tissues in part due to their increased proliferative 
capacity. 
[0121] Controlled Induction of Region-Specific, Singular 
Neural Rosette Tissues: 
[0122] The NEC polarized morphology is consistent 
throughout all regions of the primordial neural tube. How
ever, their gene expression profile induced by morphoge
netic patterning varies along both the neural tubes' rostro
caudal (R/C)33 and dorsoventral (DN)34

'
35 axes. NECs 

derived using the E6 protocol patterns a default Pax6+/Otx2+ 
dorsal forebrain phenotype both in well plate and micropat
terned tissue culture (FIG. 3B). We have also published a 
protocol for deriving NECs of discrete hindbrain through 
spinal cord regional phenotypes via deterministic patterning 
of their HOX expression profiles (FIG. 4A)3 6

• The protocol 
begins with high density seeding of hPSCs on day -1 (D-1) 
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followed by induction of a stable neuromesodermal progeni
tor (NMP) phenotype using sequential activation of FGF8b 
and Wnt signaling. Upon addition of the Wnt agonist 
(CHIR), HOX expression proceeds in a colinear and com
binatorial manner over 7 days. At any time point within 
those 7 days, the NMPs can be differentiated into NECs by 
transitioning from a FGF8b/CHIR-supplemented medium to 
a retinoic acid (RA)-supplemented E6 media. Based on the 
time point at which this transition is made, the resulting 
NECs will express a distinct HOX profile indicative of 
phenotypical patterning to a discrete hindbrain thru spinal 
cord RIC region. To enable highly reproducible derivation of 
biomimetic neural tissues from forebrain through spinal cord 
regions, we investigated how to integrate the HOX pattern
ing protocol with the micropatterning methodology for 
inducing singular neural rosette emergence. 

[0123] The mitogenic properties ofFGF8 and Wnt prevent 
direct transfer of the HOX patterning protocol to D-1 
hESC-seeded micropatterned substrates. After only a few 
days, the cells would proliferate to such a great extent that 
they would form spheroids that detached from the culture 
surface. Given our prior positive results with seeding Pax6-
cells (FIGS. lH-lI and FIG. 3), we explored whether 
seeding Pax6-/Sox2+/r NMPs instead would still permit 
highly robust neural induction and singular rosette emer
gence. In this manner, the NMP culture could be caudalized 
to the desired RIC position using standard 6-well plate 
culture, and then seeded onto micropatterned substrates 
concurrent with transitioning to RA supplemented media to 
generate NECs (FIG. 4B). For these experiments, we tar
geted derivation of HoxB4+, cervical spinal cord NECs 
using a 72-hour caudalization (i.e., CHIR exposure) period, 
which is known to pattern a lower brachia! cervical/thoracic 
regional phenotype (36). Regional patterning was confirm
ing by qRT-PCR (FIG. 4E). Additionally, the ability to 
induce dorsoventral patterning with a transient spike in Wnt 
followed by sustained Sonic Hedgehog (SHH) signaling 
during neural induction was also tested. SHH signaling can 
be sustained using SHH or a small molecule agonist of SHH 
signaling (Purmorphamine (PM)). Both the transient Wnt3 7 

and sustained SHH38 signaling are known regulators of 
ventral spinal patterning in vivo. 

[0124] Using a combinatorial experimental design, the 
following variables were tested with cervical NMPs on 200 
µm diameter (0.031 mm2

) circular micropatterns: (1) NMP 
seeding density; (2) timing of initiating ventral patterning, 
i.e., adding SHH and Purmorphamine (PM), a SHH agonist; 
(3) the application and timing of a transient Wnt (CHIR) 
boost; (4) the duration of SHH ventralization (FIGS. 
4B-4C). Rosette formation and ventralization were assessed 
by N-cadherin and Nkx6.1/0lig2, co-markers of spinal 
motor neuron progenitors, immunostaining, respectively23

. 

Manual tissue analysis of neuroepithelial tissues in each 
condition revealed that the optimal protocol regimen 
included seeding cervical patterned NMPs at 2.5xl05 cells/ 
cm2 onto micropatterned substrates, culturing in RA supple
mented E6 media for 72 hours, and applying a 6 hour, 6.0 
µM Wnt boost immediately prior to 96 hours of 0.5 µg/mL 
SHH and 0.5 µM PM exposure (FIG. 4C). Waiting 72 hours 
after NMP seeding before applying the Wnt boost followed 
by SHH/PM exposure was the only tested regimen that 
consistently yielded both good cell viability and tissue 
formation as well as effective ventral patterning, i.e., 
86±11 % (n=8) Nkx6.1+/0lig2+(FIGS. 4C-4D). Yet, only 
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-12% (n=97) ofneuroepithelial tissues on 200 µm diameter 
(0.031 mm2

