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(57) Abstract: The present invention relates to the targeted engineering of specific cell populations. Motoneurons (MN) subtypes dis-

play differential vulnerabilities in diseases and in spinal injuries. Engineered MNs of specific rostro-caudal identity represent an im-
portant resource for cell therapy approaches. However, these strategies remain impeded by slow and inefficient targeted differentiations

due to the imprecise control over cell fate specification in vitro. The inventors now used an embryoid body-based differentiation of

hPSC and showed that the HOX clock expression can be controlled to generate subtypes of spinal MNs. Thus, the present invention
relates to an in vitro or an ex vivo method for producing spinal neuronal subtypes comprising exposing axial progenitors to retinoic acid

(RA), an agonist of Hedgehog signalling pathway, and optionally a FGFR agonist and/or an activator of the TGF pathway, wherein

more and more caudal motor neurons identities are obtained by delayed exposure to RA and/or by exposure to RA in combination with
the FGFR agonist and/or the activator of the TGF pathway.
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Efficient and rapid specification of spinal neuronal subtypes from human pluripotent

stem celis

The present invention concerns a method for the generation of human cell types having a

defined rostro-caudal identity.

BACKGROUND
The patterning of bilaterian body is orchestrated by the differential expression of HOX

transcription factors along their rostro-caudal axis. The initiation of Hox gene expression

patterns is closely linked to the rostro-caudal extension of the body axis.

As axial progenitors contribute to progressively more caudal mesodermal and neuroectodermal
structures, the 3° to 57 sequence of HOX gene activation is translated into a collinear spatial
pattern of expression with 37 HOX genes being expressed anteriorly while 57 HOX ones are
late-activated and caudally-expressed (Deschamps and Duboule, 2017; Henrique et al., 2015).
While extrinsic factors such as Retinoic Acid (RA), Wnt, or Fibroblast Growth Factors (FGFs)
play a key role in controlling HOX patterns, cell intrinsic changes in chromatin states within
the complexes correlate with the temporal sequence of their transcriptional induction (Bel-
Vialar et al., 2002; Deschamps and Duboule, 2017; Liu et al., 2001; Mazzoni et al., 2013;
Narendra et al., 2015; Neijts et al., 2017; Philippidou and Dasen, 2013). However, it remains
unclear whether the progressive opening of the chromatin along the complexes serves as an
internal timer initiated and terminated by extrinsic cues or whether sequences of secreted factors
that activate progressively more caudal HOX genes define the tempo of the induction (Bel-
Vialar et al., 2002; Del Corral and Storey, 2004; Deschamps and Duboule, 2017; Ebisuya and
Briscoe, 2018; Lippmann et al., 2015; Mazzoni et al., 2013; Wymeersch et al., 2019). This
might result in the current limited control over pluripotent stem cells (PSCs) differentiation into
caudal cell types of distinct well-defined rostro-caudal identities (Diaz-Cuadros et al., 2020; Du
et al., 2015; Duval et al., 2019; Faustino Martins et al., 2020; Frith et al., 2018; Gouti et al.,
2014; Li et al., 2005; Lippmann et al., 2015; Matsuda et al., 2020; Maury et al., 2015; Ogura et
al., 2018; Peljto et al., 2010; Verrier et al., 2018). Indeed, the two models imply different
strategies to control in vitro PSC differentiation. The “intrinsic model” predicts that the efficient
specification of posterior identities will rely on a precise synchronization between the

differentiation timing and the internal HOX timer. Alternatively, the second mechanism predicts
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that exposing axial progenitors to the relevant extrinsic cues will entrain the HOX clock to

generate progenies of defined rostro-caudal identities.

Spinal (sMN) motor neurons located in the spinal cord are one of two fundamental classes of
motor neurons, the others being cranial motor neurons from the hindbrain. sMN relies on a
precise HOX code to acquire appropriate rostro-caudal subtype identitics. Indeed, the
differential expression of HOX transcription factors along the vertebrate spinal cord is a major
product of HOX gene regulation. In spinal motor neurons, this Hox code orchestrates the
specification of subtype specific features controlling the formation of locomotor circuits
(Dasen, 2017; Philippidou and Dasen, 2013). Inn particular, the Hox expression profile in motor
neurons regulates their subtype specification, columnar and pool segmentation, and innervation
targeting of muscle groups. However, whether the spinal HOX code and associated MN
subtypes is conserved in human remains unknown, thus preventing faithful assessment of HOX

regulation and its link with cell “rostro-caudal” identity during hPSC differentiation.

The targeted engineering of specific cell populations is a major avenue for developmental
studies, disease modelling and regenerative medicine. However, these strategies remain
impeded by slow and inefficient targeted differentiations due in large part to the imprecise

countrol over cell fate specification in vitro.

In particular, MN subtypes display differential vulnerabilities in disease and in spinal injuries.
Newly engineered motor neurons of specific rostro-caudal identity would thus represent a long-
awaited resource for the modelling of these incurable diseases and more countrolled source of

cells for putative cell therapy approaches.

~
I
i

A previous application from the inventors (see WO02016012570) provided a method for
obtaining enriched populations of sMNs and cMNs from hPSCs. It was notably shown that, by
culturing neuralized hPSCs in the presence of high concentrations of activators of the Wnt
signalling pathway, in combination with Retinoic Acid (RA} and SAQG, it was possible to obtain
a population comprising more than 80% of spinal motor neuron progenitors 10 days after the
beginuing of the culture, that could efficiently (60 to 70% of the cells) differentiate into spinal
motor neurons in the presence of gamma-secretase inhibitors. However, while MN subtypes
are differentially affected in diseases and no efficient methods existed to generate them from
hPSCs, this application did not provide any clue regarding the specific rostro-caudal and

subtype identity of sMNs nor any indication or method for obtaining such specific sMNs.
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it has been also shown that retinoic acid (RA), wingless-type MMTYV integration site protein
family (Wnt), fibroblast growth factor (GDG) and growth differentiation factor (GDE)
signalling intricately regulate HOX expression during posterior CNS development (Liu et al,
2001; Nordstrom et al., 2006). Currently the most efficient procedure to specify sMNs (Maury
etal 2015, Du et al 2015 doi: 10.1038/ncomms7626) generate anterior cervical MNs. However,
targely due to a poor knowledge of the combination of cues and the time of their action
necessary to generate MIN subtypes currently no efficient method to generate MN subtypes of
defined rostro-caudal identity have been reported. In particular the generation of brachial,
thoracic and lumbar MNs and in particular, among these MN subtypes, limb innervating MINs
remain elusive. HOX mRNA profiles differ and are broader than the domain of their proteins.
Thus, mRNA profiles, notably in motor nearon progenitors, do not reflect the Hox protein
expression in spinal motor neurons. Consequently, the assessment of MN subtypes based on
mRNA expression, for example by PCR analysis, thus lacks the required accuracy to identify
MN subtypes (Dasen et al, Nature 2003, Lippmann et al., 2015). Poorly characterized antibodies
in human have also impaired the proper characterization of MN subtypes. Furthermore, while
attempts have been made, the resulting differentiation which relied on 2D adherent
differentiation of hPSCS resulted in low percentage of MNs of mixed identities and often a
contarnination with non-neuronal cells demonstrating a poor control over the differentiation
process. (Lippmann et al 2015, Patani et al, 2011). This limitation precludes systematic studies
of MN subtypes in health and even more in disease in which selective MN populations are

affected.

Accordingly, there is still an important need for improved an efficient procedure enabling

obtaining enriched populations of sMNs with specific rostro-caudal phenotypes.

SUMMARY OF THE INVENTION

The inventors have now used a embryoid body based differentiation of hPSC and provided
evidence that the duration of the time window between Wnt and RA establishes the final
positional identity of the progenies and that changes in the concentration, duration and
combination of the caudalizing factors Fibloblast growth factor (FGF) and Growth
differentiation factor (GDF) control the speed at which the temporal collinear activation of HOX
genes occurs. The pace of the HOX clock is thus dynamically encoded by the parameters of

exposure to extrinsic cues.
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In a bioengineering perspective, this HOX clock extrinsic control provides a simple mean to
engineer cell types of defined “rostro-caudal” identities from PSCs. It shortens temporal
requirements for the generation of cells born at different time of development during axial

elongation.

The method of the present invention therefore allows the synchronous engineering with an
unprecedented efficiency and precision of human MN subtypes with defined rostro-caudal

identities. In particular, the method allows to finely tune the rostro-caudal identity of sMNss.

The present invention therefore relates to an in vitro, or an ex vivo method for engineering
human cell/neurons subpopulations of a defined rostro-caudal identity comprising culturing
axial progenitors in a culture medium comprising retinoic acid (RA), an agonist of Hedgehog
signalling pathway, and optionally a FGFR agonist and/or an the activator of the
TGF/activin/nodal signalling pathway (including GDF11 or GDF8) , wherein more and more
caudal motor neurons identities are obtained by delayed addition, in the culture medium, of
retinoic acid and/or by addition or retinoic acid in combination with the FGFR agonist and/or

the activator of the TGF/activin/nodal signalling pathway.
More particularly, the present invention relates to an in vitro, or an ex vivo method comprising:

- exposing pluripotent stem cell in a culture medium comprising an activator of the Wnt
signalling pathway and advantageously inhibitors of the BMP and activin/TGB
pathways to obtain axial progenitors,

- exposing axial progenitors to retinoic acid (RA) and an agonist of the Hedgehog
signalling pathway, optionally combined with a FGFR agonist and/or the activator of
the TGF/activin/nodal signalling pathway in the culture medium to obtain spinal motor
neuron progenitors, and

- optionally exposing spinal motor neuron progenitors to a notch pathway inhibitor in the

culture medium,

wherein more and more caudal motor neurons identities are generated either by delaying
exposure to retinoic acid with regard to exposition to the Wnt signalling pathway activator or
by exposing axial progenitors to retinoic acid in combination with increased exposures to the
FGFR agonist and/or the activator of the TGF/activin/nodal signalling pathway, wherein
typically increased exposure involves an increased concentration in the culture medium and/ or

an increase duration in the culture medium.
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Typically, the human pluripotent stem cells (hPSCs) are exposed to an inhibitor of the Bone
Morphogenetic Protein (BMP) signalling pathway and an inhibitor of the Transforming Growth
Factor (TGF)/activin/nodal signalling pathway, prior to, or in parallel with the activator of the

Whnt signalling pathway.

Typically also, caudal thoracic and lumbar motor neurons are obtained by exposing axial
progenitors to retinoic acid, the FGFR agonist and the activator of the TGF/activin/nodal

signalling pathway.

Optionally, the FGFR agonist is added in the culture medium at a concentration of at least 15
ng/ml, notably ay least 50 ng/ml or at least 100 ng/ml for a period of time of at least 24 hours
and the activator of the TGF/activin/nodal signalling pathway (such as GDF11 or GDFg), is
added to the culture medium at a concentration of at least 20 ng/ml for a period of time of at

least 24 hours.
In some embodiments, of the method of the invention:

- the inhibitor of the Bone Morphogenetic Protein (BMP) signalling pathway, the
inhibitor of the Transforming Growth Factor (TGF)/activin/nodal signalling
pathway, and the activator of the Wnt signalling pathway are added in the culture

medium starting from DO until about D3 or D4,

- the agonist of the sonic Hedgehog signalling pathway can be added to the culture
medium from about D3 to about D7 and until about D9, typically between D3 and
D9, D4 and D9, D5 and D9, D6 and D9, D7 and D9, and

- the notch pathway inhibitor is added between about D9 and D14 or more.

Typically, RA is added to the culture medium for a period of about 2 to 11days, optionally

between about D3 and D9, optionally at a concentration of at least 10 nM.
In some embodiments of the method:

- brachial motor neurons are obtained by addition in the culture medium of RA alone
between D4 and D9 or between D3 and D9 in combination with a FGFR agonist at
a concentration of at least 100 ng/ml, or an activator of the TGF/activin/nodal

signalling pathway at a concentration of at least 20 ng/ml, between D3 and D4;

- anterior thoracic motor neurons are obtained by addition in the culture medium of
RA alone starting from D5 or later until D9 (or later), or between D3 and D9 (or

later) in combination with a FGFR agonist at a concentration of at least 60 ng or
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with an activator of the TGF/activin/nodal signalling pathway at a concentration of

at least 20 ng/ml, starting from D3 and or 48h or more (preferably 48h).

- caudal thoracic motor neurons are obtained by addition in the culture medium of RA
between D3 and D9 and by a combination between D3 and D4 of a FGFR agonist
at a concentration of at least 100 ng/ml and GDF11 at a concentration of at least 20

ng/ml;

- lumbar motor neurons are obtained by addition in the culture medium of RA
between D5 and D9 (or later) and by a combination a FGFR agonist at a
concentration of at least 100 ng/ml and GDF11 at a concentration of at least 20 ng/ml

added in the culture medium starting from D3 or D4 and until DS5.
In some embodiments, the FGFR agonist is FGF2 or 8.

In some embodiments, the agonist of the sonic Hedgehog signalling pathway is the Smoothened

Agonist (SAG), optionally the SAG is added at a concentration of at least 300 nM.

In some embodiments, the notch pathway inhibitor is DAPT, optionally at a concentration of at
least 5 uM. The notch pathway inhibitor is typically added from around D9 to around D14 or

later.

In some embodiments, the activator of the Wnt signalling pathway is selected from the

compound Chir-99021 or the Wnt3a protein.

DETAILED DESCRIPTION OF THE INVENTION

Unless defined otherwise, all technical and scientific terms used herein have the same meaning

as commonly understood by one of ordinary skill in the art to which the invention pertains.

Unless specifically mentioned, the present invention encompasses any combinations of the

various embodiments as herein described.

In describing the embodiments and claiming the invention, the following terminology will be

used in accordance with the definitions set out below.

Asused herein, “about” or “around” means within 10% of a stated concentration range or within

10% of a stated time frame.

As used herein, “effective amount” means an amount of an agent sufficient to evoke a specified

cellular effect according to the present invention.
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The previous study of Maury et al., identified spinal progenitors having putative characteristics
of such axial progenitors as they were able to generate motor neurons, however neither the
competence of these progenitors nor the rostro-caudal identity of their progeny had been
established. Indeed, the expression pattern of the HOX transcription factor was so far not
established and markers of pools and column of MNs in human spinal cord remained unknown.
The inventors have now characterized the expression pattern of HOX transcription factors in
human embryos. They have thus defined combinations of transcription factors usable as marker
for distinct rostro-caudal positions in the spinal cord and identified molecular mechanism

governing their specification.

The present invention thus provides a method for generating spinal motor neurons of defined
rostro-caudal identities. It relates to the inventors' finding that under defined conditions,
differentiation of hPSCs into axial progenitors by exposure to of an activator of Wnt signalling
inhibitors, typically in combination with prior or parallel exposure to inhibitors of the BMP and
TGF pathways, followed by timely application of a retinoic acid receptor agonist optionally
combined with a FGFR agonist and an activator of the TGF/activin/nodal signalling pathway
allows precise positional patterning of the resulting posterior neuroectoderm and

neuroepithelium along the hindbrain-spinal axis, as reflected by HOX family gene expression.

