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Abstract

Methods and systems for generating MGE precursor cells in vitro as well as compositions of enriched
MGE precursor cells are provided. The methods and systems provide efficient production of MGE
precursors. The methods and systems disclosed herein provide functional MGE precursors which

differentiate into functional GABAergic interneurons.



IN VITROPRODUCTION OF MEDIAL GANGLIONIC EMINENCE PRECURSOR CELLS
CROSS REFERENCE

[0001] This application claims the benefit of U.S. Patent Application No. 61/783,594
filed March 14, 2013.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
[0002] This invention was made with government support under Grant No. MH081880
awarded by the US National Institutes of Health. The government has certain rights in the
invention. This invention was made with support under Grant Nos. RC1-00346 and RB2-
01602 awarded by California Institute for Regenerative Medicine.

INTRODUCTION

]0003] Inhibitory interneurons account for about 20% of neurons in the cerebral cortex.
Deficiencies of interneurons are implicated in several neurological disorders. Most
cortical interneurons originate in the medial ganglionic eminence (MGE) of the
developing ventral telencephalon region of the brain.

[0004] Mouse MGE transplants were shown to ameliorate multiple rodent models of
neurological disorders, suggesting human MGE cells may represent a unique therapeutic
candidate.

[0005] However, in vitro methods for efficient generation of cells having characteristics
of cells of the MGE are not available.

[0006] As such, there is a need for method for efficiently generating MGE precursor cells

in vitro and for cell populations enriched in MGE precursor cells.

SUMMARY
[0007] Methods and systems for generating MGE precursor cells in vitro as well as
compositions of enriched MGE precursor cells are provided. The methods and systems
provide efficient production of functional MGE precursors, which differentiate into

functional GABAergic interneurons.
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[B008] A method of producing medial ganglionic eminence (MGE) precursor cells from
primate pluripotent stem (pPS} cells is provided.

EHERY In certain embodiments, the method inchudes culturing the pPS cells in a serum
free mediwm containing an activator of sonic hedgehog pathway and a neural inducing
supplement to generate the MGE precursor cells. The pPS cell may be cultured in an
adherent culiure or in a suspension culture,

LR In cortain embodiments, the method includes culturing the pPS cells in a serum
free medium contaming an activator of souic hedgehog pathway and a neoral inducing
supplement {o generate embryoid bodies (EBs), wherein the EBs comprise the MGE
precursor cells,

{0811} In certam cases, the neural mducing supplement may be B27. In certain cases,
the neural inducing supplement may be NS21.

{H812] In certain embodiments, the pPS cells may be human pluripotent stem (BPS)
cells. The hPS cells may be human embryonic stern (hES) cells or induced pluripotent
stem (IPS) cells.

{0613} In certamn embodiments, the pPS cells may be induced to ditferentiate prior to
culturing the pPS cells in the serum free mediuvm comprising the activator of somc
hedgehog pathway and the neural inducing supplement, For example, the pPS cells may
be nduced to differentiate by overgrowth of the pPS cell culture, or by colturing pPS
cells in suspension in culture vessels having a substrate with low adhesion, culturing pPS
in absence of feeder layer, or adding a differentiation factor such as FGF betore
cultwring the pPS cells in the serum free medium comprising the activator of sonic
hedgehog pathway and the neural inducing supploment,

{0144 Io certain embodiments, the wethod may inchude isolating the EBs; plating the
isolated EBs on an adherent substrate to provide adherent EBs; and culturing the
adherent EBs,

HHHERY In certain embodiments, the method may include isolating the EBs; dissociating
the EBs mechanically or enzymatically o produce single cells or clusters of celis;
plating the dissociated colls on an adherent substrate to provide an adhorent monolayer;
and culturing the adherent monolayer.

{61 6] In certain embodiments, the method sy inchude isolating the EBs; dissociating
the HBs mechanically or enzymatically to produce single cells or clusters of cells;
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plating the dissociated cells on a cellular feeder layer to provide an adherent co-culture;
and culturing the adherent co-culture.

{88171 In certain embodiments, the method may include isclating the EBs, adherent
ERs, monolayer, or co-cultures; dissociating the EBs, adherent EBs, monolayer, or ¢co-
cultures mechanically or cnzymatically to produce single cells; incubating the single
cells with an astibody to a cell surface marker for MGE precursor cells; and isolating the
procursor cells.

HUHEY In certain embodiments, the method may mclude isolating the EBs, adberent
EBs, monslayer, co-cultures, dissociated cultures, or isolated precursor cells; and adding
a cryoprotectant, such as, antifresze compounds, e.g., glycols {glycerol, ethylene glveol,
propyiene glycol}, dimethy! sulfoxide (DM, or sucrose.

{0619 In certain cases, a method of producing medial ganglionic eminence (MGE)
precursor cells from primate phuripotent stem (pPS) cells may inchide culturing the pPS
cells in a serum free medium to generate embryoid bodies (EBs), wherein the EBs
inchude the MGE precursor cells, wherein the serum free medivm inchudes an activetor
of sonic hedgehog pathway, an inhibitor of Rho-associated kinase (ROCK]), an inhibitor
of SMAD, an inhibitor of Wot and B27.

{0628} The pPS cells are human pluripotent stem (hP8) cells may be human embryonic
stem (hES) cells or induced pluripotent stem (1PS) cells,

96214 In certain cases, the method may further include isolating the EBs; plating the
isolated EBs on an adherent substrate to provide adherent EBs; and culturing the
adherent EBs.

{68221 In certain embodiments, the adherent EBs are cultured in 2 serum free medium

comprising an activator of sonic hedgehog pathway, an inhibitor of SMAD, an inhibitor

of Wnt, and B27.
{0023] In certain embodiments, the adherent EBs are cultured i 4 serum free medium

that does not contain an inhibitor of ROCK.

{0024} A methed for producing inhibitory interncurons s provided, the method may
include isolating the EBs, adberent EBs, monolayer, co-cultures, dissociated cultures, or
sorted colls produced as deseribed above; producing a cel suspension of the isolated

cells and transplanting cell suspensions into the primate nervous system.



[0024A] Aspects of the disclosure relate to a method of producing a cell culture enriched
for medial ganglionic eminence (MGE) precursor cells, the method comprising: culturing
primate pluripotent stem cells in a serum-free culture medium; and introducing to the
culture medium factors comprising: a) an activator of the sonic hedgehog (shh) pathway;
b) a neural inducing supplement; c) one or more SMAD inhibitors; and d) a wnt pathway
inhibitor; wherein the introduction of a) through d) results in a cell culture enriched in
MGE precursor cells compared to a cell culture untreated by this combination of factors.

[0024B] Various embodiments of the claimed invention also relate to a method of
providing a cell culture enriched for GABAergic neuronal precursors, the method
comprising: a) providing primate pluripotent stem (pPS) cells in a culture medium; b)
introducing to the culture medium, factors comprising: i) an activator of the sonic
hedgehog (shh) pathway, ii) a SMAD inhibitor, and iii) a wnt pathway inhibitor, to
produce a cell culture enriched in MGE precursor cells; and c) introducing a Notch
pathway inhibitor to the cell culture enriched in MGE precursor cells; wherein steps a)

through c) result in a cell culture enriched in GABAergic neuronal precursors.
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Brixr DESCRIPTION OF THE DRAWINGS

{6025] Figures 1 {Panels A-B) illustrate the generation of MGE-like Precursor Cells.

{6028] Figures 2 (Panels A-F) ilustrate hESC-MGE-like progenitors exhibit VZ and
SVZ Radial Ghial Stem Cell-like Divisions.

{0027} Figures 3 (Panels A-E) illustrate hESC-MGE-like progenitors differentiate mnto

geurons with properties of telencephalic GABAergic interneurons.

{DO28] Figares 4 {(Pancls A-H) dopict microarray gone expression profiling of hESC-
MGE-Hke NKX2.1-GFP+ Cell Populations.
{0629] Figures § {Pancls A-J} illustrate hESC-MGE-like cell-derived GABAergic

miterneuron maturabion and firmg properties.

{0036} Figures 6 {Panels A-J) illustrate GABAergic Synaptic Properties of hESC-
derived Interneurons.

{0831} Figures 7 (Panels A-H} show hESC-derived MUE-like mterneuron precursor cell

maturation and functional integration i the mouse brain.

0632] Figures 8 (Panels A-F) provide a schematic of differentiation protocols and
FACS analysis of differentiated hESCs.

{0833] Figure 9 dlustrates hESC-derived cells have telencephalic MGE-like identity and
GABAergic neuronal fate,

0834} Figures 10 {Panels A-F) depict transeript expression profiling of hESC-derived
NKXZ.1-GFP+ cells.

0035} Figure 11 depicts maturation of hESC-derived MGE-like cells into GABAergic

interneuron subtypes.

{0036} Figures 12 (Panels A-C) show development of interneuron subtypes in human
fetal contex and MGE, and in cultures derived from human fetal MGE,

{00371 Figures 13 {Pancls A-F) show maturation of hESC-derived interneuron firing
properties.

{0038} Figures 14 (Panels A-() depict maturation of hESC-derived MGE-like
mterneurons and subtype firing properties i the mouse bram,

{0639 Figare 15 provides a sommary of marker expression during differentiation from
hESCs,

{648] Figure 16 provides a summary of hESC differentiation protocol optumization,
animal transplantation, and tumor incidence.
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{60414 Figure 17 depicts MGE precursor cells differentiated in vitro from hESC hine
ESIT.

{6042 Figure 18 depicts MGE precursor cells differentiated in vitre from hESC line
ESI35.

{8043} Figure 19 depicts MGE precursor cells differentiated in vitro from hESC line
ESISH.

{0044} Figure 20 depicts MGE procursor cells difforontiated m vitre from hESC line HY.

{045} Figare 21 tlusirates generation of MGE precursor cells by differentiation of
naive human pluripotent stem celis.

{6846] Figures 22 (Panels A-N) illustrates ntilization of an MGE-enriched enhancer
sequence for the selection and purification of interneurons derived from MGE precursor
cells generated by differentiation of hPSC.

{(847] Figures 23 (Rows A~} depict generation of MGHE derived interneurons using
fong-term suspension culture.