) circular micropatterns displayed singular neu
ral rosette emergence (FIG. 5). 
[0125] NEC Biomechanical Properties Vary by Regional 
Phenotype and Affect Rosette Emergence Behavior: 

[0126] The inefficient induction of singular rosette emer
gence in spinal neuroepithelial tissues under micropattern
ing conditions that were highly efficient for forebrain NECs 
prompted a re-examination of the optimal circular micro
pattern size for each regional phenotype. Moreover, we 
investigated how altering the biomechanical properties of 
each regional neuroepithelial tissue, by partial inhibition of 
the Rho-associated protein kinase (ROCK), would affect 
which micropattern size induced optimal singular rosette 
emergence. D-1 hESCs and 72-hr caudalized NMPs were 
seeded at 100,000 and 250,000 cells/cm2

, respectively, onto 
150 (0.018 mm2

), 180 (0.025 mm2
), 200 (0.031 mm2

), 250 
(0.049 mm2

), and 400 µm (0.126 mm2
) diameter circular 

micropattern arrays to generate forebrain and spinal neu
roepithelial tissues (FIGS. 6A-6B and 6D-6E). After 5 days 
of culture in the absence or presence of 10 µM ROCK 
inhibitor, manual analysis of rosette emergence revealed 
stark differences in the emergent behavior of forebrain vs. 
spinal neuroepithelial tissues. Similar to our previous 
results, the efficiency of singular neural rosette emergence 
for forebrain tissues peaked at 85% on 250 µm (0.049 mm2

) 

diameter circular micropatterns (FIG. 6C). However, in the 
presence vs. absence of ROCK inhibitor, the efficiency curve 
shifted leftward inducing singular rosette emergence in 75% 
vs. 0% of 150 µm (0.018 mm2

), 89% vs. 50% of 180 µm 
(0.025 mm2

), 87% vs. 58% of 200 µm (0.031 mm2
), and 

11 % vs. 85% of 250 µm (0.049 mm2
) diameter forebrain 

neuroepithelial tissues, respectively. In comparison, singular 
neural rosette emergence within spinal neuroepithelial tis
sues peaked at 73.5% on 150 µm (0.018 mm2

) diameter 
micropatterns, and the presence of ROCK inhibitor com
pletely abolished their ability form neural rosettes (FIG. 6F). 
Of note, NEC density within forebrain vs. spinal tissues of 
a given micropattern size and in the presence vs. absence of 
ROCK inhibitor did not vary significantly (FIG. 7). 
[0127] Considering our previous experiments, the optimal 
morphology for single neural rosette emergence in forebrain 
and spinal neuroepithelial tissues is 200-250 µm (0.031-0. 
049 mm2

) and 150 µm (0.018 mm2 )diameter circular micro
patterns respectively. The physical size of emergent neural 
rosettes is not conserved across tissues of increasing area 
(FIGS. 6C and 6E). Hence, the micropatterned tissue mor
phology does not instruct rosette morphogenesis, but 
restricts tissue area to statistically favor emergence of a 
single rosette in accordance with innate NEC properties. 
Since ROCK inhibition downregulates actin polymerization 
and acto-myosin contraction (39), our results suggest that 
decreasing the contractility of forebrain NECs reduces the 
length scale over which the cells can effectively polarize to 
evoke a rosette 355 structure, i.e., 250 µm vs. 150/180/200 
µm in O vs. 10 µM Rock inhibitor. This further suggests that 
forebrain vs. spinal NECs can generate more contractile 
force since singular rosette emergence peaks in larger fore
brain, i.e., 250 µm (0.049 mm2

) diameter, versus smaller 
spinal, i.e., 150 µm (0.018 mm2

) diameter, circular tissues. 
The ability of 10 µM Rock inhibitor to only partially 
diminish vs. fully eliminate the rosette formation capacity of 
forebrain vs. spinal NECs also supports this ranking of 
contractility. These results provide the first evidence that 
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NEC biomechanical properties vary based on their regional 
patterning. They also demonstrate the necessity of custom
izing the micropatterned neuroepithelial tissue morphology 
to efficiently induce singular rosette emergence based on the 
cell's regional phenotype. 
[0128] Singular Neural Rosette Cytoarchitecture is Main
tained During Radial Tissue Outgrowth: 
[0129] The importance of maintaining a singular neu
roepithelium in early CNS development is evident given 
severe congenital disorders associated with breakdown ( 40, 
41) or duplication (12, 14) of the neuroepithelial tube. 
Accordingly, we investigated whether the singular rosette 
structure induced within micropatterned neuroepithelial tis
sues would persist upon subsequent tissue growth and 
morphogenesis. Using our previously developed 'clickable' 
polyethylene glycol (PEG) brush chemistry (26, 28), we 
synthesized array substrates that could be actuated to release 
the micropatterned tissues from their confinement and per
mit radial tissue outgrowth. In our prior publication, tissue 
outgrowth was enabled by in situ conjugation of -RGD 
peptide bioconjugates to the microarray's PEG brushes. 
However, this caused aberrant migration of single cells away 
from the neuroepithelial tissues instead of a more coordi
nated, biomimetic radial tissue expansion (26). Therefore, 
we explored whether a clickable bioconjugate containing a 
heparin binding peptide (-CGTYRSRKY) derived from 
Fibroblast growth factor-2 would mediate a more gradual 
tissue expansion. This was posited based on the fact that the 
heparin binding peptide (HBP) is unable to directly promote 
cell migration via integrin binding but could immobilize 
heparin sulfate proteoglycan-bound ECM proteins ( e.g., 
Laminin) secreted at the neuroepithelial tissues' basal aspect 
upon extended culture ( 42) (FIGS. SA-8B). 
[0130] To evaluate feasibility of our proposed substrate 
design, micropatterned arrays with reactive, 200 µm (0.031 
mm2