The present invention relates to a method, in particular an in vitro, or an ex vivo method, for
engineering human motor neuron subpopulations of a defined rostro-caudal identity

comprising:

a) exposing human pluripotent stem cells (PSCs) to an activator of the Wnt signalling
pathway, and advantageously to inhibitors of the BMP and activin/TGB pathways

is/are added to obtain axial progenitors,

b) exposing the resultant axial progenitors to retinoic acid (RA) and an agonist of the
sonic Hedgehog signalling pathway, optionally combined with a FGFR agonist
and/or an activator of the TGF/activin/nodal signalling pathway, to obtain motor

neurons progenitors, and

c) optionally exposing motor neuron progenitors to a notch pathway inhibitor in the to

obtain post-mitotic human motor neurons;

wherein more and more caudal motor neurons identities are generated either by delaying

exposure to retinoic acid with regard to exposition to the Wnt signalling pathway activator or
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by exposing axial progenitors to retinoic acid in combination with increased exposures to the
FGFR agonist and/or the activator of the TGF/activin/nodal signalling pathway, wherein
typically increased exposure involve an increased concentration in the culture medium and/ or

an increase duration in the culture medium.

Various embodiments of this method which can be taken alone or in combination are illustrated

in the detailed description below.

Identification of molecular markers according to the present invention

Typically, the method of the present invention allows to obtain enriched cell populations
expressing the combination of molecular markers as herein disclosed, in particular as defined
in table 2. Enriched cell populations refer to cell populations, ex vivo, that contain a higher
proportion of a specified cell type or cells having a specified characteristic than are found in

vivo (e.g., in a tissue).

Techniques to identify expression of molecular markers are well-known from the skilled person
and include immunostaining, western blotting, and flow cytometry, using antibodies specific

for said markers.

mRNA expression levels in a population can be detected using any of a number of routine
methods in the art including, but not limited to, qRT-PCR, RNA-blot, RNA sequencing, and
RNAse protection.

Suitable quantitative methods for evaluating molecular markers of interest as described herein
also include, well-known techniques such as qRT-PCR, RNA-sequencing, RNA-blot, RNAse
protection, 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 expressing (or are not expressing) one or two protein markers of interest

(e.g., Brachyury, and Sox2).

Pluripotent stem cells

As used herein, the term "pluripotent cells" refers to undifferentiated cells which can give rise

to a variety of different cell lineages.
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Preferably, the pluripotent cells are human pluripotent cells.
Preferably, the pluripotent cells are stem cells.

In the context of the present invention, stem cells encompass embryonic stem cells (ESCs);
foetal stem cells including stem cells of the embryo proper and of extra-embryonic tissues such
as amniotic fluid stem cells, as well as induced pluripotent stem cells. In particular, stem cells

according to the invention encompass foetal stem cells and induced pluripotent stem cells.

The term "embryonic stem cells” refers to pluripotent stem cells derived from the epiblast tissue
of the inner cell mass of a blastocyst or earlier morula stage embryos. Embryonic stem cells
may also be defined by the expression of several transcription factors, such as Oct-4, Nanog
and Sox2, and cell surface proteins such as the glycolipids SSEA3 and SSEA4 and the keratin
sulphate antigens Tra-1 -60 and Tra-1 -81 .

In a particular embodiment, the term "stem cells" in accordance with the invention does not
comprise stem cells from human embryos. More particularly, the stem cells according to the
invention are preferably not directly derived from a human embryo or did not necessitate the
destruction of a human embryo. In particular, embryonic stem cells which have been derived
from publicly available and previously established stem cell lines fall within the meaning of the
term "stem cells" as used in the present invention, in particular embryonic stem cells which
have been derived from publicly available and previously established stem cell lines which did
not necessitate the destruction of a human embryo, as for example described in Chung et at.

(2008) Cell Stem Cell 2:1 13- 1 17).

In particular, human embryonic stem cells derived from one of the cell lines exemplified in

Table 1 fall within the meaning of the term "stem cells" as used in the present invention.

Table 1 : Human embryonic stem cell lines

Lohdne C Xaryolype | Passags wwailsble Country of otigin
RS 48KY e Swadan
HR XX $2 USA

The term "foetal stem cells” refers to stem cells derived either from the foetus proper or
preferably from the extra-embryonic tissues emerging during gestation including umbilical cord

blood, amniotic fluid, Wharton's jelly, the amniotic membrane and the placenta.

As used herein, the term "induced pluripotent stem cell” or "iPS cell” refers to a type of

pluripotent stem cell artificially derived (e.g., induced by complete or partial reversal) from a
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differentiated cell (e.g. a non-pluripotent cell), typically an adult somatic cell such as an adult

fibroblast.

In some embodiments, the stem cells used in the context of the invention are induced pluripotent
stem cells. Suitable induced pluripotent stem cells (iPSCs) can typically be obtained from the
European Bank for Pluripotent Stem Cells (EBISC), such as for example lines WTSIi002 (male,
RRID: CVCL_AH30, alternative name HPSI0913i-eika_2) and. WTC-mEGFP-Safe harbor
locus (AAVS1)-cl6 produced by the Allen cell institute was obtained from Coriell (Cat# AICS-
0036-006, male, RRID:CVCL_IM19).

In some embodiments, the pluripotent cells are obtained from an individual suffering from a
neurodegenerative genetic disease, such as hereditary amyotrophic lateral sclerosis (ALS) or
spinal muscular atrophy (SMA). In another embodiments, the pluripotent cells contain a genetic
mutation for example responsible for a neurodegenerative genetic disease, such as hereditary
amyotrophic lateral sclerosis (ALS) or spinal muscular atrophy (SMA). Advantageously, in
these embodiments, the population of motor neuron progenitors and/or the population of motor
neurons also contain said mutation and can therefore provide a good cellular model of the

disease.

Advantageously, the human pluripotent stem cells used in the present invention are dissociated
to single cells are let to re-aggregate in non-adhesive culture condition such as in microwell
plates or in ultra-low adhesion plate, into free floating aggregate of PSC stem cells on day 0 (in
the form of embryoid bodies also named aggregate of PSC). Such proceeding is described in
the Material & Method section of the results. A protocol is also detailed in Maury et al (Maury
Y, Come J, Piskorowski RA, Salah-Mohellibi N, Chevaleyre V, Peschanski M, Martinat C,
Nedelec S. Combinatorial analysis of developmental cues efficiently converts human

pluripotent stem cells into multiple neuronal subtypes. Nat Biotechnol. 2015 Jan;33(1):89-96).

Axial progenitors

As used herein the term “axial progenitors” refers to progenitor cells derived from hPSCs that

generate neural progenitors and the neurons of the spinal cord.

Axial progenitors are typically induced by adding a Wnt activator in the hPSCs culture medium
allowing their conversion into axial progenitors competent to generate progenies expressing

distinct HOX combinations that locate at different rostro-caudal positions in the spinal cord.
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Axial progenitors can be notably characterized by the co-expression of SOX2, CDX2. In some
embodiments, typically after 2 to 3 days exposure to the Wnt agonist, axial progenitors typically
also coexpress TBXT (BRACHYURY or BRA). The SOX2+/CDX2+/BRA+ profil
characterizes a population of axial progenitors that generate the spinal cord and somite in mouse

embryos.

Typically, D2, D3 and D4 (i.e. from around 2 to at least 4 days after initiating exposure to the
activator of the Wnt pathway), axial progenitors show a high enrichment expression of CDX1
and 2, TBXT (BRACHYURY), FGF17, RXRG, SP5/8, WNT5A/B, WNTS8A, FGF§, GRSFI,
CYSTM1, HES3 together with SOX?2) associated with a loss of most pluripotency markers,
such as Nanog, KIf2, Kilf4, Prdml4, Fgf4, Octd (Also In Early NMP), Sox2 (Also In Caudal
Epiblast And Neurectoderm).

Axial progenitors also typically do not express typical markers of node cells, mesodermal and
allantois, such as Ccno, Nodal, Nog, Noto, Shh ; Aldhla2, Citedl, Meoxl, Msgnl, Tbx3 and 6,
Osrl, Pax2, Mespl/2, Foxfl, Handl-2; and Mixll, Evxl Gata6, Tbx2, Thx4, Mixll, Evxl
respectively (see notably Fig. 2B-C and Table S1 of the Results section as well as Cambray and
Wilson, 2007; Edri et al., 2019; Gouti et al., 2014; Gouti et al., 2017; Henrique et al., 2015;
Koch et al., 2017; Wymeersch et al., 2016; Wymeersch et al., 2019).

Motor neurons and progenitors

As used herein, the term "motor neuron" or "motoneuron” refers to an efferent neuron, which
innervate a muscle cell or autonomic ganglia. Motor neurons include two fundamental classes:

spinal motor neurons and cranial motor neurons.

As used herein, the term "spinal motor neuron" refers to a motor neuron located in the spinal
cord, while "cranial motor neurons" refers to motor neurons located in the brainstem. Without
any other specification the term “motor neuron” used in the present invention is also used by
extension for “spinal motor neurons”. As well-known by the skilled person, spinal motor
neurons can be characterized by the expression of a specific pattern of markers. Typically,
spinal motor neurons can be characterized by being notably ISL1 /2+ (ISL LIM Homeobox 1
or 2 positive), and/or HB9+ (Homeobox protein 9 positive). Additional markers that can be
expressed by spinal motor neurons include Lhx3 (LIM homeobox 3), FOXP1 (forkhead box
P1), Lhx1 (LIM homeobox 1), CHAT (Choline acetyltransferase) and VACHT (vesicular

acetylcholine transporter). Identification of spinal motor neurons can thus be carried out by any
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technique well-known from the skilled person involving the detection of the above markers,

such as immunostaining using for example specific anti-ISL1 /2 and/or anti-HB9 antibodies.

Spinal motor neurons, more particularly, functional spinal motor neurons can also be
characterized by using electrophysiology techniques, such as whole-cell patch clamp recording.
Typically, whole-cell patch clamp assays can be performed as follows: patch pipettes (3-4 MQ)
containing 135 mM KMethylSulfate, 5 mM KCI, 0.1 mM EGTA-Na, 10 mM HEPES, 2 mM
NaCl, 5 mM ATP, 0.4 mM GTP, 10 mM phosphocreatine (pH 7.2; 280-290 mOsm) and an
extracellular solution containing (in mM) 125 mM NaCl, 2.5 mM KCI, 10 mM glucose, 26 mM
NaHCO03, 1.25 mM NaH;P04, 2 mM Na Pyruvate, 2 mM CaCl, and 1 mM MgCl; and saturated
with 95% 0, and 5% CO02 are used, at a pH of 7.3. Membrane potentials are corrected for liquid
junction potential, which can be typically measured to be ~3 mV. Series resistance (typically
less than 10 MQQ) are monitored and compensated throughout each experiment with the
amplifier circuitry. 0.5 uM tetrodotoxin (TTX) is bath-applied following dilution into the
external solution from concentrated stock solutions. To maintain constant osmolarity and pH,
30 mM TEACI (tetracthylammonium chloride) can be added to a modified external solution
(95 mM NaCl instead of 125 mM). Glutamate can be added with equal concentration NaOH to
maintain neurtral pH. Leak current is subtracted from current families using a positive/negative
(P/N) protocol and each set of currents is for example averaged four times. All data can be
acquired with Axograph X software and analyzed for example with Igor pro. Functional
immature spinal motor neurons can thus be characterized by firing small immature spikes in
response to, for example a 600 pA current injection with shape and magnitude typically from 3
to 10 mV. Functional mature spinal motor neurons can be characterized by firing trains of action
potentials with shape and magnitude typically from 60 to 80 mV, (see international application
PCT/EP2015/066944). Functional mature spinal motor neurons may also be characterized by
detecting choline acetyl transferase (CHAT) expression, using conventional immunostaining

and Western Blot techniques.

The term "motor neuron progenitor" or "motoneuron progenitor" refers to a cell population that
can give rise to one of the two main groups of motoneurons (i.e., spinal motor neurons and
cranial motor neurons). The term "spinal motor neuron progenitor" typically refers to Olig2
positive cells. As well-known from the skilled person, spinal motor neurons progenitors can be
characterized by the expression of a specific pattern of markers. Typically, generated spinal
motor neuron progenitors can be characterized by being OLIG2+ (oligodendrocyte lineage

transcription factor 2 positive), NKX6.1 + (NK6 homeobox 1 positive), SOX1+ and SOX2+ .
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Identification of spinal motor neuron progenitors can thus be carried out by any technique well-
known from the skilled person involving the detection of the above markers, such as typically
immunostaining using specific anti-OLIG2 and/or anti-NKX6.1 antibodies,SOX1 and 2.
Subtypes of MN progenitors along the rostro-caudal axis can be characterized by the expression
of HOX mRNAs by RT-PCR (and immunostaining for HOXC9)(see below and notably in the

result section).

Human spinal motor neuron (hsMNs) rostro-caudal subpopulations

The inventors showed in the results included herein that HOX transcription factors are
regionally expressed along the rostro-caudal axis of the human spinal cord. Within these
different HOX domains, distinct MN subtypes, identifiable by combination of transcription

factors, are generated at stereotyped positions.

It has been shown that (post-mitotic) human MNs express ISL1 and/or HB9 all along the spinal
cord. It has been further demonstrated that within MNs, specific HOX expression displayed
rostro-caudal patterns: cervical MNs expressed HOXA/CS, while brachial MNs expressed
HOXCS6, thoracic MNs HOXC9 and lumbar MNs HOXCI10. Caudal brachial MNs co-
expressed HOXC6 and HOXCS and anterior thoracic ones HOXC8 and HOXC9. HOXD9
labeled caudal thoracic MNs as well as anterior lumbar MNs together with HOXC10.

The inventors also showed that MNs expressing high level of FOXP1 (FOXP1"&") can be
observed at brachial, anterior thoracic (HOXC6 and HOXC8/HOXC9) and lumbar (HOXC10)
levels. They formed a lateral motor column (LMC) where limb innervating MNs are located.
Within this FOXP1%¢* LMC, SCIP/HOXCS8 MNs were observed in the caudal brachial spinal
cord. In contrast, SCIP/HOXC8/HOXC9 MNs were located in the anterior thoracic region.

Their location and their transcriptional code identify them as putative hand-controlling MNs

Thus, in some embodiments of the method of the invention, the subpopulation of spinal motor
neurons (including spinal motor neurons progenitors) identified in table 2 below can be

obtained.

Table 2: HOX expression profiles in MNs subtypes

MNs subtypes Molecular Characterization
brachial MNs HOXCé6*, HOXCS8* / negative for HOXC9
including

HOXC6*, HOXCS8*, FOXP1 high / HOXCY
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- limb innervating
MNs
Anterior thoracic MNs HOXC8+, HOXC9+ / negative for HOXC6
including
- limb innervating | HOXC8/HOXC9 +FOXP1 high / negative for HOXC6
MNs
Caudal thoracic MNs HOXC9+ , HOXD9 + / negative HOXC6, HOXCS8
lumbar MNs HOXC10 / negative HOXC6, HOXCS8, HOXC9
including

- arm innervating | HOXC10 + FOXP1 high/ negative HOXC6, HOXCS,

MNs HOXC9

In some embodiments, at least 50% of the cells in an isolated population of human spinal motor
neurons, obtained as per the present as herein disclosed, express one of the above-described
Hox transcription factor profiles, e.g., 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 99%,
or another percent of cells in the said isolated cell population exhibit the desired Hox

transcription factor profile.

