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1 | INTRODUCTION
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Abstract

Differentiation of human pluripotent stem cells (hPSCs) into ectoderm provides neurons
and glia useful for research, disease modeling, drug discovery, and potential cell therapies.
In current protocols, hPSCs are traditionally differentiated into an obligate rostro-dorsal
ectodermal fate expressing PAX6 after 6 to 12 days in vitro when protected from
mesendoderm inducers. This rate-limiting step has performed a long-standing role in hin-
dering the development of rapid differentiation protocols for ectoderm-derived cell types,
as any protocol requires 6 to 10 days in vitro to simply initiate. Here, we report efficient
differentiation of hPSCs into a naive early ectodermal intermediate within 24 hours using
combined inhibition of bone morphogenic protein and fibroblast growth factor signaling.
The induced population responds immediately to morphogen gradients to upregulate
rostro-caudal neurodevelopmental landmark gene expression in a generally accelerated
fashion. This method can serve as a new platform for the development of novel, rapid,

and efficient protocols for the manufacture of hPSC-derived neural lineages.
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cells (hPSCs)® recapitulates these complex neurodevelopmental

dynamics in vitro, favoring production of heterogenous subpopula-

Neurodevelopment is possibly the most complex developmental sys-
tem. As many as 10 000 unique neuronal subtypes have been hypoth-
esized to exist, whose embryonic origins derive from spatiotemporally
fate-restricted ectodermal subpopulations created by morphogen gra-
dients in vivo. Undirected differentiation of human pluripotent stem
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tions of neuronal subtypes in the absence of exogenously provided
developmental cues. Substantial effort has been expended to combat
the emergence of heterogenous populations through directed differ-
entiation using neurodevelopmental guidance cues such as morpho-
gens*® However, even the most advanced current directed
differentiation protocols to manufacture specific neuronal subpopula-

tions are only partially successful.®14
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All differentiation protocols for the production of neural lineages
from hPSCs are lengthy, transpiring across timescales that mimic
those seen during development in vivo. Aberrant differentiation into
heterogenous populations may be an intrinsic property of long-
duration protocols, due to numerous factors including cell growth,
cell-cell interactions, cell-substrate interactions, pH drift, and nutrient
fluctuation; collectively defined here as “stochastic drift.” Lengthy pro-
tocols also reduce the ability to optimize due to prolonged experimen-
tal feedback cycles.

Accelerating differentiation protocols could improve purities as
a byproduct of reducing stochastic drift and optimization turn-
around. This has proven difficult, however, especially for ectoderm
formation. Premature neurogenesis has been demonstrated in
rodent models'>1é; however, suggesting differentiation kinetics can
be modulated. These phenotypes often arise due to disrupted self-
renewal within stem cell niches, which provides a potential mecha-
nism for developing more rapid and efficient differentiation
protocols.

2 | ONLINEMETHODS

2.1 | Human induced pluripotent stem cell culture
A panel of human induced pluripotent stem cells (hiPSCs) deri-
ved using nonintegrating Sendai virus vectors'” were generated

1820 and adapted to culture as previously described.?* Briefly,

in-house
human fibroblasts or conjunctival biopsies were cultured and then
reprogrammed with CytoTune-iPS 2.0 Sendai Reprogramming Kit
(Thermo Fisher Scientific A16517). Cultures were maintained on
Essential 8 Medium (Thermo Fisher Scientific A1517001) on recombi-
nant human vitronectin (Peprotech AF-140-09) and propagated with
hypertonic citrate solution. Lyophilized recombinant human
vitronectin was reconstituted into a 500 pg/mL stock solution using
Dulbecco's phosphate-buffered saline plus calcium and magnesium
(DPBS, Thermo Fisher Scientific 14 040-133) and human serum albu-
min (0.1 %wt/vol MilliporeSigma A9731-5G). This stock solution was
further diluted 1:100 into DPBS for coating tissue culture plastic
(coating volume 0.1 mL/cm?) for at least 1 hour at room temperature.
hPSCs were grown in Essential 8 Medium with daily media exchanges
(volume 0.25 mL/cm?). Every 3 to 4 days when 50% to 70% conflu-
ence was achieved, hPSCs were chelation passaged with hypertonic
citrate buffer (4.4 g/L sodium citrate dibasic monohydrate, 24 g/L
potassium chloride dissolved into ultra-distilled water and filtered
with 0.22-pm polyethersulfone [PES] membrane). hPSCs were washed
once with hypertonic citrate buffer and then incubated with hyper-
tonic citrate buffer at 37°C for 6 minutes (volumes 0.1 mL/cm?). Cit-
rate buffer was carefully aspirated to leave colonies undisturbed on
the surface, and colonies were detached into Essential 6 Medium
Medium (Thermo Fisher Scientific A1516401) to create a 2X concen-
trate suspension according to split ratio. This suspension was added
to vitronectin-coated tissue culture plastic containing Essential