) diameter, circular PEG brushes were fabricated and 
functionalized via an overnight incubation in cell culture 
media containing O to 20 µM FITC HBP conjugated to a 
Malemide-PEG4-DBCO linker (FIGS. 9A-9E and FIGS. 
l0A-10B). Using confocal microscopy, a direct correlation 
between fluorescence from immobilized FITC-HBP and the 
incubation media concentration was observed with culture 
media containing 20 µM FITC-HBP-DBCO bioconjugate 
providing maximal surface density. Then, we tested whether 
HEP-presenting PEG brushes could sequester ECM pro
teins. Substrates modified with cell culture media containing 
0, 5, 10, and 20 µM HBP DBCO bioconjugate were subse
quently incubated overnight in media containing 10 µM 
NHS-rhodamine tagged Laminin, which was isolated from a 
mouse sarcoma and likely co-bound with heparin sulfate 
proteoglycans. Imaging revealed a consistent increase in 
rhodamine fluorescence directly correlated with increasing 
surface densities of HBP and saturating on substrates modi
fied with culture media containing 10 HBP-DBCO biocon
jugate (FIGS. lOC-l0D). Thus, PEG-brushes modified in 
situ with 10 µM HBP-DBCO bioconjugate are capable of 
immobilizing Laminin proteins, and potentially a diverse 
cadre of basement membrane ECM proteins that bind hepa
rin sulfate proteoglycans (43). 
[0131] Next, neuroepithelial tissue outgrowth was tested 
on both inert and reactive PEG-grafted substrates micropat
terned to display arrays of 200 µm (0.031 mm2

) diameter 
circular culture regions with 400 µm center-to-center spac
ing. The substrates were subsequently coated with MATRI-
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GEL™ to deposit ECM proteins on the 200 µm diameter 
culture regions. Pax6- D-1 hESCs were seeded onto the 
substrates at 100,000 cells/cm2 and maintained in E6 culture 
for 3 days, at which point the media was supplemented with 
10.0 µM HBP DBCO bioconjugate for 24 hours on both inert 
and reactive microarray substrates. After 3 additional days of 
culture, the tissues were fixed and stained for N-cadherin 
and Laminin (FIG. llA). Inert control PEG brushes predict
ably maintained the restricted singular rosette tissue mor
phology for the culture duration (FIG. 11B). In contrast, on 
reactive substrates modified in situ with HBP-DBCO bio
conjugates, the tissues expanded as a coherent, multilayered 
structures maintaining a singular neuroepithelium and even
tually intersecting with neighboring tissues. Also, they dis
played basal deposition of laminin resembling the develop
ing neural tube's basal lamina (FIGS. llC-llD and FIGS. 
12A-12B). To prevent inhibition of tissue outgrowth, the 
experiment was repeated on reactive micropatterned arrays 
with 200 µm (0.031 mm2

) diameter circular regions with 
larger 800 µm center-to-center spacing. The in situ modifi
cation occurred on Day 4 of E6 culture, and microarrays 
were fixed and stained after an additional 7 days of culture 
(FIG. llE). These tissues also maintained a singular Pax6+ 
neuroepithelium throughout the culture period that morphed 
into a 3-D hemispherical structure with a central cavity and 
Tuj 1 + neuronal cells residing at the tissues periphery (FIGS. 
llF-llG). These results indicate that controlled induction of 
singular rosette emergence upon organotypic neural tissue 
formation will persist throughout subsequent stages of mor
phogenesis, thereby enabling formation of a biomimetic 
nascent CNS tissue cytoarchitecture. 