[0048] Figure 24 (Panels A-E) illustrates that numerous small molecule inbibitors of
BMP and WNT signaling pathways are effective in inducing differentiation of hESCs

into MGE precursor cells,

DEFINTTIONS

{3049} As used herein, “embryoid body”, “embryoid bodies”, “EBs” or “EB cells”
typically refers to a morphological, three-dimensional, or organeid-type structure
comprised of a population of undifferentiated and differentiated cells which are derived
from plaripotent stom cells {e.g., primate pluripotent stem cells (pPS), embryonic stem
{ES) cells, induced plunipotent stem (iPS) cells) that have undergone differentiation,
Under culture conditions suitable for EB formation, ES cells proliferate and form small
mass of cells that begin to differentiate. In the first phase of differentiation, uaually
corresponding, to about days 1-4 of differentiation for human cclls, the small mass of
colls forms a layer of endodermal cells on the onter layer, and 18 considered g "suple
cmbryoid body.” in the sccond phase, usually corresponding to about days 3-20 post-
differentiation for human cells, "complex embryoid bodies” are formed, which are
characterized by extensive differentiation of ectodermal and mesodermal cells and
derivative tissues. As used herein, the term "embryoid bodies” or "EB" encompasses
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both simple and complex embryoid bodies unless otherwise required by context. The
determination of when embryoid bodies have formed in a culfure of ESAPS cells s
routinely made by porsons of skill in the art by, for example, visual 1nspection of the
morphology, detection of cell markers. Floating masses of about 20 cells or more {e.g.,
ES/iPS cells) are considered to be snspension embryoid bodies (SEB). {see. e.g., Schmitt,
#., etal. {1991} Genes Dev. 5:728-740; Dostschman, T, O, et al. (1985} I, Embryol.
Exp. Morph. 87:27-45). Suspension EBs can be plated onto an adherent substrate to
generate adherent EBs (abB).

{G658] As used herein, “medial ganghionic eminence (MGE} precursor cell(s)” or “MGE
neural precursor cells,” refer to a population of mutotic and post-mitotic cells that
express the markers expressed by cells in the MGE region of the developing brain. In
general MGE precursor cells express markers such as, homeobox gene N2 {, LIM-
homeobox genes Lhx6é, Lax7, or Lix& MGE precursor cells are capable of
differentiating into interneurons under suitable differentiation conditions.

LR Y By “phoripotent stera cell” or “pluripotent cell” i is meant a cell that has the
ability under appropriate conditions of producing progeny of several different cell types
that are derivatives of all of the three germmnal layers {endoderm, mesoderm, and
ectoderm). Pluripotent stem cells are capable of formung teratomas. Examples of
pluripotent stem cells are embryonic stem (ES) cells, embryonic germ stem (EG) cells,
embryonal carcinoma stemn {BEC) cells, and induced pluripotent stem (iP8) cells. PS8 cells
may be from any organism of interest, including, e.g., human; primate; non-human
primate; canine; Teline; murine; equine; porcine; avian, camel; bovine; ovine, and so on.

{0052} By “embryonic stoem cell” or “ES cell” it is meant a cell that a) can selfrenew, b)
can differentiate to produce all types of cells 1 an organtsm, and ¢} is derived from a
developing organism or is an established ES cell line which was derived from a
developing organiem. EX cell may be derived from the inner cell mass of the blastala, or
from the epiblast, of a developing organism. ES cell may be derived from a blastomere
genemated by single blagtomere biopsy (SBB) mvolving removal of a single blastomere
from the developing organiam. In general, SBB provides a non-destructive aliomative to
inner ol mass solation. SBB and generation of hES cells from the biopsied blastomere
is described in Cell Stem Cell, 2008 Feb 7; 2(2):113-7. ES cells can be cultured over a
long period of ime while maintaining the ability to differentiate into all types of cells in
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an organism. In culture, ES cells typically grow as flat colonies with large nucleo-
cytoplasmic ratios, defined borders and prominent nucleoli. In addition, hES cells
express SSEA-3, SSEA-4, TRA-1-60, TRA-1-81, and Alkaline Phosphatase, but not
SSEA-1. Examples of methods of generating and characterizing ES cells may be found
in, for example, US Patent No. 7,029,913, US Patent No. 5,843,780, and US Patent No.
6,200,806. Examples of ES cells include naive ES cells.

[0053] By “embryonic germ stem cell”, embryonic germ cell” or “EG cell” it is meant a
cell that a) can self-renew, b) can differentiate to produce all types of cells in an
organism, and c) is derived from germ cells and germ cell progenitors, e.g. primordial
germ cells, i.e. those that would become sperm and eggs. Embryonic germ cells (EG
cells) are thought to have properties similar to embryonic stem cells as described above.
Examples of methods of generating and characterizing EG cells may be found in, for
example, US Patent No. 7,153,684, Matsui, Y., et al., (1992) Cell 70:841; Shamblott, M.,
et al. (2001) Proc. Natl. Acad. Sci. USA 98: 113; Shamblott, M., et al. (1998) Proc. Natl.
Acad. Sci. USA, 95:13726; and Koshimizu, U., et al. (1996) Development, 122:1235.

[0054] By “induced pluripotent stem cell” or “iPS cell” it is meant a cell that a) can self-
renew, b) can differentiate to produce all types of cells in an organism, and c) is derived
from a somatic cell. 1PS cells have an ES cell-like morphology, growing as flat colonies
with large nucleo-cytoplasmic ratios, defined borders and prominent nucleoli. In
addition, iPS cells express one or more key pluripotency markers known by one of
ordinary skill in the art, including but not limited to Alkaline Phosphatase, SSEA3,
SSEA4, Sox2, Oct3/4, Nanog, TRA160, TRA181, TDGF 1, Dnmt3b, FoxD3, GDF3,
Cyp26al, TERT, and zfp42. iPS cells may be generated by providing the cell with
“reprogramming factors”, i.e., one or more, e.g., a cocktail, of biologically active factors
that act on a cell to alter transcription, thereby reprogramming a cell to pluripotency.
Examples of methods of generating and characterizing iPS cells may be found in, for
example, Application Nos. US20090047263, US20090068742, US20090191159,
US20090227032, US20090246875, and US20090304646.
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[B0SS] By “somatic cell” it 1s meant any cell in an organism that, in the absence of
experimental manipulation, does not ordinartly give rise to all types of cells in an
organism. In other words, somatic cells are cells that have differentiated sufficiontly that
they will not naturally generate cells of all three germ layers of the body, L.e., ectoderm,
mesoderm and endoderm. For example, somatic cells would include both neurons gnd
neural progenitors, the latter of which may be able to self-renew and naturally give rise
to all or some ccll types of the central nervous system but cannot give rise to colls of the
mesoderm or endoderm hineages.

{6856] The term “cell line” refers to a population of largely or substantially identical
cells that has typically been derived from a single ancestor cell or from a defined and/or
substantially identical population of ancestor cells. The cell line may have been or may
be capable of being maintained in culture for an extended period (e.g., months, years, for
an unhimited period of time).

{B857] By “endodermt” it 1s meant the gorm laver formed during animal embryogenesis
that gives rise to the gastrointesting! iract, respiratory fract, endocrine glands and organs,
certain structures of the anditory system, and certain structures of the urinary system.

{0858] By “mesoderra” 1t is weant the germ layer formed during ammal embryogenesis
that gives rise to muscles, cartilage, bones, dermis, the reproductive system, adipose
tissue, connective fissues of the gut, peritoneum, certain structures of the urinary systern,
mesothelium, notochord, and spleen.

j6059] By “ectoderm” it is meant the germ laver forraed during animal embryogenesis
that gives rise to the nervous gystem, tooth enamel, epidermis, hair, nails, and linings of
mucosal fissucs.

{3060} By “bone morphogenic proteins” or “BMPs” if 18 meant the family of growth
factors that is a subfamily of the transforming growth factor § {(TGF 8) superfanuly.
BMPs {e.g. BMP1, BMP2, BMP3, BMP4, BMPS5, BMP6, BMP7, BMP8a, BMP8b,
BMPS/GDF, BMPLI, BMPII/GDF, BMPIZ/GDFT, BMP13/GDFs, BMP14/GDFS,
BMP15/GIDF9R) were first discovered by thewr ability to induce the formation of bone
and carttlage. BMPs inferact with specific receptors on the cell surface, referred to as
bone morphogenetic protein receptors {BMPRs). Signal transduction through BMPRs
results m mobilization of members of the SMAD farmly of proteins, which in turn
modulate transcription of target genes. Inhibitors of BMP signaling, can readily be
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identified by one of ordinary skill in the art by any of a vurber of methods, for example
competitive binding assays for binding to BMP or BMP receptors, functional assays,
£.g., measuring enhancement of activity of downstream signaling proteins such as
relocalization of SMADs, such as, BR-Smad to the nucleus and transcriptional activation
of downstream gene targets as known in the art.

{611 By “transforming growth factor betas”, “TGF-Bs7, and “TGHFBe” it is meant the
TGFB secreted proteins belonging to the subfamily of the wansforming growth factor
{TGFR) superfamily, TGFRs (TGFB1, TGFB2, TGFR3) are multifunciional peptides
that regulate proliferation, differentiation, adhesion, and migration and i many cell
types. The mature peptides may be found as homodimers or as heterodimers with other
TGEB family members, TGFBs interact with transforming growth factor beta receptors
{(TGF-BRs, or TGFBRs) on the cell surface, which binding activates MAP kinase-, Aki-,
Rho- and Rac/cded2-directed signal transduction pathways, the reorganization of the
celhular architecture and vuclear localization of SMAD proteing, and the wodulation of
target gene transcription. Inhibitors of TGFEFB signaling, can be readily be identified by
one of ordivary skill i the art by any of a2 number of methods, for example competitive
binding assays for binding to TGFB or TGEFR receptors, or functional assays, e.g.
casuring suppression of activity of downstream sigraling proteins such as MAPK, Ak,
Rho, Rac, and SMAISs, e.g., AR-Smad, etc., as well known in the art.