8 Medium to maintain a 1:8 to 1:12 split ratio on average.

Significance statement

This article reports a major advance in the ability to direct
the differentiation of human pluripotent stem cells (hPSCs)
into neural precursors in culture. This study describes that
inhibiting selected signaling pathways enables the immedi-
ate exit from pluripotency and converts the stem cells
within 24 hours into precursor cells that can be rapidly
directed to generate neural populations desirable for
research and potential cell therapies. This work removes a
historical bottleneck that has prevented improving the con-
trol and speed of making neural cells from hPSCs and will
likely change the way human neurons are generated in the
future.

2.2 | Accelerated differentiation of hPSCs
into early ectoderm population

Day 3 to 4 undifferentiated cultures were passaged as described.
Within 24 hours postpassage, Essential 8 Medium was exchanged for
0.2 mL/cm? Essential 6 Medium supplemented with 500 nM LDN-
193189 HCI (Selleckchem S7507) and 100 nM BGJ398 (Selleckchem
$2183).

2.3 | Differentiation of early ectoderm into rostral
ectodermal progenitors

Twenty-four hours following treatment with LDN/BGJ, medium was
exchanged for Essential 6 Medium supplemented with 500 nM
wntC59 (Tocris 5148), 20 ng/mL FGF2 (Peprotech 100-18B), and
500 nM A8301 (Tocris 2939) for 24 hours.

2.4 | Differentiation of early ectoderm
into neuromesoderm progenitors

Twenty-four hours following treatment with LDN/BGJ, medium was
exchanged for Essential 6 Medium supplemented with 4 puM
CHIR99021 (Tocris 4423), 20 ng/mL FGF2, and 500 nM A8301 for
24 hours.

2.5 | Differentiation of putative ectoderm
into rostral floorplate neuroepithelium

Twenty-four hours following LDN/BGJ treatment, the medium was
exchanged daily with Essential 6 Medium supplemented with
500 nM CHIR99021, 500 nM A8301, 100 nM smoothened agonist
(SAG; CaymanChem 11 914), and 100 ng/mL FGF2 for 48 hours.
This day 3 population was further differentiated with Essential
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6 Medium supplemented with 250 nM SAG, 100 nM BGJ, and
100 nM wntc59 (Tocris 5148) for 24 hours.

2.6 | Differentiation of neuromesoderm
progenitors into neural crest

Following production of neuromesodermal progenitors after day 2,
medium was exchanged for Essential 6 Medium Medium supplemented
with 100 nM BGJ398, 30 ng/mL bone morphogenic protein 4 (BMP4,
Peprotech AF-120-05ET), and cyclopamine (500 nM, Tocris 1623) for
24 hours. Medium was then exchanged for Essential 6 Medium sup-
plemented with 30 ng/mL BMP4 and 20 ng/mL FGF2 for 24 hours.

2.7 | Immunocytochemistry

Cultures were fixed in buffered formalin (10 wt%/vol%, Fisher Scien-
tific 23-305-510) for 10 minutes, permeabilized in DPBS plus Triton
X-100 (0.2 vol%/vol%, MilliporeSigma, T8787-100ML), blocked in
DPBS plus bovine serum albumin (1 wt%/vol%, MilliporeSigma
A3059-100G) and Tween-20 (0.1 vol%/vol%, MilliporeSigma P1379)
for 2 hours, and incubated with primary antibodies overnight. Cultures
were washed twice with blocking solution and incubated 1 hour with
secondary antibodies. 4/,6-diamidino-2-phenylindole dilactate (DAPI,
Thermo Fisher D3571) was added for 10 minutes before washing
three times in DPBS. Antibodies used include: SOX2 (1:500, Mil-
liporeSigma MAB4343), NANOG (1:100, Bio-Techne AF1997), PAX6
(1:25, Developmental Studies Hybridoma Bank PAX6), SOX1 (1:250;
Bio-Techne AF3369), OTX1/2 (1:250, abcam ab21990), Brachyury
(T, 1:100, Bio-Techne AF2085), SIX3 (1:250, abcam ab221750), HOXB4
(1:250, abcam ab133521), FOXA2 (1:500, Bio-Techne AF2400), PAX3
(1:250, Developmental Studies Hybridoma Bank PAX3), SOX10
(1:100, Bio-Techne AF2864), Alexa Fluor 488 Donkey anti-Mouse
(1:500, Thermo Fisher Scientific A21202), Alexa Fluor 555 Donkey
anti-Goat (1:500, Thermo Fisher Scientific A21432), and Alexa Fluor
647 Donkey anti-Rabbit (1:500, Thermo Fisher Scientific A31573).
Negative controls included unstained cultures, cultures stained with
secondary-only antibodies, and positively stained cultures known not

to express the antigens of interest.