[0132] Discussion 

[0133] Neural organoid technology has enabled unprec
edented in vitro recapitulation of biomimetic, human CNS 
tissue microenvironments. This is currently being used to 
develop novel personalized neurological disease modeling 
platforms ( 4, 44, 45). However, while impressive in their 
extent of ex vivo morphogenesis, the spontaneous and 
cell-intrinsic emergent properties that enable organoid for
mation also currently limited their wide-scale implementa
tion due to the lack of reproducibility in their macroscale 
cytoarchitecture and cellular composition. In essence, we 
now have a glimpse of the neural organoid's potential, but 
do not understand the processes that govern their morpho
genesis well enough to precisely engineer their formation 
( 46). Here, we have melded organoid technology with a 
biomaterial culture platform to elucidate biophysical param
eters that control the genesis of human neural organoid 
morphogenesis, i.e., polarized neural epithelium formation. 

[0134] Over the past decade, scientists have generated 
human neural organoids of the cerebral cortex (2), retina (3), 
forebrain ( 4, 17), midbrain ( 4 7), and cerebellum ( 48) with 
both neuronal and glial cellular constituents ( 49). However, 
a consistent limitation in creating reproducible and biomi
metic neural organoid anatomy at the macroscale is the 
random formation of multiple polarized neuroepithelial 
regions, a.k.a. rosettes, which can each act as independent 
morphogenesis centers. Using micropatterned culture sub
strates, we have demonstrated that enforcing a 200-250 um 
forebrain and 150 um spinal, circular neuroepithelial tissue 
morphology optimally induces formation of a singular 
rosette cytoarchitecture with 80-85% and 73.5% efficiency, 
respectively. Our results indicate that these biophysical 
parameters for reproducible induction of a biomimetic, 
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neural tube-like cytoarchitecture are dependent on local cell 
density, acquisition of Pax6 expression, and cell non-au
tonomous biomechanical properties such as contractility. 
Furthermore, we have shown that the singular neural rosette 
cytoarchitecture can be maintained upon subsequent tissue 
morphogenesis, indicating that initial constraint of tissue 
morphology in accordance with these identified length 
scales could be a generalizable approach to engineering 
human neural organoids with standardized nascent CNS 
tissue cytoarchitecture. However, we acknowledge that our 
micropatterned tissues do morph from 2-D monolayers to 
3-D hemispherical tissues (FIGS. llA-llG) and, therefore, 
our identified optimal tissue morphology parameters may 
not be precisely conserved for organoids initially formed as 
3-D cell aggregates. 

[0135] While organoids can be used to generate novel 
humanoid disease models, their ability to recapitulate devel
opmental morphogenesis ex vivo and within a human 
genomic background also provides unique opportunities to 
investigate mechanisms that orchestrate early human devel
opment (21, 22). In efforts to develop a unified approach for 
inducing singular neural rosette emergence within neuroepi
thelium patterned to any CNS rostrocaudal region, we 
discovered that the biomechanical properties of Pax6+/N
cadherin+ NECs of the dorsal forebrain differed from those 
of the ventral spinal cord. Forebrain NECs appear to be able 
to form singular neural rosettes within tissue of larger 
circular dimensions that spinal NECs because of their 
increased contractility (FIGS. 6A-6F). This would seem to 
correlate with the significantly larger dimensions of fore
brain ventricles versus the spinal cord's central canal, and 
could represent a unique axis between the biochemical 
morphogens and biomechanical properties that govern CNS 
morphogenesis. While our conclusions are based on obser
vations from correlated perturbations of ROCK activity and 
not direct contractility measurements, our experimental 
paradigm does provide a unique platform for further defini
tive analysis of the interplay between biochemical and 
biomechanical factors that govern this facet of human CNS 
morphogenesis. To our knowledge, there is no other experi
mentally tractable means by which such phenomena can be 
investigated within a human genomic background. 

[0136] The ability to reproducibly engineer the nascent 
neuroepithelial cytoarchitecture of neural organoids in a 
high-throughput arrayed format could have significant 
implications for future advanced biomanufacture of the 
neural organoid platform. The 3-D nature of organoids 
grown in suspension culture provides constituent cells with 
a biomimetic tissue context. However, suspension organoids 
grow to millimeters in diameter, limiting real-time analysis 
of internal morphogenesis processes using traditional imag
ing modalities. While our microarrayed neural tissues initi
ate as a 2-D monolayer, they quickly become multilayered 
and definitively 3-D, i.e., >4 cell layers thick, within 4 days 
of culture and continue to increase in thickness upon 
expended culture (FIGS. 3A-3F and FIGS. llA-llG). Thus, 
the biophysical (50) and electrophysiological (51) benefit of 
3-D organoids may still apply within our engineered neural 
tube slides. Our arrayed approach enables constant moni
toring throughout their morphogenesis process using con
focal microscopy. Furthermore, the stratified microscale 
cytoarchitecture observed in regions of cortical, retinal, 
cerebellar, and cerebral organoids may also be achievable 
upon further modification of our culture substrates to pro-
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vide continual but expanding confinement as the arrayed 
tissues outgrow radially (26, 52). If achievable, then the 
substrate parameters elucidated in this study could serve as 
a basis for generating an engineered well-plate platform to 
which scientists could simply add their patient-specific 
hPSCs or Pax6-hPSC derivatives (FIGS. 3A-3F and FIGS. 
4A-4E), follow an in situ modification protocol (FIGS. 
llA-llG), and allow the engineered culture substrate to 
instruct reproducible growth of high density arrays of neural 
organoid tissues. This would facilitate broad dissemination 
of the neural organoid platform as well as real-time micro
scopic investigation of the organoid's morphogenesis and 
terminal structure. 
[0137] Experimental Procedures 
[0138] Micropatterned Substrate Fabrication: 
[0139] Micropatterned substrates were fabricated using a 
combination of previously published methods26