0062} By “Wnts” it is meant the farnily of highly conserved secreted signaling
molecules which play key roles m both embryogenesis and mature tissues. The human
Wt gene family has at least 19 members (Wint-1, Wnt-2, Wnt-2B/Wnt-13, Wnt-3,
Wntla, Woi-4, Wnt-34, Wni-5B, Wat-6, Wnt-7A, Wint-7B, Wni-8A, Wnt-88, Wni-
OA/Wnt-14, Wnt-98/Wnt-15, Wnt-10A, Wnt-10B, Wint-11, Wni-16). Wat proteins
modulate coll activity by binding to Wat receptor complexes that include a polypeptide
from the Frizzled (Fz) family of proteins and a polypeptide of the low-density
hipoprotem receptor (LDLR J-related protein (LRP) famuly of protemns. Once activated
by Wit binding, the Wnt receptor complex will activate one or more intracellular
signaling cascades. These mclude the canonical Wnt signaling pathway; the Wnt/planar
cell polarity (Wat/PCP) pathway; and the Wnt-calciom (Wnt/Ca2+) pathway,

{0863} By culturing under “non-adherent conditions” it is meant culturing under

conditions that suppress the adhesion of cells to the vessel in which they are cultured,
9



WO 2014/153230 PCT/US2014/029734

HUH S

(0065]

{0066}

{867}

&.g., the bottom of g tissue culture plate or flask. In sorse justances, the cells are
naturally non-adherent, 1.9, they will not adhere to a surface unless the surface is coated
with a matrix cornpostiion, ¢.g., fibronectin, laminin, poly-omithin, poly-lysing, collagen
IV, matrigel, and polycarbonate membranes. In some instances, cells may be maintained
in a non-adherent state by agitating the culture,

By culturing under “adherent conditions” it is meant culturing under conditions
that promote the adhosion of cells to the containgr in which they are cultured, ¢.g. the
hottom of g tissue culture plate or flask. In some mstances, cells may be mduced fo
adhere to the container simply by keoping the culture stationary. In somg instances, the
wall of the container to which it 18 desirable to promote adbesion may be coated with a
composition to which the cells may adhere, e.g., fibronectin, laminin, poly-omithin,
poly-lysine, collagen IV, matrigel, and polycarbonate membranes.

The terms “treatment”, “treating” and the like are used herein to generally mean
obtaning a desired pharmacologic and/or physiologic effect. The effect may be
prophylactic wn terms of completely or partially preveuting a disease or symptor thereof
and/or may be therapeutic in terms of a partial or complete cure for a discase and/or
adverse effect attributable to the disease. “Treatment” as used herein covers any
treatment of a disease in 3 mammal, and includes: (&) proventing the disease from
peourring in a subject which may be predisposed to the disease but has not vet been
diagnosed as having it; (b} inhibiting the disease, i.¢., arresting its development; or {¢}
releving the disecase, 1.¢., causing rogression of the disease. The therapeutic agent may
be administered before, during or after the onset of disease or injury. The treatiment of
ongeing disease, where the treatment stabilizes or reduces the undesirable clinical
symptoms of the patient, is of particular faterest. Such treatment is desirably performed
prior to complete loss of function in the affected tissues. The subjoct therapy will
destrably be administered during the symptomatic stage of the disease, and in some
cases after the symptomatic stage of the disease.

The terms “mdividual”, “subject”, “host”, and “patient” are used mterchangeably
herein and refor to any mammalian subject for whom diagnosis, treatment, or therapy i3
destred, particularly humans.

The term “medium” in context of cell culture or the phrase “cell culture medinm”
or “cell medium” refer to a cellular growth medium suitable for culturing of a cell

1@
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popalation of interest.. Examples of cell culture medium include Minimum Hssential
Medum { MEM}, Eagle’s Medium, Dulbecco's Modified Eagle Medium (DMEM),
Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12), F10 Nutrient
Mixture, Ham’s F10 Nutrient Mix, Ham's Fi12 Nutrient Mixture, Medium 199, RPMI,
RPMI 1640, reduced serum medium, basal medium (BME), DMEM/F12 {111},
Neurcobasal medium, and the Hke, and combinations thereof. The medium or cell culture
medium may be modified by adding onc or more factors, such as, supploments,
diffeventiation factors, anti-apopltotic agents.

{068} The term “isolated” in context of cells or cell population refors to cells that are
an envivonment other than thew native environment, such as, apart from tissue of an
OrgAanism.

{0069] The phrase “differentiation factor(s)” as used herein refers to the sgent(s) that are
inchided in the medium for culturing cells of the present disclosure, which agent{s)
promote the differentiation of the cells from a first cell type to a second cell type, where
the second cell type is differentiated compared to the first cell type.

{0678 In the context of cell ontogeny, the adjective “differentiated” is a relative term.

A “differentiated cell” 15 a cell that has progressed further down the developruental
pathway than the cell it is being compared with. Thus, pluripotent embryonic stem cells
can diffeventiate to lineage-restricted precursor cells. These in turn can be differeuntiated
further to cells further down the pathway, or to an end-stage differentiated cell, such as
GABAergic internguron.

{0871} “Feeder cells” or “feeders” are terms used to describe cells of one type that are
co-cubitured with cells of another type, to provide an environment in which the cells of
the second type can grow. pPS cell populations are said to be “essentially free” of feeder
cells if the cells have been grown through at least one round after splitting in which fresh
feeder cells are not added 1o support the growth of pPS cells,

{06723 As used herein, “cxpression” and grammatical equivalents thereof, in the context
of a marker, refers to production of the marker as well as level or arnount of the marker.
For example, oxpression of a marker or presence of a marker in a cell or a cell is positive
for a marker, refers to exprossion of the marker at a level that 1s siratlar to a positive
control level. The positive control level may be determined by the level of the marker
expressed by a cell known to have the cell fate associated with the marker. Similarly,
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{0873}

(0674

{0875}

{0076}

absence of expression of a marker or a cell is negative for a marker, refers to expression
of the marker at a level that is similar {0 a negative control level. The negative control
level may be determined by the level of the marker expressed by a cell known to not
have the cell fate associated with the marker. As such, absence of 8 marker does not
simaply imply an undetectable lovel of expression of the marker, in certain cases, a cell
may express the marker but the expression may be low compared to a positive control or
may be at a level similar {o that of a nogative control.

As used herein, “marker” vefers to any wolecule that can be measured or
detected. For example, a marker can include, without Himitations, a nucleic acid, such as,
a franscript of a gene, a polypeptide product of a gene, a glycoprotein, a carbohydrate, a
glycolipid, a lipid, a lipoprotein, a carbohydrate, or a small molecule (for example, a
malecule having 3 molecular weight of less than 10,000 amu).

A “variant” polypeptide means a biologically active polypeptide as defined
below having at least 70%, 75%, 80%, 85%, 90%, 95%, %8%, or 99% sequence wdentity
with a native sequence polypeptide. Such variants include polypeptides wherein one or
more aming acid residues are added at the N- or C-terminus of, or within, the native
sequence; from about one fo forty amino acd residues are deleted, and optionally
substituted by one or more amino acid residuecs; and derivatives of the above
polypeptides, wherein an amino acid residue has been covalently modified so that the
resulting product has a non-naturally occurring amine acid. Ordinarily, a biologically
active variant will have an amino acid sequence having at least about 90% amino acid
sequence identity with a native sequence polypeptide, at least about 95%, or at least
about 99%. The variant polypeptides can be naturally or non-naturally glycosvlated, t.e.,
the polypeptide has a glycosylation pattern that differs from the glycosylation pattern
found in the corresponding naturally occurring protein. The variant polypeptides can
have post-transiational modifications not found on the natural polypeptide.

The terms ‘enriching” or “enriched” are used interchangeably herein and mean
that the vield (fraction) of cclls of one type 1s mcreased by at ieast 10% over the fraction
of cells of that type in the starting culture or preparation,

A “growth environment” 1s an environment in which cells of mterest will
profiferate, differentiate, or wmature in vitro. Features of the environment inchude the
mediwm in which the cells are cultured, any growth factors or differentiation-inducing

12



factors that may be present, and a supporting structure (such as a substrate on a solid

surface) if present.

DETAILED DESCRIPTION

[0077] As noted above, methods and systems for generating MGE precursor cells in vitro
as well as compositions of enriched MGE precursor cells are provided. The methods and
systems provide efficient production of functional MGE precursors, which differentiate
into functional GABAergic interneurons.

[0078] Before the present invention is further described, it is to be understood that this
invention is not limited to particular embodiments described, as such may, of course,
vary. It is also to be understood that the terminology used herein is for the purpose of
describing particular embodiments only, and is not intended to be limiting, since the
scope of the present invention will be limited only by the appended claims.

[0079] Where a range of values is provided, it is understood that each intervening value,
to the tenth of the unit of the lower limit unless the context clearly dictates otherwise,
between the upper and lower limit of that range and any other stated or intervening value
in that stated range, is encompassed within the invention. The upper and lower limits of
these smaller ranges may independently be included in the smaller ranges, and are also
encompassed within the invention, subject to any specifically excluded limit in the stated
range. Where the stated range includes one or both of the limits, ranges excluding either
or both of those included limits are also included in the invention.

[0080] 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 this
invention belongs. Although any methods and materials similar or equivalent to those
described herein can also be used in the practice or testing of the present invention, the
preferred methods and materials are now described.

[0081] It must be noted that as used herein and in the appended claims, the singular
forms “a,” “an,” and “the” include plural referents unless the context clearly dictates
otherwise. Thus, for example, reference to “a SMAD inhibitor” includes a plurality of

such inhibitors and reference to “the ROCK inhibitor” includes reference to one or more
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ROCK mbibttor and equivalents thereof known to those skilled in the art, and so forth,
it is further noted that the claims may be drafted to exclude any optional element. As
such, this staterment is intended © serve as antecedent basis for use of such exclusive
ternminclogy as “solely,” “only” and the like in connection with the recitation of ¢laim
clements, or use of a “negative” limitation.

{B082] The publcations discussed herein are provided solely for their disclosure prior fo
the filing date of the present application. Nothing horein is 1o be construed as an
admuission that the present invention 18 not entitled to antedate such pubhication by virtue
of prior invention. Further, the dates of publication provided may be different from the

actnal publication dates which may need to be independently confirmed.

MeTHOD FOR GENERATING MGE PRECURSOR CELLS

{6083] In certain embodiments, a method of producing medial ganghionic eminence
{MGE) precursor cells from primate pluripotent stern (pPS) cells 1s provided.

i0684] In general, the pPS are maintained in an undifferentiated state 6l the method for
production of MGE precursor cells is commenced.