Activators of the Wnt signalling pathway and obtention of axial progenitor

In the context of the invention, the term "activator of the Wnt signalling pathway" refers to any
compound, natural or synthetic, which results in an increased activation of the Wnt signalling
pathway, which is the series of molecular signals generated as a consequence of any member
of the Wnt family binding to a cell surface receptor. Typically, an activator of the Wnt signalling
pathway provokes an accumulation of B-catenin in the cytoplasm and its eventual translocation
into the nucleus, as described in Bienz (2005) Curr. Biol. 15:R64-67. Techniques to determine
whether a given compound is an activator of the Wnt signalling pathway are well-known from
the skilled person. Typically, a compound is deemed to be an activator of the Wnt signalling
pathway if, after culturing cells in the presence of said compound, the level of nuclear B-catenin
is increased compared to cells cultured in the absence of said compound. Levels of nuclear -

catenin can be measured by Western blot using antibodies specific for B-catenin.

The activator of the Wnt signalling pathway may be a Wnt agonist or a molecule which activates
any downstream step of the Wnt signalling pathway. The activator of the Wnt signalling may
be a natural or a synthetic compound. When the activator of the Wnt signalling pathway is a

protein, it may be a purified protein or a recombinant protein or a synthetic protein.
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Examples of activators of the Wnt signalling pathway include but are not limited to the group
consisting of the compound CHIR-99021 (6-[[2-[[4-(2,4-dichlorophenyl)-5-(5-methyl-1 H-
imidazol-2-yl)-2 pyrimidinyl]Jamino]ethylJamino]-3-pyridinecarbonitrile, as described in
Bennett et al. (2002) J. Biol. Chem. 277:30998-3104), the WNT3A protein, the compound 1Q-
1 (2-(4-Acetylphenylazo)-2-(3,3-dimethyl-3,4-dihydro-2H-isoquinolin-1 -ylidene)-acetamide,
as described in Miyabayashi et al. (2007) Proc. Natl. Acad. Sci. USA 104:5668-5673), the
compound SB-216763 (3-(2,4-Dichlorophenyl)-4-(1 -methyl-1 H-indol-3-yl)-1 H-pyrrole-2,5-
dione as described in Coghlan et al. (2000) Chem. Biol. 7:793-803) and the compound BIO (6-
bromoindirubin-3'-oxime, as described in Sato et al. (2004) Nat. Med. 10:55-63).

Preferably, the activator of the Wnt signalling pathway is selected from the group consisting of
the compound CHIR-99021 and the WNT3A protein. Most preferably, the activator of the Wnt
signalling pathway is the compound CHIR-99021.

Typically, the compound CHIR-99021 is added in the culture medium in a concentration
ranging from 0.5 to 5 uM, preferably ranging from 1 to 4 uM, even more preferably at about 3
uM or at about 1 uM.

Typically, the Wnt activator is added in a culture of hPSCs, in particular in a culture of human
embryoid bodies (as identified above, but see also Maury et al., as well as International
application PCT/EP2015/066944 incorporated herein by reference) for a period of time
sufficient to detect the expression of markers of axial progenitors as above mentioned and in
particular the expression of CDX2, in particular for a period of time sufficient to obtain

embryoid bodies having a SOX2+/CDX2+/BRA+ profile.

Embryoid bodies can be obtained using techniques well-known from the skilled person.
Typically, pluripotent cells can be submitted to centrifugation, typically in V shape 384, for

example at 1200 g for 5 min, to force cell aggregation and form embryoid bodies.

Thus, in some embodiments, the Wnt activator is typically applied in the culture medium for a
period a time ranging from 2 to 4 days (optionally as detailed below together with inhibitors of
of BMP and TGFp pathways), notably ranging from 3 to 4 days, and typically for 4 days.
According to the method of the present invention, the day of addition of the Wnt activator to

the cultured embryoid bodies can be considered as Day 0 (DO).
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Exposure of embryoid bodies to inhibitors of the Bone Morphogenetic Protein (BMP)

signallineg pathway and of the Transforming Growth Factor (TGF)/activin/nodal signalling

pathway

In some embodiments, hPSCs, and in particular human embryoid bodies, as defined in the
section "Pluripotent cells", are exposed to both (i) an inhibitor of the Bone Morphogenetic
Protein (BMP) signalling pathway and (ii) an inhibitor of the Transforming Growth Factor
(TGF)/activin/nodal signalling pathway (also shortly named TGF pathway in the present

application).

As used herein, the term "inhibitor of the BMP signalling pathway" refers to any compound,
natural or synthetic, which results in a decreased activation of the BMP signalling pathway,
which is the series of molecular signals generated as a consequence of any member of the BMP
(bone morphogenetic protein) family binding to a cell surface receptor. Typically, an inhibitor
of the BMP signalling pathway provokes a decrease in the levels of phosphorylation of the
proteins Smad 1, 5 and 8, as described in Gazzero and Minetti (2007) Curr. Opin. Pharmacol.
7:325-333. Techniques to determine whether a given compound is an inhibitor of the BMP
signalling pathway are well-known from the skilled person. Typically, a compound is deemed
to be an inhibitor of the BMP signalling pathway if, after culturing cells in the presence of said
compound, the level of phosphorylated Smad 1, 5 or § is decreased compared to cells cultured
in the absence of said compound. Levels of phosphorylated Smad proteins can be measured by

Western blot using antibodies specific for the phosphorylated form of said Smad protein.

The inhibitor of the BMP signalling pathway may be a BMP antagonist or a molecule which
inhibits any downstream step of the BMP signalling pathway. The inhibitor of the BMP
signalling may be a natural or a synthetic compound. When the inhibitor of the BMP signaling

pathway is a protein, it may be a purified protein or a recombinant protein or a synthetic protein.

The inhibitor of the BMP signalling pathway may be selected from the group consisting of
noggin, chordin, follistatin, inhibitory Smad 6 (I-Smad 6), inhibitory Smad 7 (I-Smad 7),
dorsomorphin (6-[4-(2-Piperidin-1 -ylethoxy)phenyl]-3-pyridin-4-ylpyrazolo[1 ,5-
a]pyrimidine; described in Yu et al. (2008) Nat Chem Biol. 4:33-41 ), the compound DMH1
(4-(6-(4-1sopropoxyphenyl)pyrazolo[1 ,5-a]pyrimidin-3-yl)quinoline; described in Hao et al.
(2010) ACS Chem Biol. 5:245-253), the compound DMH2 (4-(2-(4-(3-(quinolin-4-
yl)pyrazolo[1 ,5-a]pyrimidin-6-yl)phenoxy)ethyl)morpholine; described in Hao et al. (2010)
ACS Chem Biol. 5:245-253), the compound DMH3 (A/,/V-dimethyl-3-(4-(3-(quinolin-4-
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yl)pyrazolo[1 ,5-a]pyrimidin-6-yl)phenoxy)propan-1 -amine; described in Hao et al. (2010)
ACS Chem Biol. 5:245-253), the compound DMH4 (4-(2-(4-(3-phenylpyrazolo[1 ,5-
a]pyrimidin-6-yl)phenoxy)ethyl)morpholine; described in Hao et al. (2010) ACS Chem Biol.
5:245-253), the compound LDN193189 (or DM-3189, 4-[6-(4-Piperazin-1 -
ylphenyl)pyrazolo[1 ,5-a]pyrimidin-3-yl]quinoline; described in Cuny et al. (2008) Bioorg.
Med. Chem. Lett. 18:4388-4392), and the compound K02288 (3-[6-amino-5-(3,4,5-trimethoxy-
phenyl)-pyridin-3-yl]-phenol; described in Sanvitale et al. (2013) PLoS ONE 8:62721 ),

Preferably, the inhibitor of the BMP signalling pathway is the compound LDN193189.

Typically, the compound LDN193189 is added the culture medium comprising hPSCs in a
concentration ranging from 0.05 to 1 uM, preferably from 0.1 to 0.5 uM, from 0.15 to 0.25 uM,
even more preferably at about 0.2 uM.

As used herein, the term "inhibitor of the TGF/activin/nodal signalling pathway" refers to any
compound, natural or synthetic, which results in a decreased activation of the
TGF/activin/nodal signalling pathway, which is the series of molecular signals generated as a
consequence of any member of the TGF/activin/nodal family binding to a cell surface receptor.
Typically, an inhibitor of the TGF/activin/nodal signalling pathway provokes a decrease in the
levels of of phosphorylation of the protein Smad 2, as described in Shi and Massague (2003)
Cell 113:685-700. Techniques to determine whether a given compound is an inhibitor of the
TGF/activin/nodal signalling pathway are well-known from the skilled person. Typically, a
compound is deemed to be an inhibitor of the TGF/activin/nodal signalling pathway if, after
culturing cells in the presence of said compound, the level of phosphorylated Smad 2 is
decreased compared to cells cultured in the absence of said compound. Levels of
phosphorylated Smad proteins can be measured by Western blot using antibodies specific for

the phosphorylated form of said Smad proteins.

The inhibitor of the TGF/activin/nodal signalling pathway may be a TGF/activin/nodal
antagonist or a molecule which inhibits any downstream step of the TGF/activin/nodal
signalling pathway. The inhibitor of the TGF/activin/nodal signalling may be a natural or a
synthetic compound. When the inhibitor of the TGF/activin/nodal signalling pathway is a

protein, it may be a purified protein or a recombinant protein or a synthetic protein.

The inhibitor of the TGF/activin/nodal signalling pathway may be selected from the group
consisting of the compound SB431542 (4-(5-Benzol[1 ,3]dioxol-5-yl-4-pyrlidn-2-yl-1 H-
imidazol-2-yl)-benzamide hydrate), the Lefty-A protein and Cerberus.
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Preferably, the inhibitor of the TGF/activin/nodal signalling pathway is the compound
SB431542.

Typically, the compound SB431542 is added to the culture medium comprising hPSCs in a
concentration ranging from 10 to 75 uM, preferably ranging from 20 to 50 uM, even more

preferably at about 40 uM.

In a particularly preferred embodiment, the inhibitor of the BMP signalling pathway is the
compound LDN193189 and the inhibitor of the TGF/activin/nodal signalling pathway is the
compound SB431542. Typically, the compound LDN193189 is present in the culture medium
at a concentration ranging from 0.15 to 0.25 uM, for example of about 0.2 uM and the
compound SB431542 is present in the culture medium at a concentration ranging from 20 to 50

uM, for example of about 40 uM.

The inhibitor of the BMP signalling pathway and the inhibitor of the TGF/activin/nodal
signalling pathway are applied to the culture medium for a period of time of about 2 to 4 days,

notably 3 to 4 days and typically around 4 days .

Advantageously also, the PSCs and axial progenitors, which are submitted to neuralization
following retinoic acid are in the form of embryoid bodies as above described. Embryoid bodies
can be obtained from hPSCs using techniques well-known from the skilled person. Typically,
pluripotent stem cells can be submitted to centrifugation, notably in V shape 384, for example

at 1200 g for 5 min, to force cell aggregation and form embryoid bodies.

Advantageously the inhibitor of the BMP signalling pathway and the inhibitor of the
TGF/activin/nodal signalling pathway are applied to the culture medium comprising PSCs
(typically in the form of embryoid bodies together with the Wnt activator. Thus, the culture
medium typically comprises the the inhibitor of BMP signalling pathway, the inhibitor of the
TGF/activin/nodal signalling pathway, and the activator of the Wnt signalling pathway as
defined above. Thus, in some embodiments, hPSCs (notably in the form of human embryoid
bodies or floating aggregates) are cultured in a culture medium wherein an inhibitor of BMP
signalling pathway and an inhibitor of the TGF/activin/nodal signalling pathway are added,
together with a Wnt activator or preceded by the addition of the Wnt activator.

In preferred embodiments, PSCs typically in the form of embryoid bodies (see above) are
cultured in a culture medium wherein the Wnt activator is added to the culture medium together

with the inhibitor of BMP signalling pathway and the inhibitor of the TGF/activin/nodal
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signalling pathway. In such embodiments, the inhibitor of the BMP signalling pathway and the
inhibitor of the TGF/activin/nodal signalling pathway (as detailed above) can be added to the
culture medium for a period of time ranging from 3 to 4 days (i.e. from DO to D3 or from DO
to D4), in particular the inhibitor of the TGF/activin/nodal signalling pathway can be added
from DO until D3, while the inhibitor of the BMP signalling pathway can be added (maintained)
in the culture medium until D3 or D4, and the Wnt activator can be added to the culture medium
for a period of time ranging from 2 to 4 day, notably from 3 to 4 days, (i.e., from DO to D2,
from DO to day 3, or from DO to D4, preferably from DO to D3 or D4). Typically the inhibitor
of the TGF/activin/nodal signalling pathway is not present any more in the culture medium after
D3, when RA and/or the FGFR agonist and/or the activator of TGF/activin/nodal signalling

pathway is present in the culture medium.

Retinoic acid and agonist of the Hedgehog signalling pathway:

As used herein, the term "retinoic acid" (RA) refers to an active form (synthetic or natural) of
vitamin A, which is known to be capable of inducing neural cell differentiation. Examples of
retinoic acid forms which can be used in accordance with the invention include, but are not
limited to, retinoic acid, retinol, retinal, 1 1 -cis-retinal, all-trans retinoic acid (ATRA), 13-cis

retinoic acid and 9-cis-retinoic acid.

Typically, retinoic acid is added to the culture medium at a concentration ranging from 5 to
1000 nM, preferably ranging from 10 to 500 nM, or ranging from 100 nM to 500 nM. Typically,

RA is added to the culture medium at a concentration of at least 100 nM.

A number of retinoic acid receptor agonists can also be used in the method of the present
invention; An exemplary class of suitable retinoic acid receptor agonists are the retinoids and
retinoid analogs, which include without limitation All-Trans Retinoic Acid (ATRA), Retinol
Acetate, EC23 (4-[2-(5,6,7,8-Tetrahydro-5,5,8,8-te-tramethyl-2-naphthalenyl)ethynyl)-
benzoic acid; CAS No: 104561-41-3), BMS453 (4-[(1E)-2-(5,6-Dihydro-5,5-dimethyl-8-
phenyl-2-naphthalenyl)ethenyl]-benzoic acid; CAS No: 166977-43-10), Fenretinide (N-(4-
Hydroxyphenyl)retinamide; CAS No: 65646-68-6), AM580 (4-[(5,6,7,8-Tetrahydro-5,5,8,8-
tetramethyl-2-naphthalenyl)carboxamido]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
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retinoic receptor agonists that could be used include AC261066 (4-[4-(2-Butoxyethoxy-)-5-
methyl-2-thiazolyl]-2-fluorobenzoic acid; CAS No: 8§70773-76-5), AC55649 (4'-Octyl-[1,1"-
biphenyl]-4-carboxylic acid; CAS No: 59662-49-6), Adapalene (6-(4-Methoxy-3-
tricyclo[3.3.1.13,7]dec-1-ylphenyl)-2-naphthalenecarboxylic acid; CAS No: 106685-40-9),
AMSO0  (4-[[(5,6,7,8-Tetrahydro-5,5,8,8-tetramethyl-2-naphthalenyl)amino]carbonyl]benzoic
acid; CAS No: 94497-51-5), BMS753 (4-[[(2,3-Dihydro-1,1,3,3-tetramethyl-2-oxo-1H-inden-
S-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)acetylJamino]-benzoic acid; CAS
No: 185629-22-5), CD1530 (4-(6-Hydroxy-7-tricyclo[3.3.1.13,7]dec-1-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-1-ylphenyl)-2-naphthalenecarboxylic acid; CAS No:
125316-60-1), and Ch55 (4-[(1E)-3-[3,5-bis(1,1-Dimethylethyl)phenyl]-3-oxo-1-
propenyl]benzoic acid; CAS No: 110368-33-7).