. Poly(dim
ethyl siloxane) (PDMS) stamps with arrays of post- and 
micro-well features were generated as relief molds of silicon 
wafers. The wafers were designed in AutoCAD ad pur
chased from FlowJEM (see flowjem.com on the world wide 
web). PDMS stamps were coated with w-mercaptoundecyl 
bromoisobutyrate (2 mM in 100% ethanol), dried under inert 
gas, and then brought in conformal contact with glass 
coverslips coated with 180 nm Au atop 30 nm Ti. Micro
patterned slides were then incubated in 100% ethanol for 10 
minutes, prior to being dried under nitrogen and transferred 
to a Schlenk flask under vacuum. A solution of either 
poly(ethylene glycol) methyl ether methacrylate (PEG
MEMA) or poly(ethylene glycol)methacrylate (PEG-MA) 
macromonomer (Sigma Aldrich), water, methanol (Thermo 
Fisher), copper(II) bromide (Sigma Aldrich), and 2',2-bi
pyridine (Sigma Aldrich) was degassed and transferred to 
the reaction flask. Surface-initiated atom-transfer radical
polymerization (SI-ATRP) of PEG polymers was initiated 
by injection ofL-ascorbic acid (Sigma Aldrich) in deionized 
water into the reaction flask. ATRP was allowed to continue 
for 16 hours to generate micropatterned PEG brushes. 
Polymerization was terminated via addition of air, followed 
by rinsing with ethanol and water before drying under inert 
gas. In a sterile hood, the substrates were rinsed five times 
with sterile PBS (Thermo Fisher) and transferred to indi
vidual wells of a 12-well tissue-culture polystyrene (TCPS) 
plate, where they were rendered cell-adhesive through 
adsorption of 0.083 mg/mL MATRIGEL™ (WiCell) in 
DMEM/F-12 (Thermo Fisher) via overnight incubation at 
37° C. 
[0140] Generation of Micropatterned Forebrain Neural 
Tissues: 
[0141] WA09 or HUES3 Hb9::GFP hESCs were main
tained in Essential 8 medium (ES) on MATRIGEL™-coated 
TCPS plates and routinely passaged with Versene (Thermo 
Fisher). NEC derivation from hPSCs was performed in 
accordance with the E6 protocol (23). To generate NEC
derived micropatterned tissues at various stages of neural 
derivation, cells were first rinsed with PBS, dissociated with 
Accutase (Thermo Fisher) for 5 minutes at 37° C., and 
collected via centrifugation at 1000 rpm for 5 minutes. 
Singularized NECs were re-suspended in E6 media with 10 
µM ROCK inhibitor (Y27632; R&D Systems) and seeded 
onto micropatterned substrates at 75,000 cells/cm2 in 2 mL 
of media per well. The following day the media was replaced 
with 2 mL of E6 media and 50% media changes were 
performed daily thereafter. Alternatively, to generate hPSC-
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derived micropatterned tissues, hPSC cultures at -85% 
confluency were rinsed with PBS, dissociated withAccutase 
for 5 minutes at 37° C. and collected via centrifugation at 
1000 rpm for 5 minutes. Singularized hPSCs were then 
suspended in ES media with 10 µM ROCK inhibitor and 
seeded onto micropatterned substrates at 100,000 cells/cm2 