{0885] The method may inclade cultvring the pPS cells in 3 serum free medium
comprising an activator of sonic hedgebog pathway and a neural inducing supplement o
genewmte the MGE precursor cells, The pPS cells roay be coltured as an adberent culture
or g suspension culture,

{00686} In centain embodiments, at the start of the method for production of MGE
precursor cells, pPS are plated cells into a celf culture container with an adberent
substrate that faciiiate the attachment of the pPS cells and the cells are contacted with
sevum free medium comprising an activator of sonic hedgehog pathway and a neural
inducing supplement {o generate the MGE precursor cells,

i0887] In certain embodiments, the method may include culturing the pPS cellsing
serum free medium comprising an activator of sonic hedgehog pathway and a neural
nducing supplement to generate embryoid bodies (EBs), wherein the EBs comprise the
MGE precursor celis.

{B888] In certam embodiments, at the start of the mothod for production of MGE
precursor cells, pPY may be plated cells in suspension in culture contatners having a
substrate with low adhesion propertics that allows suspension embryoid bodies to form.
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In an exewplary method, confluent monolayer cultures of pPS cells are harvested and
then plated in non-adherent cell culture plates, keeping the cells in suspension.

{60689] In centain cases, CollagenaselV/Dispase may be used for preferential selection
for pPS colonies. The colonies may be trypsinized o single cells and plated into low-
attachment round-bottom plates to form suspension EB.

{B09¢] In certain cases, the process of differentiation can be induced by causing the pPS
cells o differentiate, ¢.g.. to form ombryoid bodics or aggregates: for gxample, by
overgrowth of a donor pPS cell culture, or by cultuning pPS cells 1o suspension i cultore
vessels having a substrate with low adhesion propertics that allows embryoid bodics to
form, or culturing pPS tn absence of feeder layer. o an exemplary method, confluent
monclayer cultures of pPS cells are harvested and then plated in non-adherent cell
culture plates, keeping the cells in suspension, and providing regular feeding with
nuirient medium,

{0691} Alternatively or in addition, the differentiation process can be mitiated by
culturing with certain factors that prevent the cells from mamtaining the vndifferentiated
phenotype. The initial differentiation factors need not limit differentiation into the MGE
precursor cell lineage, but should be inclusive of MGE precursor cell or their precursors
within the range of coll tyvpes in the differentiated population,

0692} At sorne slage, the culture can be direcied more specifically info the MGE
precursor cell lineage. This can be done by including in the culture medium a factor that
more specifically promotes the generation and proliferation of MGE precursor cell,
Exerplary factors that promote the formation and/or growth of MGE precursor cells
include neural imducing supplements as provided herein, activators of shh signaling,
inhibitors of BMP-signahing, inhibitors of TGF- signaling, Wit mnhibitors, and anti-

apoplotic agents, and in some cases can include activator(s) of FGF signaling.

{80393) Exemplary methods for generating MGE precursor cells are described below.,
{0694] T certain cases, the method may include a step of geveration of SER following

by a step of generation of aBEB. In other cases, the step of generation of sEB may be

replaced by an adherent culture.

s
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Generation of Suspension Embrveid Bodies (RER)

{6095) In an exemplary method, culturing pPS cells in suspension in culture vessels
having a substrate with low adhesion properties that allows suspension embryoid hodies
to form may be camied out in the presence of an activator of shh and a newral inducing
supplement, such as B27 or N321. The pPS cells may be cultured in suspension in
absence of a feeder layer for § day-9 days before an activator of shh and/or neyral
inducing supplement is added to the culture medim, for example, the pPS cells may be
cultured in suspension tor at least O hr, Lhr, 3 hre, & hys, 12 hrs, 18 hrs, 24 hrs, 36 hrg, 48
hrs, 2 days, 3 days, 4 days, 5 days, 6 days, 7 days, 8 days, o9 days before an activator
of shh and/or neural inducing supplement 13 added to the culture medivm, Accordimgly,
the pPS are induced to form sEBs in the presence of a nevral inducing supplement as
described herein and an activator of shh signaling.

{(896] The pPS cell may be cultured in suspension to form sEB for a period of at least
day, e.g., 1-100 days, 1-60 days, 1-50 days, 2-100 days, 2-50 days, 3-100 days, 4-100
days, 3-10 days, or 7-10 days, or 25-100 days in the presence of g neural mnducing
supplement as described herein and an activator of shh signaling. In cases, where the
pPS cell may be cultured in suspension to form sEB for a period of less than 9 days, av
activator of shh and/or neural inducing supplement may be added to the culture medium
within 0-8 days from the start of the culture of pPS cells to form sEB.

194971 In certain embodiments, the pPS are plated in suspension, in culture containers
having a substrate with low adhesion properties, in a cell culture medium that includes a
neural inducing supplement as provided herein and an activator of shh signaling.

{6098} In addition i0 a newural inducing supplement as provided herein and an activator
of shh signahing, the culture medium for culturing pPS cells in suspension to form sEBs
may contain ong or morg of an anti-apoptotic agent, SMAD inhibitor (c.g., TGF-B
inhibitors, BMP inhibitors, Activin inhibitor, Nodal inhibitor, or growth differentiation
factor {GDF) signaling pathway inhibitor), and Wt inhibitor.

{6099] In certain cases, the method for producing MGE precursor cells from pPS cells
miay mclude culturing the pPS cells in a medium that includes an anti-apoptotic agent,
e.g., a ROCK mhibitor, for about 1 he-35 days, e.g., at least | hr, at least 3 hrs, at least 10
birs, ai least 24 hrs, at least 36 hrs, at least 48 brs, at least 2 days, at least 3 days, such as,
4 days, S days, 6 days, 7 days, 8 days, 9 days, 15 days, 20 days, 25 days, or 35 days. An

16



WO 2014/153230 PCT/US2014/029734

exemplary method may include plating the pPS cells 1 suspension in a medivo
comtaming an anti-gpopiotic agent, culturing the pPS cells for a period of 1hr-35 days in
the presence of the anti-apoptotic agent. In certain cases, the anti-apopiotic agent may be
present from the start of culturing of pP'S cells in suspension and may be removed after 1
hr-35 days, such as 1 day to 7 days, e.g. 1 days, 2 days, 3 days, 4 davs, 5 davs, & days, or
7 days.

{00100} In cortain cases, the anti-apoptotic agent may be present transiontly during
differentiation of the pPS mto MGE cells, e.g., the anti-gpoptotic agent may be present
in the culture medium on day 1 when the pPS cells are exposed {o the neural inducing
supplement as provided herein and an activator of shh sigualing. The differentiation of
the pPS cell may be carried out in the presence of neural inducing supplement as
provided herein, an activator of shh signaling, and an anti-apoptotic agent for 1 hrto 35
days are noted above, after which the culturing may be continued in the absence of the
anti-gpoptotic agent.

HeIGY Tn certain cases, the method for producing MGE precursor cells from pPS cells
nwy melude culturing the pPS cells in a medium that includes one or more inhibitors of
wut, Although the Wit sigoal inhibitor may be added to the wedium already at the start
of cultivation of pP8S cells, it may be added to the medium after several days of
cultivation (for example, at a time within 10 days of cultivation). o certain cases, the
Wt signal inhibitor is added to the medium at 3 time within 5 days of start of culturing
of pPS cells in suspension, such as, within 0 davs, 1 day, or 3 days. The wnt mhibitor
may be present throughout the step of generation of sEB or may be preseat for a period
of 5 davs-10 days, e.g., 5 days, 6 days, 7 days, 8 days, 9 days, or 10 days, after which the
culture may be continued tn absence of the wnt inhibitor(s).

[00182] In certain cases, the method for producing MGHE precursor cells from pPS cells
may nchude culturing the pPS cells in a medium that includes one or more inhibitors of
start of cultivation of pPS cells, it may be added to the medium after several davs of
cultivation (for cxample, at a time within 10 days of cultivation). {n cortain cascs, the
one or more SMAD signal inhibitors are added to the medium at a time within 3 days of

start of culturing of pPS cells in suspension, such as, within 0 days, 1 day, or 3 days. The

—
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wit inhibitor meay be present throughout the step of geveration of sEB or may be present
for g period of 5 days-10 days.

{68103] In certain cases, the pPS are differentiated in the presence of shh activator, neural
inducing supplement as provided herein, and SMATD inhibitor(s) for a period of 5 {0 15
days {e.g., S-10 days, such as, 5 days, 6 days, 7 days, 8 days, 9 days, 10 days, 12 days)
after which the ditferentiation may be continued in absence of the SMAD inhibitor(s}.

iB0164] In cortain cmbodiments, the method of producing medial ganglionic eminence
(MGE) precursor cells from primate ploripotent stem (pPS) cells may 1nclade cultoring
the pPS cells in a serum free medium to generate sEBs, wherein the sEBs mclude the
MGE precursor cells, wherein the serum free medinm inclades an activator of sonic
hedgehog pathway, an anti-apoptotic agent, an inhibitor of SMAD, an mhibitor of Wnt
and B27. The sEB produced by the methods described herein include a population of
MGE precursor cells,

{00185 In certain embodiments, the method of producing medial ganghionic enmunence
{MGE) precursor cells from primate pluripotent stern (pPS) cells may melude culturing
the pPS cells i a serum free medinm as suspension culture o generate the MGE
precursor cells, wherein the serom free medivm includes an activator of sonic hedgehog
pathway, an anti-gpoptotic agent, an mhibitor of SMAD, an inhibitor of Wat and B27, In
certain cases, the sEB way be dissociated and plated as 4 monolayer to generate a
monslayer that includes MGH precursor cells.

{30106] In certain cases, the sEBs may be dissociated and plated as a2 monolayer after
about 3 days frony the beginning of the differentiation of pPS celis. For example, the
sEBs may dissociated and plated as a monolaver within 1-100 days afier formation of
the sER, e.g., 1-75 days, 1-530 days, 1-30 days, 1-10 days. In exemplary cases, sEB may
be dissociated and plated as a monolaver after about 10 days of formation of the sEB,
e.g., 10-50 days, 10-40¢ davs, 10-30 days, 10-20 days, 10 days, 12 davs, etc. The
differentiation factors as well as additives, supplements, or factors, used as well as the
timing of addifion/removal of the sarne may be as disclosed above.

01871 In cortain embodiments, the method of producing medial ganglionic ominence
{MGE) precursor cells from primate plunpotent stem (pPS) cells may 1oclode culturing

the pPS cells in a serum free medium as an adherent culture to generate the MGH
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precursor cells, wherein the serum free medium includes an activator of sonic hedgehog
pathway, an anti-apoptotic agent, an inhibitor of SMAD, an inhibitor of Wnt and B27.