In the context of the invention, the term "agonist of the Hedgehog signalling pathway" refers to
any compound, natural or synthetic, which results in an increased activation of the Hedgehog
signalling pathway, which is the series of molecular signals generated as a consequence of any
member of the Hedgehog family binding to a cell surface receptor. Typically, an agonist of the

Hedgehog signalling pathway provokes activation of Hedgehog signalling pathway.

The agonist of the Hedgehog signalling pathway may be a Hedgehog agonist or a molecule
which activates any downstream step of the Hedgehog signalling pathway. The agonist of the
Hedgehog signalling may be a natural or a synthetic compound. When the agonist of the
Hedgehog signalling pathway is a protein, it may be a purified protein or a recombinant protein

or a synthetic protein.

Examples of agonists of the Hedgehog signalling pathway include but are not limited to the
group consisting of purmophamine (9-cyclohexyl-N-[4-(morpholinyl)phenyl]-2- (1 -
naphthalenyloxy)-9H-purin-6-amine; as described in Sinha and Chen (2006) Nat. Chem. Biol.
2:29-30), SHH (sonic hedgehog), SHH C241 1 (as described in Taylor et al. (2001 )
Biochemistry 40:4359-4371 ), the smoothened agonist SAG (N- Methyl- N'- (3-
pyridinylbenzyl)- N'- (3- chlorobenzo[b] thiophene-2-carbonyl)-1 ,4-diaminocyclohexane; as
described in Chen et al. (2002) Proc. Natl. Acad. Sci. USA 99:14071 -14076), and the
compound Hh-Ag1 .5 (3- chloro- 4,7- difluoro-N- (4- methoxy-3- (pyridin-4-yl) benzyl) -N -(
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4- (methylamino) cyclohexyl) benzo[b] thiophene- 2- carboxamide; as described in Frank-

Kamenetsky et al. (2002) J. Biol. 1 :10.2-10.19).

Preferably, the agonist of the Hedgehog signalling pathway is selected from SHH (Sonic
Hedgehod) or SAG (Smoothened agonist). Most preferably, the agonist of the Hedgehog
signalling pathway is SAG.

In some advantageous embodiments, the agonist of the Hedgehog signalling pathway, notably
SAG, is added to the culture medium at a concentration of at least 300 nM, notably between
100 nM and 1pM, or 100 to 1 puM, preferably ranging from 300 to 750 nM, even more
preferably at about 500 nM.

Typically, the agonist of the Hedgehog signalling pathway is added to the culture medium for
a period of time sufficient to induce the expression of markers of motor neuron progenitors,
such as OLIG2n and NKX6.1. Techniques to detect the expression of markers of motor neuron
progenitors are well-known from the skilled person and include immunostaining, western
blotting, and RT-PCR, using antibodies specific for said markers, such as anti-OLIG2 and/or
anti-NKX6.1 antibodies, or primers to detect NKX6. 1,. Typically, this period of time may last
for at least 2 days, more preferably for about 2 to 6 days, notably 2 to 5 days, typically for about
5 days.

In some embodiments of the method of the invention, the agonist of the Hedgehog signalling
pathway is typically added to the culture medium at least 2 to 7 days after the beginning of the
culture of hPSCs with the culture medium comprising the activator of the Wnt signalling
pathway. Advantageously, the agonist of the Hedgehog signalling pathway is added to the
culture medium between day D3 and D9, between day 4 (D4) and day 9 (D9), between D5 and
D9, between D6 and D9 or between D7 and D9, preferably between D3 and D9.

Markers of neural plate identity are well-known from the skilled person and include typically

SOX1, PAX6. Such markers are efficiently induced post Retinoic acid exposure.

Exposure of axial progenitors to the combination of RA and the agonist of the Hedgehog

signalling pathway allows to generate spinal motor neuron progenitors as previously defined.
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In some embodiment, post-mitotic spinal motor neurons can be rapidly obtained by exposing
the spinal motor neuron progenitors to a differentiation culture medium comprising inhibitors

of the Notch signalling pathway, in particular gamma secretase inhibitors.

As used herein, the term "inhibitor of the Notch signalling pathway" refers to any compound,
natural or synthetic, which results, directly or indirectly, in a decreased activation of the Notch
signalling pathway, which is the series of molecular signals generated as a consequence of the
binding of a ligand to any member of the Notch family. Preferably, the inhibitor of the Notch
signalling pathway is an inhibitor of gamma secretase. As well-known from the skilled person,
gamma secretase inhibitors indirectly inhibit Notch pathway. Techniques to determine whether
a given compound is an inhibitor of gamma secretase are well-known from the skilled person
and are for example described in Yang et al. (2008) Molecular Brain 1 :15 or Wang et al. (2009)
Molecules 14:3589-2599.

The inhibitor of the Notch signalling, in particular the gamma-secretase inhibitor, may be a
natural or a synthetic compound. When the inhibitor of the Notch signalling pathway is a

protein, it may be a purified protein or a recombinant protein or a synthetic protein.

The inhibitor of the Notch signalling pathway may be selected from the group consisting of
gamma-secretase inhibitors, in particular DAPT (N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-
phenylglycine t-butyl ester; as described in Borghese et al. (2010) Stem Cells 28:955-964), the
compound W (3,5-Bis(4-nitrophenoxy)benzoic acid; as described in Okochi et al. (2006) J.
Biol. Chem. 281 :7890-7898), the compound L-685,458 ((5S)-(ieri-Butoxycarbonylamino)-6-
phenyl-(4/7)-hydroxy-(2/'7)-benzylhexanoyl)-L-leucy-L-phenylalaninamide; as described in
Shearman et al. (2000) Biochemistry 39 8698).

Preferably, the inhibitor of the Notch signalling pathway is the compound DAPT.

Typically, DAPT is present in differentiation culture medium in a concentration ranging from

1 to 25 uM, more preferably ranging from 5 to 20 uM, notably at about 10 uM.

The differentiation culture medium may also comprise other compounds known to contribute
to the induction of the differentiation of motor neuron progenitors into motor neurons. Such
compounds are well-known from the skilled person. Preferably, the culture medium Cs further
comprises BDNF (brain-derived neurotrophic factor) and GDNF (glial cell derived
neurotrophic factor). Preferably, BDNF and GDNF are present in the differentiation culture
medium each at a concentration of 5 to 100 ng/ml, preferably 10 to 50 ng/ml, more preferably
each at about 10 ng/ml.
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In the context of the invention, the period of time for exposing the spinal motor neurons
progenitors to the differentiation culture medium is a period of time sufficient to induce the
expression of makers of motor neurons, in particular of HB9, ISL1 /2, HOXAS, HOXA4, and
optionally Lhx3 or FOXP1. Techniques to detect the expression of markers of motor neuron
are well-known from the skilled person and include immunostaining, flow cytometry, RT-PCR
or in situ hybridization. Typically, the period of time may last for at least 5 days, preferably for
5 to 7 days, more preferably for about 5 days. Typically the inhibitor of the Notch signalling
pathway is added 9 days after the beginning of the culture of hPSCs in the culture medium
comprising the activator of the Wnt signalling pathway and in maintained in the culture medium

for at least 5 to 7 days, notably for 5 days.

In some embodiments, the period of time of culture in the presence of retinoic acid and an
agonist of the Hedgehog signalling pathway and the period of time of culture in the presence of
an inhibitor of the Notch signalling pathway can overlap partially. Accordingly, during the
periods when said periods of time overlap, the culture differentiation medium also comprises

retinoic acid and an agonist of the Hedgehog signalling pathway.

Obtention of defined rostro-caudal phenotypes of SMNs

The inventors have demonstrated that motor neurons with more and more caudal identities can
be generated by exposing axial progenitors to an agonist of the Hedgehog signalling pathway

and to retinoic acid:

1. either by delaying RA exposure, or
2. by further exposing axial progenitors to a activator of the FGF pathway (FGFR
agonists) and/or an activator of the TGF/activin/nodal signalling pathway (also

shortly named herein TGF pathway).

A number of different fibroblast growth factor FGF isoforms can be used according to the
present invention as FGFR agonists. Non-limiting examples of suitable FGFR agonists include
FGF1, FGF2, FGF3n FGF8a, FGF8b, FGF10, FGF22, FGF8f, FGF17, and FGF18, typically
the FGFR agonist is FGF2 or FGF8 (including FGF8a and FGF8b), notably FGF2.

The TGF activin/nodal signalling pathway notably involves activation Smad2 and Smad3 in
response to activin, TGF- and Nodal ligands interaction with type I receptors ALK4, ALKS
and ALK?7. Thus, the present invention includes type I receptors ALK4, ALKS and ALK7
agonists such as TGFP family members (including TGFps, activins and GDFs) and Nodal
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ligands. Non-limitative examples of such activators of the TGF pathway include GDF11 or

GDFS.

Thus, retinoic acid is typically added to the culture medium at least 3 to 11 days and

advantageously at least until day 9 (D9) after the beginning of the culture of hPSCs with the

culture medium comprising the activator of the Wnt signalling pathway.

According to the present invention:

Brachial motor neurons, including FOXP1 high innervating motor neurons, can be obtained:

1.

by addition in the culture medium of RA around D3 and until around D9 after the
beginning of the culture of hPSCs in the culture medium comprising the activator
of the Wnt signalling pathway, or

by addition in the culture medium of RA around D3 and until around D9 after the
beginning of the culture of hPSCs in the culture medium comprising the activator
of the Wnt signalling pathway in combination with the addition of a FGFR agonist,
or an activator of the TGF/activin/nodal signalling pathway (typically GDF11 or
GDEFES) between D3 and D4, optionally wherein the FGFR agonist is added to the
culture medium at a concentration of at least 100 ng/ml, notably between 100 and
250 ng/ml, between 100 and 200 ng/ml, preferably between 100 and 150 ng/ml,
notably at about 120 ng/ml, or wherein the activator of the TGF/activin/nodal
signalling pathway is added to the culture medium at a concentration of at least 20

ng/ml, typically comprised between 20 and 70 ng/ml.

Anterior thoracic motor neurons can be obtained by:

1.

addition in the culture medium of RA around at least D5 and until around D9,
notably from D5 to D9, after the beginning of the culture of hPSCs in the culture
medium comprising the activator of the Wnt signalling pathway, or

by addition in the culture medium of RA around at least around D3 or D4 and until
around D9, notably from D3 to D9 after the beginning of the culture of hPSCs in the
culture medium comprising the activator of the Wnt signalling pathway, in
combination with the addition of a FGFR agonist, or of an activator of the
TGF/activin/nodal signalling pathway (such as GDF11 or GDFS) around 24 to 48
hours before RA addition in the culture medium; optionally wherein the FGFR
agonist is added to the culture medium at a concentration of at least 60 ng notably

between 60 and 250 ng/ml, between 60 and 200 ng/ml, preferably between 60 and
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150 ng/ml, notably at about 120 ng/ml, or wherein the activator of the
TGF/activin/nodal signalling pathway is added to the culture medium at a

concentration of at least 20 ng/ml, typically comprised between 20 and 70 ng/ml.

Caudal thoracic motor neurons can be obtained by

addition in the culture medium of RA around D3 and until around D9 after the
beginning of the culture of hPSCs in the culture medium comprising the activator
of the Wnt signalling pathway, combined with the addition in the culture medium at
around D3 and until around D4 of a combination of a FGFR agonist and an activator
of the TGF/activin/nodal signalling pathway, optionally wherein the FGFR agonist
is added at a concentration of at least 100 ng/ml, notably between 100 and 250
ng/ml, between 100 and 200 ng/ml, preferably between 100 and 150 ng/ml, notably
at about 120 ng/m; and the activator of the TGF/activin/nodal signalling pathway
(such as GDF11 or GDF8) is added to the culture medium at a concentration of at

least 20 ng/ml, typically comprised between 20 and 70 ng/ml.

Lumbar motor neurons, including FOXP1 high arm innervating motor neurons, can be obtained

by

addition in the culture medium of RA between around D5 and until around D9 after
the beginning of the culture of hPSCs in the culture medium comprising the activator
of the Wnt signalling pathway, combined with the addition in the culture medium at
around D3 or D4 and until D5, notably between D3 and D5 or a combination of a
FGFR agonist and an activator of the TGF/activin/nodal signalling pathway (such
as GDF11 or GDEFS), optionally wherein the FGFR agonist is added at a
concentration of at least 100 ng/ml, notably between 100 and 250 ng/ml, between
100 and 200 ng/ml, preferably between 100 and 150 ng/ml, notably at about 120
ng/m; and the activator of the TGF/activin/nodal signalling pathway is added to the
culture medium at a concentration of at least 20 ng/ml, typically comprised between

20 and 70 ng/ml.

In a particularly preferred embodiment of the invention, the method for producing a population

of spinal motor neuron of a defined rostro-caudal identity comprises the following steps:

Generation of axial progenitors: from day 0 (DO0), culturing hPSC, notably in the

form of human embryoid bodies, in a culture medium comprising at least a Wnt
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agonist, notably selected from CHIR-9921 or the Wnt3a protein, and optionally an
inhibitor of the BMP signalling pathway and an inhibitor of the TGF/activin nodal
signalling pathway (for example LDN-193189 and SB431542 respectively),
optionally wherein

- the compound CHIR-99021 is added in the culture medium in a
concentration ranging from 0.5 to 5 uM, preferably ranging from 1 to 4 uM,
even more preferably at about 3 uM,

- the compound LDN193189 is added the culture medium comprising hPSCs
in a concentration ranging from 0.05 to 1 uM, preferably from 0.1 to 0.5 uM,
from 0.15 to 0.25 uM, even more preferably at about 0.2 uM,

- the compound SB431542 is added to the culture medium comprising hPSCs
in a concentration ranging from 10 to 75 uM, preferably ranging from 20 to

50 uM, even more preferably at about 40 uM.

the inhibitor of the BMP signalling pathway and the inhibitor of the
TGF/activin/nodal signalling pathway are added to the culture medium for a period
of time ranging from 3 to 4 days (i.e. from DO to D3 or from DO to D4), in particular
the inhibitor of the TGF/activin/nodal signalling pathway can be added from DO to
D3, and

the Wnt activator are added to the culture medium for a period of time ranging from
2 to 4 day, notably from 3 to 4 days, (i.e., from DO to D2, from D0 to D3, or from
DO to D4).