28 |
counts

Quantification of immunocytochemical

Cultures were imaged on a Leica DMI6000B with a DFC365FX cam-
era running Leica Applications Suite-Advanced Fluorescence, Version
3.1.0. Build 8587. Cell counts were automated using FIJI.22 Briefly,
four representative fields per condition were collected at x200 total
magnification. Images were subjected to local intensity thresholding,
binary masks created, and segmentation performed with FIJI's built-in
watershed function. The positively stained area was measured and

tabulated. Quantification represents antibody specific-positive stained

area divided by DAPI-positive stained area. Unless otherwise indi-
cated, statistics represent averages and SEs of mean from three bio-
logical replicates. Significance was calculated using one-way analysis

of variance (ANOVA) with Tukey's multicomparison testing.

29 | RNA sequencing

Sequencing was performed on the NextSeq 550 platform using pair-
end reads at a read length of 76 nucleotides. An average of 12.26 mil-
lion reads (11.6~13.0 million) were generated per library, with an
average quality score passing quality filter above Q30. The sequencing
results were analyzed using a customized pipeline (gopher-pipelines;
https://bitbucket.org/jgarbe/gopher-pipelines/overview) developed
and maintained by the University of Minnesota Supercomputing Insti-
tute (MSI). The quality of lllumina sequencing data was evaluated by
FastQC (v0.11.5) and the adapters and low-quality reads were
trimmed using Trimmomatic (v0.33). Trimmed sequence reads were
aligned to the Homo sapiens reference genome (GRCh38) using
HISAT2 (v2.0.2). Transcript abundance was then estimated using the
FeatureCounts program in the Subread package (v1.4.6). The read
counts generated by FeatureCounts were then filtered to include
genes with at least 1 count per million and subsequently analyzed in
R. Heat map was then generated using log transformed values with
pheatmap package. Hierarchical clustering was performed using the
Euclidean Distance and Average Link Clustering methods. Principle
component analysis was performed using the prcomp function in R
and visualized using ggplot2 package. Differential expression analysis
was performed using edgeR package in R. Genes were retained using
the criterion of at least a 2-fold change and false discovery rate with
an adjusted P value of less than .05 for gene analysis.

3 | RESULTS

3.1 | hPSCs exposed to combined inhibition
of BMP and FGF produces an early ectodermal
intermediate within 24 hours

Early embryonic fate decisions that occur between the stages of
pluripotency and ectoderm formation were targeted for acceleration,
which is an attractive target given its broad applicability to all neuro-
nal differentiations. This stage is also relatively prolonged because
ectodermal fate is thought to be passively acquired, which has been
demonstrated in vitro most elegantly through work that showed
growth factor withdrawal alone was sufficient to induce differentia-
tion in defined hPSC monolayer culture® without previously neces-
sary inhibitor-mediated pathway modulation.’

Rather than allow for this passive acquisition of ectodermal fate,
it was hypothesized differentiation could be induced by disrupting
hPSC self-renewal. It has been shown that the undifferentiated status
of hPSCs is maintained by ERK and SMAD signaling stimulated by