{80108] In general, the MGE precursor cells produced by the method described herein
express a marker of MGE precussor cells, such as, NKX2.1,

[66109] In certain cases, the PS cells at the start of the culturing to generate MGE
precursor cells are present at a cell density of 10° to 167 cells/ml.

{00316 The medium used in the suspension culture can be proparcd using any basal
medium, The medium may be BME medivm, BGIb medrom, CMRL 1366 medium,
Glasgow MEM medmm, Improved MEM Zinc Option medinm, IMDM medium,
Medium 199 medium, Eagle’s MEM mediom, DMEM medium, Ham's medium, RPMI
1640 medium, Fischer's medium, Neurobasal medium, and a mixed medium thereof and
the like. The medivm may be modified by addition of additives, supplements, or factors,
as disclosed herein.

06111 A cell culture comtainer with an adherent substrate may be used i methods of
culturing the pP8 as an adherent culture. The differcuntistion fuctors as well as additives,
supplements, or factors, used as well as the timing of addition/removal of the same may

he as disclosed ghove,

CGencration of Adherent Embrvold Bodies (aERY

{80112 In certain cases, the sEBs generated by the above described methods may be
plated into a cell culture container with an adherent substrate that facilitaie the
attachiment of the sEB o form adherent EBs. In general, the sEB may be plated onto 2
cell culture contatner with an adherent substrate in a culture medium containing a neural
mducing supplement as provided heretn and an activator of shh signaling,

LI RR]] In embodiments where the pPS celis are cultured as an adhesion culture, as noted
abaove, the method may forther culiuring the pPS cells in the serum free medium
comprising the activator of sonic hedgehog pathway and the neural inducing supplement
to generate aEBs, which aEBs include MGE precursor cells,

08114 The sEB replsted and cultured in adhesion culture to form aEB may be cultured
for a period of 1- 100 days. In exemplary methods, the replating of sEB may nvolve the
steps of digsociating the EBs mechanically or enzymatically to produce single cells or
chasters of cells, plating the dissociated cells on an adherent substrate to provide an
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adbierent monclaver; and cnlturing the adherent wonelayer o generate aEBs, In certain
methods, the sEBs are not dissociated before further culturing in adherent conditions.

{60115 In certaim embodiments, the method for generating MGE precursor cells from
pPS cells may inchude culturing the pPS cells in a serum free medium comprising ap
activator of sonic hedgehog pathway and a neursl inducing supplement fo generate sEBs
and plating of the sEBs on a cell culture container with an adherent subsirate and
culturing the plated sEBs on the adherent subsirate in the scrum froc medium comprising
the activator of sonic hedgehog pathway and the newral 1nducing supplement to generate
abBBs, which aEBs inchude MGE precursor cells.

68116} In certain cases, the aBEBs may be dissociated and replated as a monolaver, which
monciayer may be cultured in a serum free medium that includes the activator of sonic
hedgehog pathway and the neural inducing supplement to generate MGE precursor cells.

{08117} The cell culture medium for culturing of the adhesion cunlture to generate aEB
from the sEB may also inchude one or more of factors such as, an anti-apoptotic agent,
an infubitor of SMATD, and an inhibitor of Wnt. The foctors may be present af the start
of the adhesion culttre or may be added within 5 days of inifiation of the adhesion
culture, such as, O b, § hr, 3 b, 10 b, 1 day, 2 days, or 3 days from the inttiation of the
adhesion culture. The factors may be removed from the adbesion culture after 1 day to
20 days of culturing.

{0G118] In certain embodiments, the method for generating MGE precursor cells from
pPS cells may include culturing the cells of the sEBs obtamed by the methods deseribed
herein in an adhesion culture in 3 medinm that includes activator of sonic hedgehog
pathway, a neural inducing supplement, Wnt and SMAD inhibitors, for a period of 4-28
days, followed by culturing the adhesion culture for 8-20 days 1n a medium that inchades
activator of sonic hedgehog pathway and a ncural inducing supplement but dogs not
include Wnt and SMATD whbitors,

{66119] The aEBs generated by the methods described herein mclude a population of
MGE precursor cells. In general, the MGE precursor cells present m the aEBs produced
by the method described herein express NKX2.1 and FOXGL. In cortain cases, the MGE
precursor cells produced by the methods disclosed herewn may express one or more
markers of MGE precursor cells, such as, NKX21, LHX6, LHXT/E, FOXGE, OLIGZ,
DEX1/2, and ASCLIL
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[60126] o certain embodiments, the MGE precursor cells produced by the methods
described herein may also include a population of cells differentiated from the MGE
procursor cells, such as, infernewons, ¢.g., GABAergic intermneurons.

81211 In general, the methods described herein result in generation of MGH precurser
colls at a high efficiency, resulting in coll cultures where at least 30% (o.g. 65%, 70%,
75%, 0%, 85%, 0%, or 85%) of the cells in the cell culture are MGE precursor cells,

{00322] As such, the method may imchade culturing pPS colls in a serum free culture
medium comprising activator of sonic hedgehog pathway and a neural inducing
supplement for g period of 10-100 days {e.g. 5-50 days) to generate MGE precursor
cells, wherein the pPS cells are cultured mn adherent or suspension culfure, wherein the
pPS cells are induced to differentiate prior to culturing o the presence of activator of
sonic hedgehog pathway and a neural inducing supplement. As such, the pPS cells may
inchide differentiated cells, such as EBs, prior to culturing pPS cells in a serum free
cubture mediun comprising activator of somc hedgehog pathway and a neural inducing
supplerent, [o certain cases, the serurn free culture medivm may additionally include an
anti-apoptotic agent, an inhibitor of SMAD, and an inhibitor of Wnat.

{06123} In certain cases, the aliBs obtained from the sEB may be replated in a suspeusion
culture to form sEBs or dissociated and replated as a monolayer in adherent culture,

{06124} Culturing of pPS cells as an adberent culture wn a method for generating MGE

precursor cells is further described below.

Adberent Culture for Gensration of MGE Precursor Cells

{66128} As noted above, in cortain embodiments, at the start of the method for production
of MGE precursor cells, pPS are plated cells info a cell colture container with an
adherent substrate that facilitate the attachment of the pP8 cells and the cells are
contacted with serurn free mediom comprising an activator of sonic hedgehog pathway
and a neural inducing supplement to generate the MGE precursor cells.

{00126} In certain cases, the MGE precursor cells generated in the adherent colture may
be present in the aEBs.

JB0EET In some cases, the akB produced by the subject culture method may be
dissociated and replated as a moneolayer and culinred in a serum free medium comprising
an activator of somic hedgehog pathway and a neural inducing supplement to generate
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the MGE precursor cells. The aliB way be maintatned 1o the of supplements and factors
as described herein for a peried of time of 1-10¢ days before being replated ina
suspension culture and cultured further as sEB or before being dissociated and replated
as a monolayer in an adherent culture. In certain cases, the period of time may be 1-75
days, 1-50 days, 1-30 days, 1-10 days, e.g., 18-50 days, 10-40 days, 10-30 days, 10-20
days, 5 days, 10 days, 20 days, or 30 days.

00328 Adheront substrates known in the art as well as those deseribed horein may be
used for culturing the pPS as au adherent culture m a method for generating MGE
precursor cells.

[00129] The pPS cells may be grown as an adherent culture for a period of time before
contacting with serum free medium comprising an activator of sonic hedgehog pathway
and a neural inducing supplement, In certain cases the pPS cells may be induced to
differentiate by overgrowth of a donor pPS cell culture, or cultuning pPS i absence of
feeder layer, or culturing pPS cells in presence of FGF, or the like, Alternatively or in
addition, the differentiation process can be inttiated by culturing with certain factors that
prevent the cells from maintaining the undifferentiated phenotype. The initial
differentiation factors need not himit differentiation into the MGE precursor cell lineage,
but should be inclusive of MGE procursor cell or their precursors within the range of cell
types in the differentiated population.

I0G130] At some siage, the culture can be directed more specifically into the MGE
precursor cell Iimeage. This can be done by inchuding in the culture medivrm a facior that
more specifically promotes the generation and proliferation of MGE precursor cell.
Exemplary factors that promote the formation and/or growth of MGE precursor cells
mchade neural inducing supplewents as provided herein, activators of shh signaling,
inhibitors of BMP-signaling, inhibitors of TGF- signaling, Wit mhubitors, and anti-

apoptotic agents, and in some cases can include activator(s) of FGF signaling.

{80131} Exemplary methods for generating MGE precursor cells are deseribed below,
{00132} The pPS cells may be cultured in adherent conditions for O day-9 days before an

activator of shh and/or neural indocing supplement 1s added to the culture mediom, for
exanple, the pP'S cells may be cultured in adherent conditions foratleast G hr, 1 br, 3
tirs, 6 hrs, 12 hrs, 18 hrs, 24 hrs, 36 hrs, 48 hus, 2 days, 3 days, 4 days, 5 days, 6 days, 7
days, & days, or 9 days before an activator of shh and/or neural inducing supplernent is
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added to the culture mediom. In certain embodiments, the pPS are differentiated 1o
absence of a feeder cell laver.

104133 In cases, where the pPS cell may be cultured in adherent conditions in a culture
medium containing an activator of shh and/or neural inducing supplement for g period of
i-100 days from the start of the culture of pPS cells to form MGE precursor cells,

{08134] In addition to a neural inducing supplement as provided herein and an activator
ot shh signaling, the culture medium for culturing pPS cells in adhorent conditions may
contain one or more of an anti-apopiotic agent, SMAD inhibitor {e.g., TGF-§ mhibitors,
BMP inhibitors, Activin inhubitor, Nodal inhibitor, or GDF signaling pathway inhibitor),
and Wnt inhibitor,

{83135] The timing of addition and removal of differentiation factors may be as descrbied
for the aEB formation above.

{80136] In certain cases, the method for producing MGE precursor cells from pPS cellg
may nchude culturing the pPS cells in 2 medivm that includes an anti-apoptotic agent,
£.2., a ROCK mhibitor, for about | he-35 davs, ¢.g., at least 1 hr, at least 3 hrs, at least 10
hrs, at {gast 24 hrs, at least 36 hrs, at lcast 48 hws, at least 2 days, at least 3 days, such as,
4 days, 5 days, 6 days, 7 days, 8 davys, 9 days, 15 davs, 20 days, 25 days, or 35 days. An
exemplary method may include plating the pPS cells in adherent culture in a medium
confaining an anti-apoptotic agent, culturing the pPS cells for a period of 1he-35 days in
the presence of the anti-gpoptotic agent. fn certamn cases, the anti-apoptotic agent may be
present from the start of culturing of pPS cells for generation of MGE precursor celis
and may be removed after 1 hr-35 days, such as 1 day to 7 days.