in 2 mL of media per well. The following day the media was 
replaced with 2 mL of E6 media and 50% media changes 
were performed daily thereafter. 
[0142] Generation of Micropatterned Spinal Cord Neu
roepithelial Tissues: 
[0143] Caudalization ofhPSC-derived cultures to generate 
micropatterned neuroepithelial tissues of the cervical/tho
racic spinal cord was performed using a modified version of 
the deterministic HOX patterning protocol (36). Human 
PSCs were dissociated with Accutase and seeded onto 
MATRIGEL™-coated, 6-well TCPS plates at 150,000 cells/ 
cm2 in ES media comprising 10 µM ROCK inhibitor. The 
following day the media was switched to E6 media for 
another 24 hours of culture, after which the media was 
supplemented with 200 ng/mL FGF8b (R&D Systems) to 
initiate differentiation into a NMP phenotype. Following 24 
hours in E6+FGF8b media, the cells were dissociated with 
Accutase for 1:45 minutes and seeded onto TCPS plates at 
a 1: 1.5 well ratio in E6 media comprising 200 ng/mL 
FGF8b, 3 µM CHIR (R&D Systems), and 10 µM ROCK 
inhibitor. The cells were allowed to remain in E6+FGF8b+ 
CHIR+ROCK for 48 hrs before the media was switched to 
E6+FGF8b+CHIR. After 24 hrs, the NMPs were dissociated 
withAccutase for 5 minutes and seeded onto micropatterned 
substrates at 150,000 cells/cm2 or 250,000 cells/cm2 in E6 
media comprising 10 µM ROCK inhibitor. Six hours later, 
the media was supplemented with 1 µM Retinoic Acid (RA, 
R&D Systems), and 10 µM ROCK inhibitor to initiate 
transition to a neuroepithelial cell type. The next day the 
media was switched to E6 media with 1 µM RA, and 50% 
media changes were performed every 24 hrs for the next 2 
days. Then, the media was supplemented with 1 µM RA, 2 
µg/mL Sonic hedgehog, and 2 µM Purmorphomine (Shh, 
PM; R&D Systems) to induce ventralization. To further 
enhance ventralization, a 6-hour boost in Wnt signaling via 
media supplementation with 6 µM CHIR was applied either 
immediately before subculture or 72 hrs after cell seeding 
onto micropatterned substrates but prior to RA+Shh+PM 
exposure. The neuroepithelial cells were maintained m 
E6+RA+Shh+PM with 50% media changes daily. 
[0144] Immunocytochemistry and Microscopy: 
[0145] Micropatterned tissues were rinsed with PBS and 
fixed with 4% paraformaldehyde (PFA, Sigma Aldrich) in 
PBS for 10 minutes at room temperature. Following three 
rinses with phosphate buffered saline (PBS), the micropat
terned substrates were blocked and permeabilized in PBS 
with 5% Donkey Serum and 0.3% Triton X-100 (TXl00; 
Thermo Fisher) (PBS-DT) for 1 hour at room temperature. 
Next, the tissues were incubated with primary antibodies 
diluted in PBS-DT for 2 hours at room temperature or 
overnight at 4 ° C. Then, the substrates were rinsed in 
PBD-DT 3 times for 15 minutes each. Secondary antibodies 
were diluted in PBS-DT and exposed to the tissues for 1 
hour at room temperature. Tissue nuclei were subsequently 
stained with 300 nM 4',6-diamidino-2-phenyl-lindoldihy
drochloride (DAPI, Sigma Aldrich) for 30 minutes followed 
by three 15 minute PBS washes. The micropatterned sub
strates were mounted on glass coverslips using Prolong Gold 
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Antifade Reagent (Thermo Fisher). Live images of micro
patterned tissues were obtained using a Nikon TSl00 micro
scope with a ME600L camera and all fluorescence images 
were obtained using a Nikon MR confocal microscope. 
CellProfiler (BROAD Institute) was used to segment and 
quantify immunostained images to determine a differentia
tion efficiency based on the percentage of nuclei stained 
positively for a specific protein marker. 
[0146] Neuroepithelial Tissue Image Analysis Algorithm 
and Descriptor Definitions: 
[0147] An automated workflow for quantitative analysis 
of micropatterned neuroepithelial tissue morphology (see 
FIGS. 14A-14D) was generated using MATLAB® (Math
Works). We first defined morphological characteristics of 
polarized neuroepithelial tissues. Neural rosettes in micro
patterned tissues were identified by the presence of a coher
ent N-cadherin ring structure described in algorithm logic as 
halo (FIG. 14B). Neural rosette morphology was further 
defined by the density of N-cadherin localization along 
constituent cell membranes with apico-basal polarity, 
described here as tendrils (FIGS. 14C-14D). Areas ofNECs 
that exhibited punctate localization ofN-cadherin absent the 
requisite ring structure and corresponding apico basal polar
ity were classified as polarization foci (see FIG. lF). Next, 
descriptors were established for variance in size and shape 
of zones of N-cadherin localization defined in the algorithm 
as measures of polarization area, fitted ellipse major axis 
length, and eccentricity. Further, a halo intensity ratio was 
applied to N-cadherin ring structures as a measure of the 
ratio of internal and external fluorescence intensity across 
the boundary of N-cadherin localization. Lastly, the apico
basal polarity of constituent cells surrounding apical N-cad
herin localization was characterized as a measurement of 
cell membrane alignment angle compared to the tangent of 
the N-cadherin boundary (i.e., tendril angle incoherence 1 & 
2). This measure was to be analyzed in conjunction with a 
measure of the tendril 1 & 2 density. Continuous variation 
in the above descriptors was accounted for to allow discon
tinuous response in classification of polarizing NECs as 
polarization foci or neural rosettes. 
[0148] Conducting Automated Analysis of Neuroepithe
lial Tissue Images: 
[0149] Automated analysis of NEC polarization and neu
ral rosette emergence was performed using 3D image stacks 
of single micropatterned neural tissues fluorescently stained 
for nuclei and N-cadherin. 3D image stacks were compiled 
from 7 vertically segmented image acquisitions at 1.5 µm 
intervals using a 60x objective with 1024x1024 pixel reso
lution. Entire datasets were analyzed in batch fashion using 
the custom MATLAB® program described above. First, 
images were pre-processed by applying a median filter to the 
maximum intensity projection. Next, regions of dense 
N-cadherin staining were identified as discrete blobs (i.e., 
polarization foci) using the process of maximally stable 
extremal regions (MSER) (53). After applying a smoothing 
filter, polarization foci area, eccentricity, and major axis of 
a fitted ellipse ('radius') was calculated for each region 
detected. Foci with area less than 176 µm2 were excluded 
from further processing. To the mean image projection with 
a median filter, the location and intensity ratio of the 
N-cadherin halo was assessed. Identification of the halo 
served to both evaluate the coherence of the N-cadherin ring 
and establish a boundary for assaying arrangement of ten
drils in relation to the halo. Once the halo boundary was 
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established, the tendril density and tendril angle were mea
sured by sampling 20 pixel squares at various points around 
the foci epicenter at a distance of 1.5x (1) and 2x (2) the 
radius of the foci. Within each sampling area, pixel intensity 
was assayed to measure density of tendrils and a gradient 
orientation filter was used to calculate the directionality of 
tendrils relative to the halo boundary. For each foci identi
fied, values for tendril angle 1 & 2 and tendril density 1 & 
2 were calculated as averages from all points sampled. 
Collectively, these eight descriptors comprised an image 
descriptor vector. 
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with what are presently considered to be the most practical 
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to be limited to the disclosed embodiments. Accordingly, 
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arrangements within the spirit and scope of the invention as 
set forth in the appended claims. 