1,23’24

exogenous provision of FGF2 and TGFf making these pathways
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Combined antagonism of FGF and BMP disrupts hPSC self-renewal. hPSCs were screened with inhibitor combinations and
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compared 24 hours later to untreated cultures demonstrate FGF to be the predominant self-renewal pathway. A, Treatment with LDN193189
(LDN) and the pan-FGFR inhibitor BGJ398 (BGJ) but not the pan-VEGFR inhibitor Axitinib (Axi) promotes a subtle morphological change under
phase-contrast microscopy (B), with regularly-spaced cells, lower nuclear-to-cytoplasmic ratio, flatter colonies evidenced by reduced phase-bright
edges, and centrally localized nucleoli. C, The novel combination of LDN/BGJ-treatment reduces NANOG expression by 70% while maintaining
SOX2 positivity. Quantification indicates averages and SE for five unrelated hiPSCs. One-way ANOVA with Tukey multiple comparison testing
showed significance at *P < .01 and **P < .001. Nuclei stained blue with DAPI. Scale bars = 50 um. ANOVA, analysis of variance; BGJ, fibroblast
growth factor pathway inhibitor BGJ398; BMP, bone morphogenic protein; DAPI, 4,6-diamidino-2-phenylindole dilactate; DIV, days in vitro; E8,
Essential 8; FGF, fibroblast growth factor; FGFR, fibroblast growth factor receptor; hiPSCs, human induced pluripotent stem cells; hPSC, human
pluripotent stem cell; LDN, bone morphogenic protein pathway inhibitor LDN193189; VEGFR, vascular endothelial growth factor receptor

attractive candidates to influence the undifferentiated status of hPSCs.
However, previous attempts to target these pathways for directed dif-
ferentiation into neuroepithelium had not substantially improved upon
the historical kinetics of neuroepithelial conversion, or had only proved
applicable for the differentiation of specific neural subsets.2>2® There-
fore, we re-evaluated these pathways for the directed differentiation of
hPSCs into neuroepithelium under defined conditions. A strategy was
devised reliant upon design-of-experiment chemical screening with
24-hour time point resolution using a panel of five unrelated hiPSC
lines.*8272° The immunocytochemical presence of NANOG was used
as a primary readout for disrupted self-renewal, given NANOG's central
role in early exit from pluripotency®! (Figure S1A). This screening strat-
egy identified a two-factor combination containing the activin-like
kinase 2/3 inhibitor LDN193189 (LDN, 500 nM) and the vascular
endothelial growth factor receptor 2/fibroblast growth factor receptor
1 (VEGFR2/FGFR1) inhibitor SU5402 (SU, 10 uM), which reduced the
number of NANOG-positive cells in culture from 100% to approxi-
mately 43%; however, this result was not statistically significant by
one-way ANOVA and Tukey multicomparison testing (Figure S1B).

We initially selected SU for our experiments as it is often cited as
an FGFR inhibitor.23%2 However, SU possesses an IC50 of 20 nM to
VEGFR2 and 30nM to FGFR1.3® The FGFR and VEGFR classes

consist of four receptors each, providing eight receptors total to par-
ticipate in signaling cascades, neglecting splice variants.2*3° Given the
possibility that the target pathways of SU could be more carefully
investigated, we dissected the function of SU by repeating our experi-
ments with the pan-VEGFR inhibitor Axitinib and pan-FGFR inhibitor
BGJ398 (BGJ) (Figure 1A). While exposure of hPSCs to the combina-
tion of LDN and Axitinib performed similarly to controls exposed to
Essential 6 Medium alone with respect to NANOG expression and
morphological assessment, the combination of BGJ and LDN was
capable of inducing a subtle morphological change indicated by
increased flatness inferred by reduced phase-contrast brightness
around colony edges; as well as centrally located, singular nucleoli.
Furthermore, cultures were shown to lose NANOG expression by
greater than 60%, a difference found to be statistically significant,
confirming the hypothesis that targeting FGFRs other than FGFR2 is
important for the potential disruption of self-renewal and accelerated
exit from pluripotency (Figure 1B).

To contextualize the identity of the induced population, it was
compared to other possible early fate decisions by differentiating
hPSCs using standard methods (Figure 2A). RNA was collected from
three unrelated hPSC lines cultured using Essential 8 Medium,?® cul-

tured into ectoderm over 6 days using “dual SMAD inhibition”,”
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FIGURE 2 RNA sequencing of early embryonic populations identifies LDN/BGJ-treated cultures to be a novel, early ectodermal

population. A, Possible early embryonic fate decisions were identified as controls to contextualize cultures treated with 500 nM LDN and 100 nM
BGJ for 24 hours. B, Three unrelated, independent hiPSC lines were maintained undifferentiated, or differentiated into either ectoderm or
primitive streak using standard protocols containing 250 nM LDN and 10 pM SB435142 for 6 days or 6 pM CHIR99021 for 2 days, respectively.
These controls allowed for the contextualization of cultures treated with 500 nM LDN and 100 nM BGJ for 24 hours. C, Total RNA was
extracted, libraries created, and 20 M reads sequenced for each sample. Counts-per-million (CPM) values for each gene were normalized to
generate heatmaps, demonstrating biological replicates for each treatment to cluster appropriately, and identified unique clusters of upregulated
genes for each treatment group. D, CPMs for each treatment group were averaged, and GO analysis for the top 500 upregulated genes for each
cluster was performed to identify sequence-specific DNA-binding proteins (transcription factors). The top 15 upregulated transcription factors for
each group were plotted, and transcription factor overlaps indicated with asterisks. Each standard treatment group expressed germ-layer specific