2. Obtention of spinal motor neurons of a defined rostro-caudal identity:

a) addition in the culture medium of RA around D3 and until around D9 after
the beginning of the culture of hPSCs in the culture medium comprising the
activator of the Wnt signalling pathway, and of an agonist of the Hedgehog
signalling pathway at a concentration of at least 300 nM, notably between
100 nM and 1uM, or 100 to 1 uM, preferably ranging from 300 to 750 nM,
even more preferably at about 500 nM between day D3 and D9, between day
4 (D4) and day 9 (D9), between DS and D9, between D6 and D9 or between
D7 and D9, in particular between D3 and D9, or

b) addition in the culture medium of RA around D3 and until around D9 after
the beginning of the culture of hPSCs in the culture medium comprising the

activator of the Wnt signalling pathway and of an agonist of the Hedgehog
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signalling pathway at a concentration of at least 300 nM, notably between
100 nM and 1uM, or 100 to 1 uM, preferably ranging from 300 to 750 nM,
even more preferably at about 500 nM between day D3 and D9 or D10 or
longer, between day 4 (D4) and day 9 (D9) or D10 or longer, between D5
and D9 or D10 or longer, between D6 and D9 or D10 or longer or between
D7 and D9 or D10 or longer, in particular between D3 and D9 or D10 or
longer, in combination with the addition of a FGFR agonist or of activator
of the TGF/activin/nodal signalling pathway between D3 and D4, optionally
wherein the FGFR agonist is added to the culture medium at a concentration
of at least 100 ng/ml, notably between 100 and 250 ng/ml, between 100 and
200 ng/ml, preferably between 100 and 150 ng/ml, notably at about 120
ng/ml, and wherein the activator of the TGF/activin/nodal signalling
pathway is added to the culture medium at a concentration of at least 20
ng/ml, typically comprised between 20 and 70 ng/ml ;

optionally wherein retinoic acid is added to the culture medium at a
concentration ranging from 5 to 1000 nM, preferably ranging from 10 to 500
nM, or ranging from 100 nM to 500 nM. Typically, RA is added to the

culture medium at a concentration of at least 100 nM.

to obtain brachial motor neurons, including FOXP1 high innervating motor

neurons.

a’) addition in the culture medium of RA around at least D5 and until around
D9, notably from D5 to D9, after the beginning of the culture of hPSCs in
the culture medium comprising the activator of the Wnt signalling pathway,
and of an agonist of the Hedgehog signalling pathway at a concentration of
at least 300 nM, notably between 100 nM and 1uM, or 100 to 1 uM,
preferably ranging from 300 to 750 nM, even more preferably at about 500
nM between day D3 and D9, between day 4 (D4) and day 9 (D9), between
D5 and D9, between D6 and D9 or between D7 and D9, in particular between
D3 and D9, or

b’) addition in the culture medium of RA around at least around D3 or D4
and until around D9, notably from D3 to D9 after the beginning of the culture

of hPSCs in the culture medium comprising the activator of the Wnt
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signalling pathway, and of an agonist of the Hedgehog signalling pathway at
a concentration of at least 300 nM, notably between 100 nM and 1uM, or
100 to 1 uM, preferably ranging from 300 to 750 nM, even more preferably
at about 500 nM between day D3 and D9, between day 4 (D4) and day 9
(D9), between D5 and D9, between D6 and D9 or between D7 and D9, in
particular between D3 and D9, in combination with the addition of a FGFR
agonist, or of activator of the TGF/activin/nodal signalling pathway, 24 to
48 hours before RA addition in the culture medium; optionally wherein the
FGFR agonist is added to the culture medium at a concentration of at least
60 ng notably between 60 and 250 ng/ml, between 60 and 200 ng/ml,
preferably between 60 and 150 ng/ml, notably at about 120 ng/ml, and
wherein the activator of the TGF/activin/nodal signalling pathway is added
to the culture medium at a concentration of at least 20 ng/ml, typically
comprised between 20 and 70 ng/ml,

optionally wherein retinoic acid is added to the culture medium at a
concentration ranging from 5 to 1000 nM, preferably ranging from 10 to 500
nM, or ranging from 100 nM to 500 nM. Typically, RA is added to the

culture medium at a concentration of at least 100 nM.

obtain anterior thoracic motor neurons. including FOXP1 high

innervating motor neurons., and FOXP1/SCIP motor neurons

a”’) addition in the culture medium of RA around D3 and until around D9,
after the beginning of the culture of hPSCs in the culture medium comprising
the activator of the Wnt signalling pathway, and of an agonist of the
Hedgehog signalling pathway at a concentration of at least 300 nM, notably
between 100 nM and 1uM, or 100 to 1 uM, preferably ranging from 300 to
750 nM, even more preferably at about 500 nM between day D3 and D9,
between day 4 (D4) and day 9 (D9), between D5 and D9, between D6 and
D9 or between D7 and D9, in particular between D3 and D9, combined with
the addition in the culture medium at around D3 and until around D4 of a
combination of a FGFR agonist and an activator of the TGF/activin/nodal
signalling pathway, optionally wherein the FGFR agonist is added at a
concentration of at least 100 ng/ml, notably between 100 and 250 ng/ml,
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between 100 and 250 ng/ml, typically between 100 and 200 ng/ml, or
between 100 and 150 ng/ml, notably at about 120 ng/ml; and the activator of
the TGF/activin/nodal signalling pathway is added to the culture medium at
a concentration of at least 20 ng/ml, typically comprised between 20 and 70
ng/ml,

optionally wherein retinoic acid is added to the culture medium at a
concentration ranging from 5 to 1000 nM, preferably ranging from 10 to 500
nM, or ranging from 100 nM to 500 nM. Typically, RA is added to the

culture medium at a concentration of at least 100 nM.

to obtain caudal thoracic motor neurons.

a”’’) addition in the culture medium of RA between around D5 and until
around D9 after the beginning of the culture of hPSCs in the culture medium
comprising the activator of the Wnt signalling pathway and of an agonist of
the Hedgehog signalling pathway at a concentration of at least 300 nM,
notably between 100 nM and 1uM, or 100 to 1 uM, preferably ranging from
300 to 750 nM, even more preferably at about 500 nM between day D3 and
D9, between day 4 (D4) and day 9 (D9), between D5 and D9, between D6
and D9 or between D7 and D9, in particular between D3 and D9, combined
with the addition in the culture medium at around D3 or D4 and until D35,
notably between D3 and D5 or a combination of a FGFR agonist and an
activator of the TGF/activin/nodal signalling pathway, optionally wherein
the FGFR agonist is added at a concentration of at least 100 ng/ml, notably
between 100 and 250 ng/ml, between 100 and 200 ng/ml, or between 100
and 150 ng/ml, notably at about 120 ng/ml; and the activator of the
TGF/activin/nodal signalling pathway is added to the culture medium at a
concentration of at least 20 ng/ml, typically comprised between 20 and 70
ng/ml,

optionally wherein retinoic acid is added to the culture medium at a
concentration ranging from 5 to 1000 nM, preferably ranging from 10 to 500
nM, or ranging from 100 nM to 500 nM. Typically, RA is added to the

culture medium at a concentration of at least 100 nM.
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to obtain lumbar motor neurons, including FOXP1 high arm innervating

motor neurons.

3. Optionally differentiation of spinal motor neurons progenitors into post-
mitotic spinal motor neurons : around 9 days after the beginning of the culture of
hPSCs in the culture medium comprising the activator of the Wnt signalling
pathway, addition of an inhibitor of the Notch signalling pathway, typically DAPT
for a period of time of at least 5 to 7 days or more, typically for 5 days, optionally
wherein DAPT is present in the culture medium in a concentration ranging from 1

to 25 uM, more preferably ranging from 5 to 20 pM, notably at about 10 uM.

A representative scheme of an advantageous method for obtaining spinal motor neurons of a

defined rostro-caudal identity is notably provided in Figure 4A.

Culture mediums

In the context of the invention the term "culture medium" refers to a liquid medium suitable for
the in vitro culture of mammalian cells. The culture media used in the methods of the invention
may be based on a commercially available medium such as DMEM/F12 from Invitrogen or a

mixture of DMEM/F12 and Neurobasal in a 1 :1 ratio, from Invitrogen.

The culture media used in the methods of the invention may also comprise various supplements

such as B27 supplement (Invitrogen) and N2 supplement (from Invitrogen).

The B27 supplement contains, amongst other constituents, SOD, catalase and other anti-

oxidants (GSH), and unique fatty acids, such as linoleic acid, linolenic acid, lipoic acids.

The culture media used in the methods of the invention can in particular be based on a N2B27

medium.

The term "N2B27" refers to the medium described in Liu et al. (2006) Bioc em. Biop ys. Res.
Commun. 346:131 -139, which comprises DMEM/F12 and Neurobasal media in a 1 :1 ratio,
N2 supplement (1/100), B27 supplement (1 /50) and B-mercaptoethanol (1/1000).

Preferably, the culture media used in the methods of the invention further comprise the ROCK

inhibitor Y-27632, typically at a concentration of about 5 uM.
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In the methods of the invention, if necessary, the culture media can be renewed, partly or totally,

at regular intervals. Typically, the culture media can be replaced with fresh culture media every

other day, for the periods of time mentioned below.

In some embodiments, the present invention also encompasses

A culture medium suitable for obtaining brachial motor neurons including FOXP1 high

innervating motor neurons comprising at least :

an agonist of the Hedgehog signalling pathway at a concentration of at least
300 nM, notably between 100 nM and 1uM, or 100 to 1 uM, preferably
ranging from 300 to 750 nM, even more preferably at about 500 nM,

a FGFR agonist, optionally wherein the FGFR agonist is added to the culture
medium at a concentration of at least 100 ng/ml, notably between 100 and
250 ng/ml, between 100 and 200 ng/ml, preferably between 100 and 150
ng/ml, notably at about 120 ng/ml or an activator of the TGF/activin/nodal
signalling pathway (e.g., GDF11 or GDFS) at a concentration of at least 20
ng/ml, typically comprised between 20 and 70 ng/ml, and

retinoic acid at a concentration ranging from 5 to 1000 nM, preferably
ranging from 10 to 500 nM, or ranging from 100 nM to 500 nM. Typically,

RA is added to the culture medium at a concentration of at least 100 nM.A

A culture medium suitable for obtaining anterior thoracic motor neurons comprising at least:

an agonist of the Hedgehog signalling pathway at a concentration of at least
300 nM, notably between 100 nM and 1uM, or 100 to 1 uM, preferably
ranging from 300 to 750 nM, even more preferably at about 500 nM

a FGFR at a concentration of at least 60 ng notably between 60 and 250
ng/ml, between 60 and 200 ng/ml, preferably between 60 and 150 ng/ml,
notably at about 120 ng/ml or an activator of the TGF/activin/nodal
signalling pathway (e.g., GDF11 or GDFS) at a concentration of at least 20
ng/ml, typically comprised between 20 and 70 ng/ml,

retinoic acid at a concentration ranging from 5 to 1000 nM, preferably
ranging from 10 to 500 nM, or ranging from 100 nM to 500 nM. typically,

at a concentration of at least 100 nM.

A culture medium suitable for obtaining caudal thoracic motor neurons comprising at least:
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- an agonist of the Hedgehog signalling pathway at a concentration of at least
300 nM, notably between 100 nM and 1uM, or 100 to 1 uM, preferably
ranging from 300 to 750 nM, even more preferably at about 500 nM

- a FGFR agonist is added at a concentration of at least 100 ng/ml, notably
between 100 and 250 ng/ml, between 100 and 200 ng/ml, preferably between
100 and 150 ng/ml, notably at about 120 ng/m; and the activator of the
TGF/activin/nodal signalling pathway is added to the culture medium at a
concentration of at least 20 ng/ml, typically comprised between 20 and 70
ng/ml

- retinoic acid at a concentration ranging from 5 to 1000 nM, preferably
ranging from 10 to 500 nM, or ranging from 100 nM to 500 nM, typically,

at a concentration of at least 100 nM.

A culture medium suitable for obtaining lumbar motor neurons, including FOXP1 high arm

innervating motor neurons comprising at least:

- an agonist of the Hedgehog signalling pathway at a concentration of at least
300 nM, notably between 100 nM and 1uM, or 100 to 1 uM, preferably
ranging from 300 to 750 nM, even more preferably at about 500 nM

- a FGFR agonist and an activator of the TGF/activin/nodal signalling
pathway, wherein the FGFR agonist is at a concentration of at least 100
ng/ml, notably between 100 and 250 ng/ml, between 100 and 200 ng/ml,
preferably between 100 and 150 ng/ml, notably at about 120 ng/m; and the
activator of the TGF/activin/nodal signalling pathway at a concentration of
at least 20 ng/ml, typically comprised between 20 and 70 ng/ml,

- retinoic acid at a concentration ranging from 5 to 1000 nM, preferably
ranging from 10 to 500 nM, or ranging from 100 nM to 500 nM, typically at

a concentration of at least 100 nM.

The present invention will be further illustrated by the following figures and examples.

Brief description of the figures

Figure 1: Aging hPSC-derived axial progenitors generate progressively more caudal

motor neuron subtypes
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(A) Schematic summary of data in Fig. S1. MNs defined by the expression of ISL1 or HB9
(here in grey) are organized in motor columns in spinal ventral horns. HOX expression profiles
within MNss and localization of MNs expressing high level of FOXP1 and SCIP are represented
as observed in the human embryonic spinal cord at 6.3 and 7.5 weeks of gestation. Changes in
shapes indicate an increase or decrease in the number of MNs expressing a given marker.
FOXP1"eh MNs are observed selectively in lateral motor columns (LMC) of the brachio-
thoracic and lumbar spinal cord. SCIP"&" MNs are a subset of LMC MNss in the caudal brachial
spinal cord. (B) Differentiation conditions used in C to F in which the time of exposure to
RA/SAG is modulated. (C) Immunostaining for ISL1, HB9 (MNs), NEFL (neurons), HOX
transcription factors, FOXP1 and SCIP on cryostat sections of EBs on day 14 of differentiation.
The later RA is applied the more caudal MNs are. FOXP1 and SCIP MNs are mostly generated
in RA D4 and D5 further defining the rostro-caudal identity of the MNs within the HOXC8+
conditions. Scale bar: 100 pm. (D-F) Proportion of MNs (ISL1+ cells) expressing the indicated
markers. Data are shown as mean + SD. Each circle is an independent experiment. * if P <0.05,

*#if P <0.01 and *** if P <0.001. See also Fig. S1 and S2.
Figure 2: Temporal transcriptomic analysis of hPSC-derived axial progenitors.

(A) Experimental design. (B) 20 most enriched genes in D2 progenitors versus hESC.
Progenitors acquired a transcriptomic signature similar to the one of murine axial progenitors.
(C) Fold enrichment in D3 progenitors versus hESC of the 20 most enriched neuromesodermal
progenitor (NMP) genes defined in (Gouti et al., 2017). (D) Immunostaining for axial
progenitor markers on hiPS-derived D2 and D3 progenitors (WTS2 line). Cells co-express the
three markers. Scale bars: 40 um. (E) Temporal transcriptional changes in HOX genes coding
for HOX regionally expressed in human MNs in vivo. (F) Reactome pathway analysis of the
232 genes upregulated 2-fold (p-value<0.05) between D3 and D2. Y axis: FDR = false
discovery rate. X axis = enrichment score calculated for a given Reactome pathway. (G)
Temporal evolution of upregulated MAPK target genes and FGF ligands in aging axial
progenitors. ETVS is a transcription factor activated by ERK1/2 MAPK in many other systems.
The other genes encode feedback negative regulators of MAPK pathways. All data are shown
as mean + SD. (H) Schematic representation of the transcriptional and immunostaining analysis

of day 2 and 3 progenitors.