We claim: 
1. A method of producing a micropattemed biomimetic 

neural tissue having a singular rosette structure in vitro, the 
method comprising: 

(a) seeding human pluripotent stem cells (hPSCs) in the 
presence of a Rho kinase inhibitor onto a micropat
temed substrate configured to instruct biomimetic neu
ral morphogenesis of cells cultured thereon; 

(b) culturing the seeded cells of (a) on the micropattemed 
substrate for a first culture period of about one to two 
days in the presence of a first neural differentiation base 
medium to obtain a first cell population, wherein the 
first neural differentiation base medium comprises a 
Rho kinase inhibitor; and 

( c) culturing the cells of (b) for a second culture period of 
about 2 to about 6 days under adherent culture condi
tions in a second neural differentiation base medium, 
whereby a singular biomimetic neural tissue having a 
polarized rosette structure in which at least 80% of cells 
of the structure are Pax6+/N-cadherin+ neuroepithelial 
cells is produced, wherein greater than about 75% of 
the biomimetic neural tissue exhibits a singular rosette 
structure comparable to a developing human neural 
tube. 

2. The method of claim 1, wherein the first neural differ
entiation medium is a chemically defined medium compris
ing DMEM/F-12, ascorbic acid, sodium bicarbonate, sele
nium, insulin, transferrin, FGF2, and TGF~l. 

3. The method of claim 1, wherein the first neural differ
entiation medium is ES medium. 

4. The method of claim 1, wherein the second neural 
differentiation medium is a chemically defined medium 
comprising DMEM/F-12, ascorbic acid, sodium bicarbon
ate, selenium, insulin, transferrin. 

5. The method of claim 1, wherein the second neural 
differentiation medium is E6 medium. 

6. The method of claim 4, wherein second neural differ
entiation medium further comprises one or more of an FGF 
and an activator of ~-catenin pathway signaling. 

7. The method of claim 6, wherein the FGF is FGF2, 
FGF8a, FGF8b, FGF8f, FGF17, or FGF18. 

8. The method of claim 6, wherein the activator of 
~-catenin pathway signaling is a GSK3 kinase inhibitor. 

9. The method of claim 8, wherein the GSK3 kinase 
inhibitor is CHIR99021. 

10. The method of claim 6, wherein the second neural 
differentiation medium comprises about 100 ng/ml to about 
200 ng/ml FGF8b and about 3 µM to about 9 µM 
CHIR99021. 