transcription factors, with LDN/BGJ-treated cultures demonstrating residual OCT4 expression, but also transcripts associated with ectoderm,
such as SOX2, SOX11, LHXS5, ZIC2, ZIC3, and TRIM24. BGJ, fibroblast growth factor pathway inhibitor BGJ398; CHIR, wnt pathway agonist
CHIR99021; DIV, days in vitro; E8, Essential 8; hiPSCs, human induced pluripotent stem cells; GO, gene ontology; LDN, bone morphogenic

protein pathway inhibitor LDN193189; SB, SB435142

cultured into primitive streak over 2 days,®®

or following 24-hour
treatment with LDN/BGJ (Figure 2B). Heatmap analysis demonstrated
biological replicates to cluster according to treatment, with each treat-
ment group containing unique upregulated gene expression clusters
(Figure 2C). The top 500 upregulated genes from each cluster were
extracted and assessed for molecular function (PANTHER gene ontol-
ogy) to identify sequence-specific DNA-binding proteins (ie, transcrip-
tion factors). The top 15 upregulated transcription factors were listed
for each cluster and compared across treatments. This analysis vali-
dated the identity of the three standard treatment groups, as cluster
1 genes upregulated with E8 treatment contained canonical
pluripotency factors POUSF1 (OCT4),%” ZFP42 (REX1),*® and MYC®?;
cluster 2 genes upregulated with LDN/SB treatment contained the
ectoderm-associated genes SALL2,%° PAX6,*! and SOX2%?; and clus-
ter 4 genes upregulated with CHIR treatment contained primitive
streak-associated genes T4 CDX1,* CDX2,*® and several HOX
genes.*> Application of this validated methodology to cluster 3 genes
upregulated with LDN/BGJ treatment identified ZIC2,*¢ ZIC3,*

TRIM24,%” and LHX5,*® known to be involved in early gastrulation
events related to lateral-rostral ectoderm formation. Furthermore, cul-
tures exposed to LDN/BGJ treatment expressed factors associated
with pluripotency (OCT4) and standard ectoderm (SOX2 and
SOX11%), but at reduced levels (Figure 2D). These results are inter-
preted to represent the formation of an early intermediate ectoderm
population from hPSCs within 24 hours by treatment with LDN/BGJ.

3.2 | Putative early intermediate ectoderm
responds immediately to morphogens to produce
rostro-caudal and medial-lateral neurodevelopmental
populations

Practical applications of this population for manufacturing specific
neuronal subtypes would require its appropriate response to pattern-
ing morphogens. To demonstrate this critical property, three unrelated

putative early ectoderm cultures produced following 24-hour
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FIGURE 3 Treatment with LDN/BGJ unlocks immediate access to rostro-caudal extremes of ectodermal patterning. A, Ectoderm derived
using LDN/BGJ was exposed to either wntC59 (500 nM) and FGF2 (10 ng/mL) or CHIR99021 (4 pM) and FGF2 (10 ng/mL) to produce either
forebrain or neuromesoderm phenotypes by 48 hours in vitro. B, Rostral landmarks upregulated following treatment with wntc59 include SIX3,
PAX6, and OTX2; but not caudal neuromesodermal landmarks T and HOXB4. Conversely, caudal neuromesoderm landmarks SOX2, T, and
HOXB4 were upregulated; but not rostral forebrain landmarks SIX3, PAX6, and OTX2. C, Differentiation was seen to be greater than 70%
efficient in either rostro-caudal direction. Quantification indicates averages and SE for three unrelated hiPSC lines. Nuclei stained blue with DAPI.
Scale bars = 50 pm. BGJ, fibroblast growth factor pathway inhibitor BGJ398; C59, wnt pathway inhibitor WNTC59; CHIR, wnt pathway agonist
CHIR99021; DAPI, 4',6-diamidino-2-phenylindole dilactate; DIV, days in vitro; E8, Essential 8; FGF2, fibroblast growth factor 2; hiPSCs, human
induced pluripotent stem cells; hPSC, human pluripotent stem cell; LDN, bone morphogenic protein pathway inhibitor LDN193189

treatment with LDN/BGJ were exposed for an additional 24 hours to
either suppressed (500 nM wntC59) or enhanced (4 uM CHIR99021)
wnt signaling, conditions shown to produce either rostral or caudal