Figure 3: FGF pathway inhibition stalls HOX temporal induction and caudal MN

specification
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(A) Differentiation conditions. PD173074 (FGFR1-3 inhibitor) or PD032590 (MEK1/2
inhibitor) were added at D3 up to D7. (B) Proportion of MNs (ISL1+ cells) in the different
conditions (mean + SD). (C) Immunostaining for ISL1 (MNs) and HOX transcription factors
on cryostat sections of embryoid bodies on day 14 of differentiation. MEK and FGFR inhibitors
prevent the specification of HOXC8 and HOXC9 MNs. Instead, HOXAS, HOXC6 MNs are
generated. Scale bar: 100um. (C) Quantification of HOXC6 and HOXC9 MNs on day 14 of
differentiation. (D) Real time PCR analysis of HOX mRNAs in progenitors at D3, D4 and D5
of differentiation. MEK and FGFR inhibitors prevent the temporal increase in caudal HOX
expression. Data are shown as mean + SD; Each circle is an independent experiment. * if P <

0.05, **if P <0.01 and *** if P <(.001.

Figure 4: Dynamic pacing of HOX induction and specification of discrete MN subtypes
upon changes in FGF2 and GDF11 levels.

(A) Differentiation conditions. Extrinsic cues, FGF2, GDF11, or FGF2+GDF11 were
added on day 3 of differentiation at various concentrations or for different durations
(B) Immunostaining for HOX on cryostat sections of embryoid bodies on day 14 of
differentiation. FGF2, GDF11 and FGF2/GDF11 induce more caudal MN subtypes.
Scale bar: 100um. (C, D, E) Proportion of MNs (ISL1+ cells) expressing the indicated
markers. The effect of the duration of FGF2 treatment (C), FGF2 concentration (D) and
duration of GDF11 or FGF2+GDF11 (E) were monitored. (F) Real time quantitative
PCR analysis of the expression of HOX genes regionally expressed in human MNs in
vivo. HOX mRNAs were monitored at D4 (24h post-treatment) and D5 (48h post-
treatment) upon addition of FGF2, GDF11 or a combination of FGF2 (120 ng/ml)
together with GDF11 (25 ng/ml). Data is normalized at each time point to the control
condition treated with only RA at day 3. Data are shown as mean + SD. Each circle is
an independent experiment. * if P <0.05, ** if P <0.01 and *** if P <0.001. See also

Fig. 5.

RESULTS
Materials and Methods
Human embryonic spinal cord histology

Human fetal embryo of 6.3 weeks of gestation were obtained from pregnant women referred to

the Department of Gynecology and Obstetrics at the Antoine Béclere hospital (Clamart, France)



10

15

20

25

30

WO 2022/112809 PCT/1IB2020/000972
35

for legally induced abortions in the first trimester of pregnancy as previously described
(Lambrot et al., 2006). All women provided written informed consent for scientific use of the
fetal tissues. None of the abortions were due to fetal abnormality. The fetal age was determined
by measuring the length of limbs and feet (Evtouchenko et al., 1996). The project was approved
by the local Medical Ethics Committee and by the French Biomedicine Agency (reference
number PFS 12-002). Alternatively, Human embryonic spinal cords (n=2) at stage 7.5 weeks
of gestation were collected in accordance with the national guidelines of the United States
(National Institutes of Health, U.S. Food and Drug Administration) and the State of New York
and under Columbia University institutionally approved ethical guidelines relating to
anonymous tissue. The material was obtained after elective abortions and was classified on the
basis of external morphology according to the Carnegie stages. Gestational age was determined
by last menstrual period of the patient or by ultrasound, if the ultrasound estimate differed by 1
week as indicated by the obstetrician. In all cases, the spinal cord was removed as intact as
possible before fixation with fresh, cold 4% PFA for 1.5 h on ice washed abundantly with PBS
and then cryoprotected overnight in 30% sucrose. Post-fixation, the cord was measured and cut
into anatomical sections to accommodate embedding in OCT Compound (Leica) and stored at

-80°C before cutting on a cryostat. Sections (16 um) were cut along the full length of the cord.
Human pluripotent stem cell lines

Human SA001 embryonic stem cell (ESC) line (male, RRID: CVCL_B347) was obtained from
Cellectis and used accordingly to the French current legislation (Agency of Biomedicine,
authorization number AFSB1530532S). Induced pluripotent stem cell (iPSC) line WTSIi002
(male, RRID: CVCL_AH30, alternative name HPSI0913i-eika_2) was obtained from the
European Bank for Pluripotent Stem Cells (EBISC). WTC-mEGFP-Safe harbor locus
(AAVS1)-cl6 produced by the Allen cell institute was obtained from Coriell (Cat# AICS-0036-
006, male, RRID:CVCL_JM19). were obtained from the European Bank for Pluripotent Stem
Cells (EBISC). Experiments with iPSCs were approved by relevant ethic committees
(declaration DC-2015-2559). All PSC lines were cultured at 37 °C on Matrigel (Corning) in
mTSER1 medium (Stem Cell Technologies) and amplified using EDTA (Life Technologies)
clump-based passaging. They were tested for potential mycoplasma contamination every other
week (MycoAlertTM Mycoplasma Detection Kit, Lonza, LT07-118). No contamination was
detected during the study. PSC were thawed in presence of Y-27632 (10uM, Stemgent or Stem

Cell Technologies) and the culture media was changed every day.

Human pluripotent stem cell differentiation
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Human PSC embryoid body-based differentiation was performed as previously described
(Maury et al., 2015). hPSC were dissociated with cold Accutase (Life Technologies) for 3 to 5
min at 37°C and resuspended in differentiation medium N2B27 (Advanced DMEM F12,
Neurobasal vol:vol (Life Technologies)), supplemented with N2 (Life Technologies), B27
without Vitamin A (Life technologies), penicillin/streptomycin 1%, f-Mercaptoéthanol 0.1%
(Life Technologies), with Y-27632 (10uM, Stemgent or Stem Cell Technologies), CHIR-99021
(3 uM or 4 uM Selleckchem) SB431542 (20 uM, Selleckchem) and LDN 193189 (0.1 uM,
Selleckchem). 2x10° cells ml! were seeded in ultra-low attachment 6 well plates (Corning) to
form embryoid bodies (EBs). All conditions of differentiation received the same medium at day
2 and at day 3 but SB431542 was removed at day 3. Then, the differentiation proceeded
according to the schemas presented above the figures. SAG (Smoothened Agonist, Merck
millipore), FGF2 (Recombinant Human FGF basic, Peprotech), RA (Sigma-Aldrich), GDF11
(Recombinant Human/Murine/Rat GDF11, Peprotech), PD0325901 (Selleckchem), PD173074,
SCH772984 (Selleckchem), DAPT (Stemgent) were added at indicated time points. For

concentrations see Table S2. Media were changed every other day unless specified.
Embryoid body processing for immunostaining

EBs were collected, rinsed with PBS then fixed with 4% PFA for 5 min at 4°C and rinsed with
PBS 3 times for 5 min. EBs were cryoprotected with 30% sucrose and embedded in OCT
(Leica) prior sectioning with a cryostat. Alternatively, day 2, 3 and 4 progenitors were plated
on Matrigel (Corning, diluted according to manufacturer recommendation) coated coverslips

and let to adhere between for 30 min prior fixation with 4% PFA for 5 min at 4°C.
Immunostaining

All immunostainings were performed as follow: cells or sections were incubated with a
saturation solution (PBS/FBS 10 %/0.2% Triton) for 10 minutes. Primary antibodies (Table S3)
were diluted in staining solution (PBS/2% FBS/0.2% Triton) and incubated overnight at 4°C in
a humidified chamber. Following 4 PBS washes (10 min each), secondary antibodies
(Alexad88, Alexa568 and Alexa647, Life Technologies, 1: 1,000) were added for 1h at RT.
After 3 PBS washes, DAPI was added on the cells (Invitrogen, 1: 3,000) for 5 min. Cells or

slices were then mounted in Fluoromount (Sigma Aldrich or Cliniscience).
Image acquisition

Samples were visualized and imaged using either a ZEISS LSM 880 Confocal Laser Scanning

Microscope (Carl Zeiss Microscopy) controlled by Zen black software (Zeiss), a confocal
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microscope TCS SP5 II (Leica) or a DM6000 microscope (Leica) equiped with CoolSNAP EZ
CDD camera, controlled by MetaMorph software (MetaMorph Inc). Alternatively, images were
acquired using the automated microscope Cell Discoverer 7 (Zeiss), equipped with an Axiocam

506m camera, with Zen black software (Zeiss).
Quantitative RT-PCR analysis

Total RNA were extracted (RNAeasy Plus Mini Kit, Qiagen) and cDNA synthesized using
SuperScript III (Invitrogen). Quantitative real-time PCR was performed using a 7900HT fast
real time PCR system (Applied Biosystems) with Sybr Green PCR Master Mix (Applied
Biosystems). Alternatively performed using QuantStudio 5 Real-Time PCR System
(Thermofisher Scientific) and a mix with qPCR Brilliant II SYBR MM with low ROX
(Agilent). Primers are listed in Supplementary Table 3. All expression data were normalized to
Cyclophilin A mRNA. All analyses were performed with three technical replicates per plate.

Relative expression levels were determined by calculating 2—AACt.
Transcriptomic analysis

hESC were collected post dissociation and prior exposure to differentiation medium.
Progenitors were collected on day 2, day 3 and day 4 of differentiation. For each of the 8
samples, total RNA were extracted then reverse transcribed using the lon AmpliSeq
Transcriptome Human Gene Expression kit (Thermofisher Scientific). The cDNA libraries
were amplified and barcoded using Ion AmpliSeq Transcriptome Human Gene Expression core
panel and Ion Xpress Barcode Adapter (Thermofisher Scientific). The amplicons were
quantified using Agilent High Sensitivity DNA kit before the samples were pooled in sets of
eight. Emulsion PCR and Enrichment was performed on the Ion OT2 system Instrument using
the Ion PI Hi-Q OT2 200 kit (Thermofisher Scientific). Samples were loaded on an Ion PI v3
Chip and sequenced on the Ion Proton System using Ion PI Hi-Q sequencing 200 kit chemistry
(200 bp read length; Thermofisher Scientific). The Ion Proton reads (FASTQ files) were
imported into the RNA-seq pipeline of Partek Flow software (v6 Partek Inc) using hgl9 as a
reference genome. The number of reads per sample was ranging from 7.5 million to 12 million
reads. To determine genes that are differentially expressed between groups mapped reads were
quantified using Partek E/M algorithm normalized by the Total count/sample (the resulting
counts represent the gene expression levels on reads/millions for over 20,800 different genes
present in the AmpliSeq Human Gene Expression panel). The evaluation of the differential

expression between two conditions was performed using the EdgeR package under R. Pathway
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enrichment analyses were performed on upregulated genes (FC>2.0, p-value<0.05) between
two time points by interrogating Reactome database. Significant enrichments were calculated
using hypergeometrical test and Benjamini-Hochberg correction for multiple comparisons. The

enrichment score was calculated as described in (Wang et al., 2017).

The normalized transcriptomic data are provided in Table S1. Raw data are available upon

request.
Quantification and statistical analysis

All statistics were computed using Graphpad Prism software. One-way analysis of variance
(ANOVA) with a Kruskall-Wallis post hoc analysis were performed following normality tests
provided by Prism. Number of n, dispersion measures and P-values are indicated in figure
legends. In all figures, n are independent differentiations started from independent newly
thawed hPSCs vials. For each condition at least 4 independent EBs were imaged in which all
the cells were quantified by automated image analysis. The images were exported and saved as
TIFF with Fiji if needed (Schindelin et al., 2012). Quantitative analyses on images were
performed using the CellProfiler software (Carpenter et al., 2006) (Broad Institute open source

at www.cellprofiler.org). DAPI stained nucleus were segmented into primary objects using

CellProfiler segmentation pipeline and the nuclear mask was used to define objects on the target
channels. The threshold to define positive nuclei for a given target was obtained using EBs’
section negative for the target of interest. All images across conditions were then automatically
analyzed in batch ensuring unbiased analysis. The analyses of the FOXP1 and
SCIP immunostaining intensity were performed combining CellProfiler with the software FCS
express 7 (DeNovo Software, Glendale, CA, USA). Nuclei were segmented into primary
objects as described above and FOXP1 and SCIP fluorescence intensities were calculated in
each primary object. Fluorescence intensity plots for FOXP1 and SCIP were then generated
using FCS express 7 software to visualize the intensity levels of the different markers for each
individual cells and determine the percentage of cells above a given threshold. Cell profiler

pipelines for quantification are available upon request.

Results
HOX expression profiles and motor neuron subtypes in human embryonic spinal cord

The differential expression of HOX transcription factors along the vertebrate spinal cord is a

major product of HOX gene regulation. In spinal motor neurons, this Hox code orchestrates the
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specification of subtype specific features controlling the formation of locomotor circuits
(Dasen, 2017; Philippidou and Dasen, 2013). Whether the spinal HOX code and associated MN
subtypes is conserved in human remains unknown preventing faithful assessment of HOX
regulation and its link with cell “rostro-caudal” identity during hPSC differentiation. We thus
mapped, in human embryos at 6.3 and 7.5 weeks of development, 7 HOX transcription factors
that display collinear expression patterns and instruct MN subtype specification in mouse and
chick (Philippidou and Dasen, 2013) (Fig. 1A). As in animal models, human MNs expressed
ISL1 or HBO all along the spinal cord (Fig. 1A) (Amoroso et al., 2013). Within MNs, HOX
displayed rostro-caudal patterns resembling those of mouse and chick (Dasen et al., 2003; Liu
et al., 2001) : cervical MNs expressed HOXA/CS5, while brachial MNs expressed HOXC6,
thoracic MNs HOXC9 and lumbar MNs HOXC10. Caudal brachial MNs co-expressed HOXC6
and HOXCS and anterior thoracic ones HOXC8 and HOXC9. HOXDO labeled caudal thoracic
MNss as well as anterior lumbar MNss together with HOXC10 (Fig. 1A). In amniotes, this Hox
code instructs the formation of distinct motor columns that innervate common muscle groups,
and motor pools that innervate a single muscle (Philippidou and Dasen, 2013). To be able to
assess in vitro whether changes in HOX expression result in the specification of appropriate
neuronal subtypes, we mapped MN subtype markers in regard to HOX expression domains (Fig
1A). As in mouse and chick, MNs expressing high level of FOXP1 (FOXP1%2") were observed
at brachio-thoracic (HOXC6 and HOXC8/HOXC9) and lumbar (HOXC10) levels (Fig. 1A).
They formed a lateral motor column (LMC) where limb innervating MNs are located (Amoroso
et al., 2013; Routal and Pal, 1999). Within this FOXP1"* LMC, SCIP/HOXCS8 MNs were
observed in the caudal brachial spinal cord. In contrast, SCIP/HOXC8/HOXC9 MNs were
located in the anterior thoracic region. Their location and their transcriptional code identify

them as putative hand-controlling MNs (Bell et al., 2017; Mendelsohn et al., 2017).