88137 In cortain cases, the method for producing MGHE procursor cells from pPS eelis
may mchude culturing the pPS cells in a mediurn that includes one or more nhibitors of
wat. Although the Wnt signal inhubitor may be added to the medium already at the stast
of calturing of pPS cells, it may be added to the medium after several days of cultivation
{(for example, at a tirne within 10 days of cultuning). In certain cases, the Wnt signal
inhibitor is added to the medium at a time within 5 days of start of culturing of pPS cells
i1 adherent condition, such as, within 0 days, | day, or 3 days. The wnt whibitor may be
present throughout the culturing or may be present for a period of S days-10 days.

{00138] In certain cases, the method for producing MGE precursor cells from pPS cells
may mclude culturing the pPS cells in a medium that includes one or more inhibitors of
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SMAD. Although the SMAD signal inhibitor may be added to the medium already at the
start of culturing of pPS cells, it may be added to the medium afier several days of
culturing for generation of MGE precursor cells (for example, at a time within 10 days
of culturing). In certain cases, the ong or more SMAD signal inhibitors are added to the
medinm at a time within § days of start of culturing of pPS cells in adherent condition,
such as, within § days, 1 day, or 3 days. The wnt inhibitor may be present throughout the
culturing to gencrate MGE precursor colls or may be prosent for a poriod of § days-10
days.

{33139 In certain embodiments, the method of producing medial ganglionic enunence
{MGE) precursor cells from primate pluripotent steva (pPS) cells may include cultuning
the pPS cells in adherent condition to generate MGH precursor cells, wherein the culfure
medium includes an activator of sonic hedgehog pathway, an anti-apoptotic agent, an
inhibitor of SMATD, an inhibitor of Wit and B27.

LT In certain cases, the PS cells at the start of the culturing to generate MGE
precursor cells are present at a cell density of 10° to 107 celis/ml.

{00141} As noted above, a serum free medium may be used in the method of generating
MGE precursor cells from pPS cells, A serum-free medium means a medium not
containing an unadiusted or unpurified serum, such as, fetal bovine serum, fetal calf
sergm. The serurn-free medivm may inchude a serum replacement, such as, those

described herein, e.g., B27 or NS21.

Culture of MGE Precursor Cells

{80142} The sEBs and aEBs generated by the methods described hercin may be
dissociated, enzymatically or mechanically, and cultured as a monolayer on g cell culture
vossel with adherent substrate. Accordingly, the MGE precursor cells present in the sEB
and alBs may be cultured as a monolaver.

{00143} In certain cases, culturing of MGE precurser cells in a monclaver may be carried
out for a period of 1-100 days, such as 10 days-15 days.

003441 The culturing of MGE precursor cells in a monolayor may be carried out ina
culture medium that contans a neural inducing supplernent as provided herein and an

activator of shh signaling.
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[60145] o certain cases, the MGE precursor cells generated by the method described
herein may be cultured in a culture medium that promote generation of neurons, such as,
inhibitory inferneurons, ¢.g., GABAergic intemneurons. Accordingly, sEB, aER, and
monglayer produced from dissociation of sEHs and aBEBs generated by the methods
described herein and containing MGE precursor cells may be contacted with a cultore
medium that promotes differentiation of the MGE precursor cells into post mitotic
ncurons. In cortain cascs, this culture medium may not include SMAD inhibitors. in
addition, 1o certain cases, this culture medium way mclude SMAD activators. As such,
the culture medium may include SMAD activators in order to increase the population of
miterneurons present im the MGE precursor cells generated by the protocols described
herein. Exemplary SMAD activators mchade TGFs {e.g., TGFB3), BMPs {e.g., BMP2,
BMP4, BMPS), Activin, Nodal, GDF, and [DET,

[00146] In certain cases, the culture medium to promote differentiation of the MGE
precursor cells to interneurons may inchide a NOTCH ighibitor, BONEF, GDNF, NT3,
NT4, carnp, vitanun ¢, serum, matrigel, insulin, IGF, SDF la, Neuregulinl, TGFR.

{BO1471 The culturing of MGE precursor cells in a monolayer may lead to proliferation of
MGE precursor cells and/or differentiation of MGE precursor cells into cells having a
neurcnal cell fate. In certain cases, the MGE precursor cells that differentiate info cells
having a newronal cell fate express DLX1/2, TUJL, MAP2, GAD1/2, and GABA, and
may express one or more of NKX2.1, ASCLY, LHX6, LHXT/8, DCX, NEUN, and
VGAT, and may express subtype markers calbindin, calretinin, somatostatin, and
parvalbumin,

{80148} In certain cases, the MGE precursor cells generated by the method described
herein may be co-cultured with a support cell population to induce differentiation of the

MGE precursor cells into interneurons, such as, GABAergic interneurons.

Propagation of pP8 Cells in an Undifferentiated State

{80149} pPS celis can be propagated countinnowsly in culture, using culture conditions that
promote proliferation without promoting differentiation. Exemplary ES mediun is made
with 80% DMEM {such as Knockout DMEM “KO DMEM™), 20% of either defined

fetal bovine serum (FBS, Hyclove) or serum replacement {e.g., knockout serum

B2
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replacement (KSR)), 1% non-essential amino acids (NEAA), 1% pen-strep-glutamine (1
mM L-glutamine), 0.0008% p-mercaptocthanol, and 10ng/ml FGF-basic (bFGF).

[00150] The pPS cells can be expanded in the undifferentiated state by culturing in an
environment that inhibits differentiation. Traditionally, pPS cells are cultured on a layer
of feeder cells derived from embryonic or fetal tissue of the mouse. Culture plates are
plated with 375,000 irradiated mouse embryonic fibroblasts (mEFs) per well (irradiated
to inhibit proliferation but permit synthesis of factors that support pPS cells), and used 5
h to 10 days after plating. In certain embodiments, human feeder cells may also be used.

[00151] pPS cells can be maintained in an undifferentiated state even without feeder cells.
The environment for feeder-free cultures includes a suitable culture substrate, particularly
an extracellular matrix such as Matrigel® or laminin. The pPS cells are plated at
>15,000 cells cm™ (optimally 90,000 cm™ to 170,000 cm™). Feeder-free cultures are
supported by a nutrient medium containing factors that support proliferation of the cells
without differentiation. Such factors may be introduced into the medium by culturing the
medium with cells secreting such factors, such as irradiated (~4,000 rad) primary mouse
embryonic fibroblasts, telomerized mouse fibroblasts, or human feeder cells derived from
pPS cells. Medium can be conditioned by plating the feeders at a density of ~5-6x10*
cm? in a serum free medium such as KO DMEM supplemented with 20% serum
replacement and 4 to 8 ng/mL bFGF. Medium that has been conditioned for 1-2 days is
supplemented with further bFGF, and used to support pPS cell culture for 1-2 days.
Features of the feeder-free culture method are further discussed in International Patent

Publications W099/20741 & WO01/51616; and Xu et al., Nat. Biotechnol. 19:971, 2001.

Factors

[00152] The methods and compositions of the present disclosure involve the use of
various factors, such as, neural inducing supplements, anti-apoptotic agents,
differentiation factors, and the like. Examples of neural inducing supplements, anti-
apoptotic agents, differentiation factors used in the methods and compositions of the

present disclosure are described below.
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Neural inducing supplement

{80153 Exemplary neural inducing supplements include B27, NS821, or an equivalent
supplement,
{01547 In certain embodiments, the neural inducing supplement may be B27. B-27&

Serum-Free Supplement is avatlable from Lafe Technologies, B27 supplersent containg
bovine serumy albumin, transferrin, jusulin, progesterone, corticosterone, tritodo-1-
thyronine, retinol acetate, DL tocopherol, DL wocopherol acetate, Biotin, Linoleic acid,
Limolenic acid, ethanolamine, Na Selenite, L-carmitine, ghutathione reduced, catalase,
superoxide disnmutase, D-galactose and putrescine. In certain cases, B27-vitamin A may
be ased.

{08155] In certam cases, the neural mducing supplement may be NS21, NS821 15
described in Y. Chen et al, J. Neurosci. Methods., 171:239, 2008, Y. Chen et al. showed
that N821 1s equivalent to B27 supplement in a neuronal culture. The formulation of
NS21is described in Y, Chen et al. and is reproduced in Table 1 below,

Table 1. NS1 Formulation

Final Coucentration
pgml uhM Stock {mg/mi) For 400ml
NK21 (20L
final madinm)
Albumin, bovine 2500 37 Add as powder 50z
Catalase 2.5 0.010 | Add as powder S0mg
CGlutathione {reduced) 1.0 3.2 Add as powder 20mg
Insulin 4.0 8.6 10 Sml
Superoxidase disimiutase 2.5 G.077  { Add as powder S0mg
Holo transferrin 5.0 0.062 | Add as powder 100mg
T3 (fritodol-1-thyronin) 3.002 0.0026 1 2.0 20ud
L-Carnitine 2.0 12 Add as powder 40mg
Fthanolamine 1.0 16 Ligmd (dg/ml} 20ud
D{+}-galactose 15 83 Add as powder 300mg
Putrescine 16.1 183 Add as powder 322mg
Sodiurn Selenite (.0i435 10083 110 280u]
Eihanolic Stocks
Corticostorong 0.02 0.058 1 2.0 0.2l
Linoleic acid 1.0 3.5 i00.0 0.2mi
Linolenic acid L0 3.3 166.0 02wl
Lipoic acid (thioctic acid) .047 4.2 4.7 &.2mi
Progesterone 0.0063 10,020 132 3.04mi
Retinol acetate 8.1 0.2 20.0 0. 1mi
Retinol, all trans (vit, A) .1 (3.3 16.0 0.2mi

A
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B, L-alpha-Tocopherol {vit. 1.0 2.3 1800.0 0.2mi
B)
13, L~alpha-Tocopherol 1.0 2.1 160.0 0.2md
acetate
{80156} In certain cases, the neural inducing supplement may be present in the serum free

redizm for culturing pPS cells af a concentration ranging from 0.5% to 10%, for
example, 0.5 %6-3%, e.g., 0.5%, 1%, 2%, or 3%.