50-55 respectively (Figure 3A). Fol-

neurodevelopmental populations,
lowing either treatment, appropriate rostral or caudal landmarks were
shown to emerge as indicated by the acquisition of SIX3 and
PAX6-positive telencephalic neuroepithelium; or HOXB4, SOX2, and
T-positive neuromesoderm>®>” (Figure 3B). To demonstrate the
medial-lateral patterning competency of the putative ectoderm,
directed differentiation protocols were used following developmen-
tally guided principles targeting the midbrain floorplate and neural
crest. After 24 hours of treatment with LDN/BGJ, cultures further
exposed to wnt and hedgehog signaling demonstrated rapid acquisi-
tion of floorplate marker FOXA2 by day 4 (Figure S2A). Similarly,
LDN/BGJ-treated cultures produced a PAX3/SOX10-positive neural
crest phenotype by day 4 when further exposed to increased BMP
signaling and decreased FGF and hedgehog signaling (Figure S2B). In
both cases, these populations were produced with greater than 70%
efficiency. This provides evidence that the early intermediate ectoder-
mal population produced with LDN/BGJ possesses maximal rostro-
caudal/medial-lateral patterning flexibility demonstrated in other
systems, useful for generating full-spectrum neuronal diversity from

hPSCs in a drastically accelerated fashion.

4 | DISCUSSION

Traditional methods for producing ectoderm describe the direct, but
gradual and asynchronous generation of a PAX6/SOX1 expressing
obligate anterior population®® from hPSCs over the course of 7 to
12 days. This contrasts with the methods disclosed in this work which
produce within 24 hours a previously uncharacterized population we
have termed “primal ectoderm” before later acquiring a PAX6/SOX1
phenotype by 48 hours. This new method for producing PAX6/
SOX1-positive cultures proceeds rapidly and discretely in a defined
and controllable fashion. Rapid and step-wise differentiation pro-
cesses for neural lineages are currently lacking, and this report is likely
the first of a new generation of carefully designed and efficient proto-
cols for the manufacture of hPSC-derived neuronal subpopulations.
However, additional work is now required to use the populations
described in this report for terminal maturation into electrophysiologi-
cally functional neurons.

The identity of the “primal” ectoderm described in this study now
requires further investigation. Recent studies describe that both epi-
blast cells in early embryonic differentiation and human embryonic
stem cells (hESCs) undergoing neural differentiation in vitro, acquire
axial identity prior to overt neural induction and suggest that the

in vitro patterned, “pre-ectodermal” populations generated in this
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study may indeed have an in vivo counterpart.’”*° A

pre-ectodermal”
designation is used because early ectoderm has been classically
defined as a PAX6-expressing primitive neuroepithelium.

It is possible that neural induction described in previous studies
also occurs via the primal ectoderm now described in this study. In their
recent publication generating neural tissue from hESCs following dual
SMAD inhibition, Rifes et al define a “pre-ectodermal” population as an
LHX5-positive intermediate,® a marker seen in the populations pro-
duced in our current study. Additional evidence for a previously
undefined, primal ectoderm may also be seen in the original dual SMAD
inhibition protocol.9 In this seminal study, hPSCs differentiating with
LDN/SB through a 6-day time course maintained an OCT4-positive/
PAX6-negative phenotype for 4 days, before transitioning into an
undefined OCT4-negative/PAX6-negative phenotype on day 5, just
prior to adopting the classically defined OCT4-negative/PAX6-positive
primitive ectodermal phenotype.” This differentiation trajectory sug-
gests the presence of a primal ectoderm without PAX6 expression. A
direct comparison of this OCT4-negative/PAX6-negative population
produced in 5 days using LDN/SB with the population described in this
study produced after 24 hours incubation with LDN/BGJ would pro-
vide additional evidence that the first committed step toward ectoderm

requires reexamination.

5 | CONCLUSION

The protocols provided here represent a new entry point for generat-
ing ectoderm from hPSCs and provide an accelerated differentiation
trajectory that can be rapidly expanded upon for further protocol
development using developmentally guided principles. Continued
refinement of protocols based on this technology platform will result
in additional gains in differentiation speed and efficiency. This will
accelerate the adoption of hPSC-derived neural cell types for use in
basic research, drug discovery, and cell therapy applications due to
ease-of-use considerations, experimental iteration speed, abridged

manufacturing timelines, and cost advantages.
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