Overall, HOX transcription factors are regionally expressed along the rostro-caudal axis of the
human spinal cord. Within these different HOX domains, distinct MN subtypes, identifiable by
combination of transcription factors, are generated at stereotyped positions. This data provided
readouts to assess the mechanisms regulating HOX expression in axial progenitors and their

impact on cell type specification during hPSC differentiation.
Aging axial progenitors generate more caudal neuronal subtypes

We first sought to test whether axial progenitors (i.e. progenitors competent to generate caudal
cell types of distinct rostro-caudal identities) could be generated using 3D differentiation of

human embryonic stem cells (hESC) by monitoring MN subtype specification. We previously
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reported sequences of extrinsic cues leading to the targeted generation of spinal MNs from
human PSCs through a putative axial progenitor stage (Maury et al., 2015). Exposure of
embryoid bodies (EBs) to a Wnt pathway agonist (CHIR99021) and inhibitors of BMP and
TGFp pathways (SB431542 and LDN193189) generated progenitors that expressed CDX2, a
marker of axial progenitors and a regulator of caudal HOX gene induction (Bel-Vialar et al.,
2002; Bialecka et al., 2010; Gouti et al., 2014; Maury et al., 2015; Mazzoni et al., 2013; Neijts
et al., 2017). Spinal MNs (70% of the cells in average) were generated upon exposure, at day 2
or 4, to Retinoic acid (RA) and an agonist of the sonic hedgehog pathway (SAG) which
respectively promotes neurogenesis and guides axial progenitors towards a ventral MN fate
(Briscoe and Novitch, 2008; Maury et al., 2015; Ribes et al., 2009). Here, we assessed the
rostro-caudal identity of MNs produced in these conditions (Fig. 1B). Staining for HB9, ISL.1
and the pan-neuronal marker neurofilament light chain (NEFL) together with quantification of
ISL1+ cells, confirmed the efficient generation of spinal MNs as previously shown (Maury et
al., 2015) (Fig. 1C). Analysis of HOX expression showed that RA/SAG from Day 2 (D2) up to
D9 gave rise to HOXC6 MNs corresponding to anterior brachial MNs; an identity acquired by
most MNs following addition of RA/SAG from D3 to 9 (74.6% of HOXC6, 17.3% HOXCS
MNs) (Fig 1D, E). Addition of RA/SAG from D4 to 9 generated MNs with a caudal brachial
identity (41.8% HOXC6/C8) from which 37.1% expressed high level of FOXP1 corresponding
to limb-innervating MNs in the spinal cord (Fig.1D-F). Overall, these results suggested that
MN subtype identity was dependent on either 1) the duration of exposure to RA; with a shorter
RA exposure promoting caudalization or ii) the time at which they received RA as previously
suggested (Bel-Vialar et al., 2002; Del Corral and Storey, 2004; Lippmann et al., 2015). To
distinguish between these possibilities, D3 progenitors were exposed to reduced duration of RA
(D3-5, D3-8 versus D3-9). None of these shorter RA treatments promoted the birth of more
caudal MNs. These results showed that the day at which progenitors are exposed to RA/SAG
is the main trigger of caudalization. Further delaying RA/SAG induced even more caudal MN
subtypes. On D35, it generated MNs with an anterior thoracic identity (59.8% HOXCS8/C9) (Fig.
1B-E) from which 27.6% MNs acquired a FOXP1+ limb-innervating identity (Fig. 1F).
HOXC9/FOXP1/SCIP, which are located in the human anterior thoracic spinal cord and might
correspond to hand-innervating MNs, were observed almost exclusively in this condition (Fig.
1F, S2F-G). Then RA/SAG (D6 or 7) specified MNs acquiring a mid-thoracic identity as
demonstrated by the expression of HOXC9 and the loss of FOXP1"" MNs (Fig. 1B-F, S2F-
G). The progressive caudalization of MN identity upon incremental delays of RA/SAG addition

was confirmed with an induced PSC (iPSC) line. Importantly, an increased concentration of
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CHIR (from 3 to 4 uM) was necessary to generate a homogenous population of progenitors
expressing CDX2 on D3 and to observe the subsequent specification of caudal MN subtypes

(Fig. S2H-J). This suggests line to line differences, a result of importance for future studies.

Overall, Wnt activation combined to TGF-[1/BMP pathway inhibition converts hPSC into
progenitors competent to generate progenies expressing distinct HOX combinations and t found
at different rostro-caudal positions in human embryos. Hence, these progenitors qualify as axial
progenitors. The duration of the time window between Wnt and RA establishes the final

positional identity of the progenies.
Parallel induction of caudal HOX genes and FGF target genes in aging axial progenitors

Then, we sought to determine the molecular changes occurring over time in aging axial
progenitors, prior to RA exposure. We performed a comparative transcriptomic analysis of
hESC and hESC-derived axial progenitors on day 2, 3 and 4 of differentiation (Fig. 2A and
Table S1). Pathway analysis of the genes enriched more than 2 fold (p<0.05) in the progenitors
compared to hESC indicated an activation of the Wnt pathway paralleled by a transcriptional
activation of HOX genes (not shown). In agreement with their axial potential, D2, D3 and D4
progenitors showed a high enrichment in transcripts characterizing the cells of the mouse caudal
lateral epiblast in which axial progenitors reside (Expression of CDXI and 2, TBXT
(BRACHYURY), FGF17, RXRG, SP5/8, WNT5A/B, WNT8A, FGFS8, GRSF1, CYSTM1, HES3
together with SOX2); a loss of most pluripotency markers and the absence of typical markers
of node cells, mesodermal and allantois (Fig. 2B-C and Table S1) (Cambray and Wilson, 2007;
Edri et al., 2019; Gouti et al., 2014; Gouti et al., 2017; Henrique et al., 2015; Koch et al., 2017;
Wymeersch et al., 2016; Wymeersch et al., 2019). Furthermore, their transcriptome is highly
similar to the one of mouse bipotent neuromesodermal progenitors (NMPs), which represent a
population of axial progenitors (Gouti et al., 2014; Gouti et al., 2017; Henrique et al., 2015;
Tzouanacou et al., 2009; Wymeersch et al., 2016). Among the 142 genes defining early and late
NMPs (Gouti et al., 2017), the D2, D3 or D4 progenitors expressed 122 of them which included
the most enriched genes when comparing progenitors to hESC (Fig. 2C). Accordingly, D2 and
D3 axial progenitors co-expressed SOX2, CDX2 and low level of TBXT at protein level (Fig
2D), a signature associated with NMPs (Attardi et al., 2018; Denham et al., 2015; Diaz-Cuadros
et al., 2020; Edri et al., 2019; Faustino Martins et al., 2020; Gouti et al., 2014; Gouti et al.,
2017; Lippmann et al., 2015; Metzis et al., 2018; Olivera-Martinez et al., 2012; Wymeersch et
al., 2019). Overall, these results demonstrated that Wnt-induced hPSC-derived axial

progenitors resemble axial progenitors of the mouse anterior caudal lateral epiblast that feed
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the elongation of the spinal cord (Edri et al., 2019; Gouti et al., 2014; Gouti et al., 2017;
Henrique et al., 2015; Koch et al., 2017; Liu et al., 2001; Wymeersch et al., 2016).

Then, comparative analysis of the transcriptome of aging progenitors indicated a temporal
collinear activation of HOX genes that display regionalized expression patterns in the spinal
cord. At D2, the progenitors expressed HOXAS and low level of HOXC6, which belongs to the
3’ half of HOX complexes with anterior borders of expression in the anterior spinal cord (Fig.
1A, S1). On D3, HOXCS8 was well expressed and HOXC9 expression had started, two genes
belonging to the center part of HOXC complex with expression in the middle of the spinal cord
(Fig. 1A, S1). Their expression further increased at day 4 (3.8 and 3.4-fold respectively) in
progenitors that will give rise to HOXCS8 and some HOXC9 MNs when exposed to RA/SAG
(Fig. 1C-D). Non-expressed HOX genes corresponded to the 10 to 13 paralog groups, the latest
and most caudally expressed HOX (Gaunt, 1991; Izpisia-Belmonte et al., 1991; Philippidou
and Dasen, 2013) and Fig. 1A). The temporality of the collinear activation in axial progenitors
is thus in agreement with the generation of more caudal MNs when RA/SAG was delayed (Fig.
1). Hence, Wnt induced a temporal collinear activation of HOX genes, which parallels the

change in rostro-caudal potential of the progenitors.

To define the pathways activated in parallel with the sequential induction of HOX genes, we
performed a pathway analysis on the genes increased more than 2 fold (p<0.05) between D2
and D3. Among the 232 genes, we detected an enrichment for annotations associated with an
activation of the Mitogen-activated protein kinases (MAPK) pathways due to a gradual increase
in expression of typical MAPK target genes (ETV5, DUSP4, DUSP6, 11.17DR or SPRY2) (Fig.
2F-H). MAPKSs are classical mediators of FGF signaling (Lunn et al., 2007). In agreement,
together with the rise in MAPK target genes we observed an increase in FGF8 and FGF17
expression, two secreted FGF ligands previously described to increase over time in the caudal

epiblast of chick embryos (Fig. 2G-H) (Liu et al., 2001; Wymeersch et al., 2019).

Hence, the sequential collinear expression of HOX genes is paralleled by an increase in
expression of FGF ligands and MAPK target genes within axial progenitors. As FGFs promote
caudal Hox genes in other systems (Bel-Vialar et al., 2002; Dasen et al., 2003; Liu et al., 2001),
we postulated that paracrine or autocrine FGF signaling might be triggering the sequential

induction of HOX genes.

FGF signaling is required for HOX sequential activation and caudal MN specification
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We aimed at testing whether endogenous FGF signaling was necessary for the temporal shift
in axial progenitor rostro-caudal potential and HOX gene induction. For that, we blocked FGF
signaling in aging progenitors prior RA exposure and tested the impact on caudal HOX gene
induction and MN subtype specification. We exposed progenitors from D3 to D7 to 1)
PD173074, a selective FGFR1/3 antagonist or ii) PD0325901 which inhibits the MAPK kinase
MEK1/2 (Fig. 3A). The efficiency of MN generation was not impacted by the two inhibitors,
even though we collected a reduced number of EBs in PD173074 condition (Fig. 3B). In control
condition, RA/SAG at D7 induced MNs expressing HOXC8 (97.5%) and C9 (87.6%). In
contrast, addition of the inhibitors at D3 while adding RA/SAG at D7 generated MNs with an
anterior brachial identity (HOXCO6). This more anterior identity was normally obtained when
RA was added on early D3 progenitors showing that the inhibitors blocked the temporal change
in rostro-caudal potential (Fig. 3A-C). We then tested whether the dissociation between the age
of the progenitors and the rostro-caudal identity of progeny was linked to a stalled sequence of
HOX gene induction in axial progenitors. We monitored the expression of HOXC6, C8 and C9
mRNAs following MEK1/2 inhibition at D3. While in control condition, the three genes
increased over time, MEK inhibition blocked this increase at D4 or D5 (Fig. 3D). Hence,
inhibition of FGF signaling in aging axial progenitors blocks HOX temporal induction and
caudal cell type specification. Our transcriptomic analysis indicated a temporal increase in
FGF8 and FGF17 expression suggesting that an increase in FGF concentration and/or duration

of exposure might be pacing the HOX clock.
FGF level paces the HOX clock and MN subtype specification

To test whether the level of environmental FGF paces the HOX clock, we exposed early D3
progenitors, to RA/SAG together with FGF2 at different concentrations and for different
durations. In all conditions that received FGF2, more caudal MN identities were induced
without the need of delaying RA addition (Fig. 4A-D). Then, the extent of caudalization varied
with FGF parameters. Exposing progenitors from D3 to D9 to increasing concentrations of
FGF2 induced progressively more caudal MN subtypes. Caudal brachial HOXC8 MNs were
induced at 15 ng/ml (68.2%, 8.6-fold increase) and HOXC9+/HOXC6- thoracic MNs at 60
ng/ml (58.9 %, 82.5-fold increase) while 120 ng/ml reduced slightly more HOXC6 MNs (Fig.
4A-D, S6A-H). Similar results were obtained with FGF8 (Fig. S3B). FGFs acted directly and
rapidly on axial progenitors as addition of 120 ng/ml FGF2 for 24h or 48h induced MNs of a
caudal brachial or mid-thoracic identity (49.7% HOXC6, 79.4% HOXCS, 14.7% HOXC9,
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47.9% FOXP1h#h/SCIP for 24h) (7.5% HOXC6, 76.4% HOXC9, 13.2 % FOXP1 "&/SCIP for
48h) (Fig. 4A-C, S3C-H).

To determine whether this caudalizing effect was underlined by an accelerated induction of
brachial and thoracic HOX genes we performed real-time PCR analysis 24h and 48h post FGF2
treatment. We observed a precocious increase in HOXCS, HOXC9, HOXD9 and HOXCI10
expression compared to RA/SAG controls (Fig. 4F).

Hence, a precocious increase in FGF signaling accelerates the induction of caudal HOX genes
in early axial progenitors resulting in the specification of more caudal cell types within the same
differentiation timeline (14 days). These results demonstrate that the levels or duration of FGF
signaling dynamically pace the tempo of HOX collinear activation during human axial

progenitor differentiation.
FGF and GDF11 synergize to further accelerate the HOX clock

FGF?2 accelerated HOX induction to generate MNs up to the mid-thoracic level suggesting that
early axial progenitors might not be competent to generate more caudal segments.
Alternatively, other extrinsic factors might be required to further accelerate the induction of
HOX genes and promote more caudal identities. GDF11 is a member of the TGF[ family
implicated in the control of axial elongation, MN subtype specification and is required for the
expression of the most 5> HOX gene starting from the 10 paralogs in vivo and in vitro in late
NMP-like cells (Aires et al., 2019; Gaunt et al., 2013; Lippmann et al., 2015; Liu, 2006; Liu et
al., 2001; McPherron et al., 1999; Peljto et al., 2010). We exposed D3 early progenitors to a
combination of RA and GDF11 (25 ng/ml) for 24h or 48h. 24h GDF11 induced caudal brachial
and anterior thoracic MNs (58.7 % HOXCS, 41.0 % HOXC9); the latest category increasing
after 48h (Fig. 4A, E, S4A). However, as with FGF2, none of the more caudal identities were
observed. In chick, exposure of spinal cord explants to combination of FGF2 and GDFI11
promoted more caudal MNs than the two factors separately (Liu et al., 2001). We thus tested
whether this combination might accelerate the clock and promote caudal thoracic or lumbar
identities. 24h after FGF2/GDF11 treatment, HOXC9, HOXD9 and HOXCI0 mRNAs were
strongly induced (respectively 65.4, 2774.77 and 3329.44-fold compared to controls) and
further increased after 48h (Fig. 4F). In agreement, a 24h (D3-D4) treatment induced, on day
14, caudal thoracic MNs (88.2 % HOXC9 and 46.7% HOXD9) and lumbar HOXC10 MNss after
48h of exposure (11.1%) (Fig. 4B, E, S4B-E).
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Hence, axial progenitors are competent to produce the different spinal rostro-caudal identities

from brachial to lumbar. Changes in parameters of exposure to FGFs and GDFI11

(concentrations, durations and combinations) dynamically pace the speed at which the HOX

clock proceed resulting in the specification of early or later born MN subtypes within the same

timeline of differentiation.