{00157] In certain embodiments, the serurn free medium comprising a shh activator and a
neursl inducing supplement for culturing of pPS to generate EBs does vot include KSR
or N2 supplement, In certain embodiments, the method of generating MGE precursor
cells does not include culturing the pPS cells in a serum free medivm convprising bFGE
or FGF-2. In certain cases, the pPs cells are cultured in a serum free medum comprising
g shh activator and a neural indocing supplement and not containing KSR or N2
supplement or bFEGF or FGEF-2 for a pertod of time sufficient to generate sEB or abB.

{BHISE] in certain cases, the sEBs may be further cultured n a serom freo medium
comprising a shh activator and a neural inducing supplement and further containing one
or more of KSR supplement, N2 supplement, bFGF, and FGF-2 for a period of sufficient
{0 generate aliB.

{89 In certain cases, the pPS cells may be cultured in a serum free medium
comprising a shh activator and a newral inducing supplement and further containing one
or more of KSR supplement, N2 supplement, 8BFGF, and FGF-2 for a period of sufficient
to generate sEB. The additional supplements may be added at the same time as a shh
activator and the veural inducing supplement as described berein or at a later time point,
such as, after 5 days — 2 weeks, such as, after | weeks- 2weeks after exposing the pPS
cells to shh activator and the newal inducing supplement as described herewn. In certain
cases, the KSR supplement and/or N2 supplement may be present added at day 0 of
diffeventiation, or later such as day S, day 7, day 10, day 14, day 21, after contacting the
pPS cells shh activator and the neural inducing supplement as described herein,

08168 In certain embodiments, the cell calture mediurn used in the methods disclosed

herein does not include serum replacements, such as, KSR or N2,
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Anti-apoptotic Agents

LS In certain embodiments of the methods and composttions described herein, an
anti-apoptotic agent may be included in the medium for PS culturing cells.

{01621 In certain cases, the anti-apopiotic agent may be an wmhibitor of Rho-associated
proten kinase (ROCK). In certain cases, the ROCK inhibitor may be Y27632, HA-100,
H-1182, (+)-trans-4-(1-aminoethyi}- 1 -(pyridin-4-ylaminocarbonyl) cyelohexane
dihydro-chloride monchydrate {described m WOO0078351, wWOG0057913),
imidezopyridine denvatives {described in ULS, Pat. No. 7,348,339}, substituted
pyrimidine and pyndine derivatives {described in US. Pat. No. 6,943,172} and
substitoted soquinohne-sulfony! compounds {described in EPGOIET371), or
GSK429286A, ROCKI inhibitor, or Thiazovivin, or an analog or derivative thereot,

[60163] The anti-apoptotic agent miay be present at a concentration of 0.1 uM, 0.3 uM|
0.5 uM, 1 uM, at least about 1.3 uM, at least abont 1.3 oM, at least abowt 2 uM, at least
about 2.3 uM, at least about 2.5 uM, at least about 2.8 1M, at least about 3 uM, at least
about 3.5 1M, at least about 4 uM, at least about 4.5 M, at least about 5 uM, at least
about 10 uM, at least about 20 uM, at least about 30 uM, at least about 40 uM or at least

about 30 uM, suchas, 0.5 uM -50 oM, 1 M -25 pM, or 2.5 pM 220 uML

Inhibitors of SMAD

[00164] In certain embodiments of the methods and compositions described herein, an
inhibitor of SMAD may be present in the medium for culturing cells. In some
embodiments, an inhibitor of SMAD can be present in the medinm, used for culturing
cells, at a concentration of 10 ng/ml, 204 ng/mi, 300 ag/ml, 400 ng/ml, 5008 ng/ml, 1
aug/mil, 1S ug/ml, 7 pg/ml, 2.5 ng/ml, or § ug/ml for example, at a concentration of 500
ng/ml-3 ng/ml e.g, 1 ng/ml-3 pg/ml

{80165} The inhibitor of SMAD may be present at a concentration of at least about 0.01
gtM, at least about 0.03 1M, at least about 0.1 pd, at least about 0.2 pM, at least about
0.25 uM, at least about 0.3 uM, at least about 1 uM, at least about 1.3 ub, at feast about
1.5 uM, at least about 2 uM, at least about 2.3 uM, at least about 2.5 uM, at least about
2.8 uM, at least about 3 uM, at least about 3.5 uM, at least about 4 uM, at least about

4.5 uM, at least about 5 uM, at least about 10 pM, at least about 20 uM, at least about
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30 pM, at least about 40 uM or at least about 50 uM, such as, 0.5 uM -54 M, 1 M 225
uM, or S uM 220 ML

{68166} In certain embodiments, the inhibitor of SMAD way be an inhibitor of TGF-B
signaling. For example, the SMAD whibttor meay be an ALK inhibitor, or antibody or a
fragment thereof that binds to TGF-$1, TGF-2, TGF-B3, TGF-f receptor [ and/or . In
certain embodiments, the inhibitor of TGF-B signaling may be a small molecule
ithibifor. In certain cases, the inhibitor of TGF-{ signaling may be LY 364947 (S13204),
SM16, SB-505124, ALKS Intubitor i, 8B-431542, LY2157299 , LDN-19318%9, A83-01,
{(+3-ITD-1, ITD-1 (ethyl 4-(0 1, U-biphenyli-4-y1}-2,7, 7-trunethyl-S-0x0-1.4,5,6,7,8-
hexahydroguinoline-3-carboxylate), or ITDts,

{80167} I certain embodiments, the SMAD wnhibifor may be BMPRIA-Fe, Noggin, or
derivatives thereof

[00168] In certain embodiments, the SMATD inhibitor may be a BMP pathway inhibitor,
such as, dorsomorphin.

00169 In certain embodiments, the SMAD inhibitor may be an Activin inhibitor, Nodal
mhbibitor, or GDF signaling pathway inhibitor. Exeroplary activin inhibitors include
SB431542, Follistatin, A¥301, DMH1, Dorsomorphin, K02288, and SB505124. In
certam cases, mbhibitors of Nodal, such as, SB431542, Lefly, or Cerebrus may be used.
In certain cases, SB431542 14476, GWTRE388, LY364947, RepSox, SB325334,
SD208 may be used to inhibit GDF signaling pathway.,

{G0176] In certam embodiments, two or more SMAD inhibitors may be included in the

cell culture mediom used in the methods described herein.

Activators of Sonic Hedeehos Signaling

[G8171] In certain embodiments of the methods and compositions described herein, an
activator of sonic hedgehog signaling may be present in the medium for culturing cells.
The setivator of sonic hedgehog signaling wway be present at 8 concentration of at least
about 0.01 uM, at least about (.03 uM, at least about 0.1 uM, at least about 0.2 uM, at
least about 0.25 uM, at least about 0.3 uM, at least about 1 uM, at least about 1.3 uM, at
least about 1.5 ubM, at least about 2 uM, at least about 2.3 uM, at least about 2.5 uM, at

feast about 2.8 uM, at least about 3 1M at least about 3.5 pM, at least about 4 uM, at
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least sbout 4.5 1M, at least abowt 5 uM, at least about 10 uM, at least about 20 uM, at
feast about 30 1M, at least about 40 uM or at least about 50 uM, such as, 0.0S uM -5
M, 6071 oM 205 uM, .05 pbM -2 uM, or G.1uM 2M,

801721 In certain csses, the activator of souic hedgehog signaling may beshh ora
derivative thereof. In certain cases, the activator of sonic hedgehog signaling may bea
small molecule, such as, pormorphamine, SAG smoothened agonist, Hh-Agl.3, or

derivatives and analogs thereof,

Wat Inlubifor

[6681731 n certain embodiments of the methods and compositions described herein, an
inhibitor of Wat signaling may be present in the medium for culturing cells.

{80174} Wt inhibitors are agents that downregunlate expression or activity of wnt,
Agents of interest may inferact divectly with wat, e.g. drugs, 1.e., small molecules,
blocking antibodies, ¢tc., or may interact with wnt associated proteins, ¢.g. Wnt co-
receptors LRPS/6 and the transmembrane protein Kremen, A mumber of wint inhibifors
have been described and are known in the art.

[B0175] Wat inhibitors of interest interfere with the inferaction between soluble,
extraceliular Wnt proteins, and the frizzled receptors that are present on the surface of
normal cells, Such agents include, without limitation, soluble frizzled polypeptides
comprising the wnt binding domains; seluble frizrled related polypeptides; wnt specific
antibodies; frizzled specific antibodies; and other molecules capable of blocking
extracellular wot signaling,

{30176} Among the known wnt inhibitors are members of the Dickkopt (Dkk) gene
family (see Krupnik ot al. (1999) Gene 238(23301-13), Members of the human Dkk
gene family include Dik-1, D2, Dkk-3, and Dide-4, and the Dkk-3 related protein
Soggy (Sgy).

{B8177) Other inhibitors of wat fnclude Wise (tasaki et al. (2003} Development
130{181:4295-30), which 1s a sccreted protein. The Wise protein physically interacts
with the Wnt co-receptor, lipoprotem receptor-related protem 6 (LRPE), and s able to
compete with Wnt§ for binding to LRP6,

{BGI78] Inhibitors may also include denivatives, variants, and biologically active

fragments of native inhibitors,
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{38179} In certain cases, the Wnt inhibitor may be a small molecule such as, CKI-7, TWP
analogs, IWR analogs, XAVS39, 53AH , Wnt-C539,
{G8180] In certain cases, the Wnt inhibitor may be present in the culture mediwm at a

concentration of 10 ng/mli, 200 ng/ml, 300 ng/mi, 400 ng/ml, 500 ng/ml, 1 ug/mi, 1.5
pgml, 2 pg/md, 2.5 ng/ml or § pg/mi for example, at a concentration of 500 ng/mi-

3ug/ml, e.g., 1 ug/mi-3 ug/ml.

Assessing Generation of Cell Populations

{BOIRT In certain cascs, the cell populations cultured according to the methods disclosed
heremn may be monitored o assess changes in the cells imparted by culturing (e.g.,
during one or more time points is the culture method disclosed herein) s¢ as to
characterize the cell population produced. In certain embodments, the production of
MGE precursor cells {mitotic MGE precursor cells and/or post-mtiotic nferneurons)
may be assessed by determining the expression of markers characteristic of these cell
populations.