11. The method of claim 1, wherein the second culture 
period is about 5 days. 

12. The method of claim 1, further comprising transiently 
exposing cells on the micropattemed substrate to an activa
tor of Wnt/~-catenin signaling about 24-72 hours after 
plating onto the micropattemed substrate. 

13. The method of claim 1, further comprising, about 
24-72 hours after seeding cells onto the micropattemed 
substrate, exposing the seeded cells to RA and Sonic Hedge
hog (SHH) or a SHH signaling agonist for about 1 to about 
5 days, whereby the polarized rosette structure comprises 
Olig2+ motor neurons progenitors (pMNs). 
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14. The method of claim 13, wherein the SHH signaling 
agonist is purmorphamine. 

15. The method of claim 1, wherein hPSCs are seeded 
onto the micropatterned substrate at a density between about 
75xl03 cells/cm2 and about 2.5xl05 cells/cm2

. 

16. A method of producing a micropatterned biomimetic 
neural tissue having a singular rosette structure in vitro, 

culturing Oct4-/Sox2+/Brachyury-/Pax6+ neural stem 
cells (NSCs) on a micropatterned substrate configured 
to instruct biomimetic neural morphogenesis of cells 
cultured thereon for a culture period of about 3 to about 
7 days under adherent culture conditions in the pres
ence of a neural differentiation base medium, wherein 
the neural differentiation medium is a chemically 
defined medium comprising DMEM/F-12, ascorbic 
acid, sodium bicarbonate, selenium, insulin, and trans
ferrin and is supplemented to further comprise RA and 
a Rho kinase inhibitor; thereby producing a singular 
biomimetic neural tissue having a polarized rosette 
structure in which at least 80% of cells of the structure 
are Pax6+/N-cadherin+ neuroepithelial cells, wherein 
greater than about 75% of the biomimetic neural tissue 
exhibits a singular rosette structure comparable to a 
developing human neural tube. 

17. The method of claim 16, wherein the NSCs are 
cultured on the micropatterned substrate for about 5 days. 

18. The method of claim 16, wherein the neural differ
entiation medium is E6. 

19. The method of claim 16, wherein NSCs are seeded 
onto the micropatterned substrate at a density between about 
75xl03 cells/cm2 and about 2.5xl05 cells/cm2

. 

20. A method of producing a micropatterned biomimetic 
neural tissue having a singular rosette structure in vitro, 

seeding Oct4-/Sox2+/Brachyury+/Pax6- neuromesoder
mal progenitors (NMPs) on a micropatterned substrate 
configured to instruct biomimetic neural morphogen
esis of cells cultured thereon, and culturing the seeded 
NMPs for a culture period of about 2 to about 7 days 
under adherent culture conditions in the presence of a 

23 
Jan. 24, 2019 

neural differentiation base medium, wherein the neural 
differentiation medium is supplemented with RA and a 
Rho kinase inhibitor; thereby producing a singular 
biomimetic neural tissue having a polarized rosette 
structure in which at least 80% of cells of the structure 
are Pax6+/N-cadherin+ neuroepithelial cells, wherein 
greater than about 75% of the biomimetic neural tissue 
exhibits a singular rosette structure comparable to a 
developing human neural tube. 

21. The method of claim 20, wherein NMPs are seeded 
onto the micropatterned substrate at a density between about 
75xl03 cells/cm2 and about 2.5xl05 cells/cm2

. 

22. The method of claim 20, wherein the NMPs are 
cultured on the micropatterned substrate for about 5 days. 

23. The method of claim 20, wherein the neural differ
entiation medium is E6. 

24. The method of claim 20, further comprising tran
siently exposing cells on the micropatterned substrate to an 
activator ofWnt/~-catenin signaling about 24-72 hours after 
plating onto the micropatterned substrate. 

25. The method of claim 20, further comprising, about 
24-72 hours after seeding cells onto the micropatterned 
substrate, exposing the seeded cells to SHH or a SHH 
signaling agonist for about 1 to about 5 days, whereby the 
polarized rosette structure comprises Olig2+ spinal motor 
neurons progenitors (pMN s ). 

26. The method of claim 25, wherein the SHH signaling 
agonist is purmorphamine. 

27. The method of claim 1, wherein the micropatterned 
substrate has a bounded geometry having at least one 
dimension of about 150 µm to 800 µm. 

28. The method of claim 1, wherein the micropatterned 
substrate has a circular bounded geometry having a diameter 
of about 150 µm to about 500 µm. 

29. The method of claim 1, wherein the micropatterned 
substrate comprises a singular or plurality of polyethylene 
glycol (PEG) brushes or peptide-immobilizing PEG brushes 
arranged in a user-defined, bounded geometry. 

* * * * * 