Table S1 - Transcriptomic data and list of markers defining axial progenitors and other

developmentally related cell types

The first panel displays the normalized number of reads for each gene for hESC, D2, D3 and

D4 replicates. The following panels display the list of genes enriched (FC>2.0, p-value<0.05)

in the indicated comparison. The last panel displays the list of genes that identify specific cell

types (allantois, mesodermal progenitors) and the references used to construct these lists.

Table S2. Growth factors and small molecules.

Molecule Concentration Supplier Reference
04-0012-H-10;
Y-27632 (2HCI) 10 uM Stemgent CAS : 146986-50-
7
Stem Cell [ 72304 ;
Y-27632 (2HCI) 10 uM
Technologies CAS :129830-38-2
R2625 ; CAS :
RA 100 nM Sigma-Aldrich
302-79-4
STE04-0074 ;
LDN193189 100 nM Stemgent CAS: 1062368-
24-4
STE04-0010-10 ;
SB431542 20 uM Stemgent CAS: 301836-41-
9
S1263 ; CAS:
CHIR99021 (CT99021) 3or4uM Selleckchem

252917-06-9
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566660 ; CAS:
SAG 500 nM Merk
364590-63-6
S7101 ; CAS :
SCH772984 100 nM Selleckchem
942183-80-4
S1264 ; CAS :
PD173074 100 nM Selleckchem
219580-11-7
S1036; CAS:
PD0325901 S5uM Selleckchem
391210-10-9
100-18B ,
Recombinant Human FGF basic
15-120ng/ml Peprotech accession Number:
(FGF2)
P09038
Recombinant Human/Murine 100-25; accession
120 ng/ml Peprotech
FGF-8b Number: P55075
Recombinant 120-11 ; Accession
10-50ng/ml Peprotech
Human/Murine/Rat GDF-11 number : 095390
STE04-0041
DAPT 10uM Stemgent CAS : 208255-80-
5
Table S3. Antibodies.
HOST
Target Dilution |References Provider
species
AB76541
CDhX2 Rabbit 1:1000 Abcam
RRID: AB_1523334
AB16645
FOXP1 Rabbit 1:32000 Abcam
RRID: AB_732428
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MAB45341

FOXP1 Mouse 1:3000 R&D systems
RRID:AB_2107101
81.5C10

HB9 Mouse 1:50 DSHB
RRID: AB_2145209
ARP31447_P050

HOXAS Rabbit 1:1000 Sigma-Aldrich
RRID:AB_2046241

HOXAS Guineapig |1:1000 [Cu570 H. Wichterle
HPA026794

HOXCS Rabbit 1:1000 Sigma-Aldrich
RRID:AB_10612118
ARP38484_P50

HOXC6 Rabbit 1:8000 Euromedex
RRID:AB_10866814

HOXCS8 Mouse 1:10000 |BLE920502 Biolegend

HOXC9 Guinea pig | 1:300 - J. Dasen

HOXD9 Rabbit 1:1500 SC-8320 Santa-Cruz
HPA053919

HOXC10 Rabbit 1:800 Sigma-Aldrich
RRID: AB_2682308
A21271

HuC/D Rabbit 1:500 Invitrogen
RRID: AB_221448
GT15051

ISL1 Goat 1:1000 Neuromics
RRID: AB_2126323
CH22105

NEUROFILAMENT Chicken 1:500 Neuromics
RRID: AB_2737102
AB126746

SCIP Rabbit 1:1000 Abcam
RRID:AB_11130256

SOX2 Mouse 1:200 AB79351 Abcam
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RRID:AB_10710406
AF2085
TBXT/BRACHURY Goat 1:800 R&D systems
RRID:AB_2200235

Tested antibodies with no staining or unspecific one

HOXC(C9

HOXC10

Rabbit

sc-517007
'ARP35813 (Middle
region)
RRID: AB_938161
'H2041  n-terminal
region
RRID:
AB_10603946
H1916
RRID:
AB_10604162

5G12-10 supernatant

RRID: AB_528286

Santa Cruz

Aviva Sytems

Biology
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Primer Sequences Targeted Gene
CCCACCGTGTTCTTCGACAT CYCLOA
CCAGTGCTCAGAGCACGAAA CYCLOA
GGAGATCATAGTTCCGTGAGC HOXAS
GCTGAGATCCATGCCATTGT HOXAS
CCGCCACAGATTTACCCGT HOXC5
AGTCTGGTAGCGCGTGTAAC HOXC5
CCAGGACCAGAAAGCCAGTA HOXC6
GTTAGGTAGCGATTGAAGTGAAA | HOXC6
CCTCCGCCAACACTAACAGT HOXCS
CAAGGTCTGATACCGGCTGT HOXCS
ACCTCCTAGCGTCCAGGTTT HOXC9Y
CGAAGCTACAGGACGGAAA HOXC9Y
TCGCTGAAGGAGGAGGAGA HOXD9
CAAACACCCACAAAGGAAAAC HOXD9
ACCTCGGATAACGAAGCGAAA HOXC10
TCCAGCGTCTGGTGTTTAGT HOXC10
GAACCTGTGCGAGTGGATG CDX2
GGATGGTGATGTAGCGACTG CDX2
TCTTTGCTTGGGAAATCCG PAX6
CTGCCCGTTCAACATCCTTAG PAX6
GATGCACAACTCGGAGATCA SOX1
GTCCTTCTTGAGCAGCGTCT SOX1

PCT/1IB2020/000972
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Discussion

Overall, we report the selective generation of axial progenitors from hPSCs demonstrated by
combination of specific markers, detailed transcriptomic analysis and their ability to generate
cell types found at distinct rostro-caudal levels. Importantly, we observed line to line
differences in the optimal concentration of CHIR necessary to potently induce an axial
progenitor state for the subsequent reliable induction of caudal cell types. With efficient access
to axial progenitors we then show that changes in the concentration, duration and combination
of the caudalizing factors FGFs and GDF11 control the speed at which the temporal collinear
activation of HOX genes occurs. The pace of the HOX clock is thus dynamically encoded by
the parameters of exposure to extrinsic cues. The sequential changes in chromatin structure
occurring along HOX complexes during their activation do not appear to act as an intrinsic timer
actuated and stopped by extrinsic factors (Bel-Vialar et al., 2002; Del Corral and Storey, 2004;
Kimelman and Martin, 2012; Lippmann et al., 2015; Mazzoni et al., 2013; Narendra et al., 2015;
Noordermeer et al., 2011; Noordermeer et al., 2014; Soshnikova and Duboule, 2009; Tschopp
et al., 2009). Our results might provide a molecular basis for the observation that heterochronic
grafting of “old” axial progenitors to a “younger” caudal stem zone reverted their HOX profile
to the “young” one (McGrew et al., 2008; Wymeersch et al., 2019). The pacing of the HOX
clock by secreted factors might ensure a community effect to synchronize HOX expression
between neighboring progenitors which could allow the emergence of expression domains at
tissue level (Durston, 2019). Furthermore, FGFs and GDFs also control the maintenance of the
stem cell pool and axial elongation (Aires et al., 2019; Boulet and Capecchi, 2012; Jurberg et
al., 2013; Mallo et al., 2009; McPherron et al., 1999). A common mechanism to control rostro-
caudal extension of the body axis together with Hox gene induction would be a parsimonious
way to couple morphogenesis and patterning (Denans et al., 2015; Young et al., 2009). In a
bioengineering perspective, HOX clock extrinsic control provides a simple mean to engineer
cell types of defined “rostro-caudal” identities from PSCs. It shortens temporal requirements
for the generation of cells born at different time of development during axial elongation. This
allows the synchronous engineering with an unprecedented efficiency and precision of human
MN subtypes with defined rostro-caudal identities. In particular, we provide the first evidence
for the generation of putative hand-controlling MNs (Mendelsohn et al., 2017). MN subtypes
display differential vulnerabilities in disease and in spinal injuries. Our results will provide
access to a long awaited resource for the modeling of these incurable diseases and more

controlled source of cells for putative cell therapy approaches. (Abati et al., 2019; An et al.,
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2019; Baloh et al., 2018; Nijssen et al., 2017; Ragagnin et al., 2019; Sances et al., 2016;
Steinbeck and Studer, 2015; Tung et al., 2019). As HOX play a central role in instructing cell
diversification in the three lineages, controlled manipulation of the HOX clock has a great
potential for cell engineering besides MN subtypes. Our strategy is likely expandable to other
axial stem cell derivatives such as paraxial mesoderm that generate the different muscles of the
body with clear applications for the modeling of neuromuscular diseases (Bakooshli et al.,
2019; Diaz-Cuadros et al., 2020; Faustino Martins et al., 2020; Frith et al., 2018; Machado et
al., 2019; Matsuda et al., 2020; Osaki et al., 2020; Pourquié et al., 2018; Steinbeck et al., 2015;
Verrier et al., 2018). More broadly, the temporal generation of distinct types of neurons or glia
from the same progenitor domain is a widely used strategy to increase cell diversity in the
nervous system (Dias et al., 2014; Kohwi and Doe, 2013; Oberst et al., 2019a; Rossi et al.,
2017). Extrinsic cues play important roles in the unfolding of these temporal sequences
(Kawaguchi, 2019; Oberst et al., 2019a; Oberst et al., 2019b; Syed et al., 2017; Tiberi et al.,
2012). Extrinsic manipulation of the temporality of these lineages should improve the
generation of early and late-born cells for both basic research, disease modeling and cell

therapy.
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CLAIMS

1. Ainvitro, or an ex vivo method for engineering human cell/neurons subpopulations of
a defined rostro-caudal identity comprising culturing axial progenitors in a culture
medium comprising retinoic acid (RA), an agonist of Hedgehog signalling pathway, and
optionally a FGFR agonist and/or an activator of the TGF/activin/nodal signalling
pathway, wherein more and more caudal motor neurons identities are obtained by
delayed addition, in the culture medium, of retinoic acid and/or by addition or retinoic
acid in combination with the FGFR agonist and/or the activator of the

TGF/activin/nodal signalling pathway.
2. Aninvitro, or an ex vivo method according to claim 1 comprising

- exposing pluripotent stem cell in a culture medium comprising an activator of the
Whnt signalling pathway to obtain axial progenitors a,d optionally an inhibitor of the

BMP pathway and an inhibitor of the TGFf pathway,

- exposing axial progenitors to retinoic acid (RA) and an agonist of the Hedgehog
signalling pathway, optionally combined with a FGFR agonist and/or an activator
of the TGF/activin/nodal signalling pathway 1 in the culture medium to obtain spinal

motor neuron progenitors, and

- optionally exposing spinal motor neuron progenitors to a notch pathway inhibitor in

the culture medium,

wherein more and more caudal motor neurons identities are generated either by delaying
exposure to retinoic acid with regard to exposition to the Wnt signalling pathway activator or
by exposing axial progenitors to retinoic acid in combination with increased exposures to the
FGFR agonist and/or the activator of the TGF/activin/nodal signalling pathway, wherein
typically increased exposure involves an increased concentration in the culture medium and/ or

an increase duration in the culture medium.

3. The method of claim 2, wherein the human pluripotent stem cells (hPSCs) are exposed
to an activator of the Wnt signalling pathway in combination with an inhibitor of the
Bone Morphogenetic Protein (BMP) signalling pathway, an inhibitor of the
Transforming Growth Factor (TGF)/activin/nodal signalling pathway.
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4. The method of any one of claim 1 to 3, wherein caudal thoracic and lumbar motor

neurons are obtained by exposing axial progenitors to retinoic acid, the FGFR agonist

and the activator of the TGF/activin/nodal signalling pathway.

. The method of claims 1-4, wherein the FGFR agonist is added in the culture medium at

a concentration of at least 15 ng/ml, typically at least 60 ng/ml and notably of at least
100 ng/ml for a period of time of at least 24 hours and theactivator of the
TGF/activin/nodal signalling pathway is added to the culture medium at a concentration

of at least 20 ng/ml for a period of time of at least 24 hours.
The method of any one of claims 1-5, wherein

- the inhibitor of the Bone Morphogenetic Protein (BMP) signalling pathway, the
inhibitor of the Transforming Growth Factor (TGF)/activin/nodal signalling
pathway, and the activator of the Wnt signalling pathway are added in the culture

medium starting from DO until D3 or D4,

- the agonist of the sonic Hedgehog signalling pathway can be added to the culture
medium starting from D3 to D7 and until D9 or D10, and

- optionally the notch pathway inhibitor is added between D9 and D14.

. The method of any one of claims 1-6 wherein RA is added to the culture medium for a

period of 2 to 11 days, optionally between D3 and D9, optionally at a concentration of
at least 10 nM.

8. The method of any one of claims 1-7, wherein:

- brachial motor neurons are obtained by addition in the culture medium of RA alone
between D4 and D9 or between D3 and D9 in combination with a FGFR agonist, or
an activator of the TGF/activin/nodal signalling pathway, between D3 and D4,

respectively at a concentration of at least100 ng/ml or at least 20 ng/ml;

- anterior thoracic motor neurons are obtained by addition in the culture medium of
RA alone starting from D35 or later until D9, or between D3 and D9 in combination
with a FGFR agonist at a concentration of at least 60 ng or with an activator of the
TGF/activin/nodal signalling pathway at a concentration of at least 20 ng/ml starting

from D3 and of 48h or more (preferably 48h).

- caudal thoracic motor neurons are obtained by addition in the culture medium of RA

between D3 and D9 and by a combination between D3 and D4 of a FGFR agonist
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at a concentration of at least 100 ng/ml and an activator of the TGF/activin/nodal

signalling pathway at a concentration of at least 20 ng/ml; and

- lumbar motor neurons are obtained by addition in the culture medium of RA
between D5 and D9 and by a combination a FGFR agonist at a concentration of at
least 100 ng/ml and an activator of the TGF/activin/nodal signalling pathway at a
concentration of at least 20 ng/ml added in the culture medium starting from D3 or

D4 and until D5.
The method of any one of claims 1-8, wherein the FGFR agonist is FGFR2.

The method of any one of claims 1-9, wherein the agonist of the sonic Hedgehog
signalling pathway is the Smoothened Agonist (SAG), optionally the SAG is added at

a concentration of at least 300 nM.

The method of any one of claims 1-10, wherein the notch pathway inhibitor is DAPT,

optionally at a concentration of at least 5 uM.

The method of any one of claims 1-11, wherein the activator of the Wnt signalling
pathway is selected from the group consisting of the compound Chir-99021 and the
Wnt3a protein.

The method of any one of claims 1-12, wherein the activator of the TGF/activin/nodal

signalling pathway is selected from GDF11 or GDFS.
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