{0G3821 In certain cases, the expression of certain markers is determined by detecting the
presence or absence of the marker transcript or protein expression. Aliernatively, the
expression of certain markers can be determined by measuring the level at which the
marker is present in the colls of the cell culture or cell population. In such processes, the
measurement of marker expression can be qualitative or guantitative. One method of
guantitating the expression of markers that are produced by marker genes is through the
use of guantitative PCR {Q-PCR). Methods of performing Q-PCR are well known in the
art. Other methods which are known in the art can also be used to quantitate marker gene
expression. For example, the expression of a marker gene product can be detected by
using antibodies specific for the marker gene product of interest. In certain processes, the
expression of marker genes characteristic of the cell population of interest ag well ag the
lack of significant expression of marker genes characteristic of PS cells and other cell
types may be determined.

{B0TR3Y Momtoring of generation of MGH precorsor celis way be by detenoining
expression of NKX2. 7 goene, As such, the MGE precursor ¢elis produced by the
processes described heremn express the NKXZ2. 7 marker geue, thereby producing the
NEX2.1 gene product. The MGE precursor cells produced by the methods described
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herein also express the FOXGH, and way express LHX6, LHX7/8, OLIG2, ASCL 1, and
DIL.X2. Furthermore, the MGH precursor cells produced by the methods described herein
do not express PAX6,

(001841 In some embodiments described herein, the expression of the NKA2. § marker
and/or the FOXG marker in MGE precursor cells is at least about 2-fold higher to at
least about 10,000-fold higher than the expression of the NEX2. § marker and/or the
FOXGT marker in non- MGE precursor colls, for cxample pluripotent stem cells. In
other emboduments, the expression of the NKX2. 7 marker and/or the FOXGT wmarker 1
MGE precursor cells s at least abont 4-fold higher, at least about 6-fold higher, at least
about R-fold higher, at least about 10-fold ligher, at least about 13-fold higher, at least
about 20-fold higher, at least about 40-fold higher, at least about &0-fold higher, at least
about 100-fold higher, at least about 130-fold higher, at least about 200-fold higher, at
feast about 500-fold higher, at least about 750-fold higher, at least about 1000-fold
higher, at least about 2500-fold higher, at least about 5000-fold higher, at least about
7500-fold higher or ot least about 10,000-fold higher than the expression of the NXX2.7
nwarker and/or the FOXG I marker in non- MGE precursor cells, for example pluripotent
stem cells.

{H018S] In certain cases, the montoring of generation of MGE precursor cells (mitotic
MGE precursor cells and/or post-mitotic wnterneyrons) may be carried out by performing
functional analysis of the cells of interest. For example, MGE precursor cells generated
by the methods described herein may be may generate inferneurons s vive or is vitro, In
certain cases, MGE precursor cells produced by the methods disclosed herein may
generate ntermeurons that differentiate into mhtbttory GABAergic interneurons that can
migrate and fonctionally wtegrate with neuron in vive,

06188 In certain cases, the method does not inchude monitoring of generation of MGE

precursor cells,

Enrichment, Isolation and/or Purification of Cell Populations

[003I87 Cell populations of interest, such as, MGE precursor colls (mitotic MGE
precursor cells and/or post-omtotic interneurons ) produced by any of the above-desenibed
processes can be enriched, isolated and/or purified by using an affinity tag that is
specific tor such cells. Examples of affinity tags specific for a cell or cell population of
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interest include antibodies, ligands or other binding agents that are epecific to a marker
molecule, such as g polypeptide, that is present on the cell surface of the cells of interest
but which 1s not substantially present on other cell types that may be found ina cell
culture produced by the methods described herein.

HIELY Methods for making antibodies and using them for cell isolation are known in the
art and such methods can be implemented for use with the antibodies and cells described
herein, In ong process, an antibody which binds o a marker expressed by cell population
of 1nterest 18 altached to a magoetic bead and then allowed to bind o the cells of interest
in a cell culture which has been enzymatically treated to reduce intercellular and
substrate adhesion. The cell/antibody/bead complexes are then exposed to a magnetic
field which is used to separate bead-bound defintive endoderm cells from unbound
cells, Once the cells of interest are physically separated from other cells in culture, the
antibody binding is disrupted and the cells are replated in appropriate tissue culture
medipm.

08189 Additional methods for obiaining enriched, isolated, or purified cell populations
of interest can also be used. For example, in some embodiments, an antibody fora
marker expressed by the cells of interest is incubated cell culture containing the cells of
interest that has been treated to reduce intercellular and substrate adhesion. The cells are
then washed, centrifoged and resuspended. The cell suspension is then incubated with &
secondary antibody, such as an FITC-conjugated antibody that is capable of binding to
the primary antibody, The cells are then washed, centrifuged and resuspended in buffer.
The cell suspension is then analyzed and sorted using 8 fhucrescence activated cell sorter
{FACRK). Antibody-bound cells are collected separately from cells not hound to the
marker specific anttbody, thereby resulting tn the isolation of cells of interest. If desired,
the isolated cell compositions can be further purified by using an alternate affinity-based
method or by additional rounds of sorting using the same or different markers that are
specific for the cells of interest. In cortain cases, the MGE precursor cells may be
enriched by sorting the celis based on size.

L In certain cascs, colis of interest, such as, MGE precursor ceolls are enriched,
isolated and/or purified from other types of cells atter the PS cell cultures are induced to

differentiate towards the MGE precursor cell hingage. It will be appreciated that the
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above-described enrichruent, isolation and purification procedures can be used with such
cultures at any stage of differentiation.

{00191} In addition to the above-described procedures, cells of interest, such as, MGE
precursor cells may also be isolated by other technigues for cell isolation. Additionally,
cells of interest, such as MGE precursor cells, may also be enriched or isolated by
methods of serial subculture in growth conditions which promote the selective survival
or sclective expansion of the cells of intorest,

{0183 Using the methods described herew, cell populations or cell cultures enniched 1o
cells of interest, such as, MGE precursor celis, by at least about 2- to about 1600-fold as
compared to un~entiched cell populations are produced. In some embodiments, MGE
precursor cells cap be enriched by at least about 5- to about 530-fold as compared to
untreated cell populations or cell cultares. In other embodiments, MGE precursor cells
can be enriched from at least about 18- to sbout 200-fold, at least about 20~ to about
100-fold, at least about 40- to about 80-fold, or at least about 2- to about 20-fold as

compared to undifferentiated cell populations or cell caltures.

Genotyvpic Features of Cell Populations of the Present Disclosure

{60193 When derived from an isclated PS cell, or an established line of PS cells, the ¢celi
populations of this disclosure can be characterized as beiug the progeny of the
originating cell or cell line. Accordingly, the cell populations will have the same genome
as the cells from which they are derived. This means that over and above any karyotype
changes, the chromosomal DNA will be over 90% identical between the PS cells and the
cell populations generated therefrom, Cell populations of the present disclosure that have
been treated by recombinant methods to introduce a transgene or knock out an
endogenous gene are still considered to have the same genome as the line from which
they are derived, since all non-manipulated genetic elements are preserved. Cell
populations of the present disclosure and PS cells can be identified as having the same
genome by standard genetic fechniques. Possession of the same genome can also be
inforred if the cel populations are obtained from the undifferentiated line through the
course of normal mitotic division,

{1 94] In certain industrial applications, this characteristic i3 a valuable feature of the
cell populations of the present disclosure. In particular, the availability of the originating
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PS cells provides a further supply of genetically matched differentiated cell populations,
since the PS cells can be caused to proliferate and differentiated into more cell
populations of the present disclosure as required. Furthermore, the PS cells can be
differentiated into other therapeutically important lineages.

{60195] The technignes described tn this application allow for the production of large ccll
populations that share the same genome, by expanding the cells before or after
differentiation. Populations of 165, 10" or 167 colls arc theorctically possible. Such
large populations are usually divided into separate containers snitable for further culture,
drug screening, or therapeutic administration.

{00196 Certain embodiments of the disclosure include onginating cells {such as an
undifferentiated PS cell line, or an intermediate population, in combination with one or
more populations of differentiated cells bearing characteristics of MGE precursor cells.
The populations may either be in the same countainer, in separate containers in the same
facility, or in two different locations. The undifferentiated and differentiated cells may
be present sirnultanecusly or at s different tirwe, such as when a culture of
undifferentiated cells 1s caused to differentiate into MGE precursor cells, as described

herein.

Compositions Comprising Cell Populations of the Present Disclosure

{80197 Cell compositions produced by the above-described methods include cell culmres
that contain isolated MGE precursor cells and cell populations enriched in isolated MGE
precursor cells.

[GO19R] In some ewbodiments, cell compositions which include cells of the present
disclosure, wherein at least about 50%-R0% of the cells in culture are the cells of
interest, can be produced. The differentiation methods described herein can result in
about 5%, about 10%, about 15%, about 20%, about 25%, gbout 30%, about 35%, aboui
4(%, about 43%, about 30%, about 55%%, about 6056, about £3%, about 70%, about
75%, about 80%, about 85%, about 90%, about 95%, or greater than about 95%
conversion of plaripotent eclls to cclls of interest,

JBGE99] In cmbodiments, in which 1solation of cells of interest 1s employed, for example,
by using an aifinity reagent that binds to the cells of interest, a substantially pure cell
population of mterest can be recovered.
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[602066] Some embodiments described herein relate to cell compositions comprising from
at least about 5% colls of interest to at least about 95% cells of interest, In some
embodiments, the cell cultures or cell populations comprise mammalian cells. In
preferred embodiments, the cell cultures or cell populations comprise human cells. For
exanple, certain specific embodiments relate o coll compositions comprising human
cells, wherein from at feast about 5% to at least about 95% of the human cells are MGE
procursor colls. Other cmbodimonts relate to ecll compositions comprising human colis,
wheremn at least about 5%, at least about 10%, at least about 15%, at least about 20%, at
lcast about 25%, at least about 30%, at lcast about 35%, at least about 40%, at least
about 43%., at least about 5094, at least about 55%, at least about 60%, at least about
65%, at least about 70%, af least about 75%, at least about 8094, at least about ¥5%, at
least about 90% or greater than 90% of the human cells are MGE precursor cells.

{8281} In a specific embodiment, a composition comprising human cells, where at least
70% of the human cells are human MGE precarsor cells 1s provided.,

[06262] In another embodiment, a compostiion comprising human cells, where at least
80% of the human cells are human MGE precursor cells is provided.

{06293} In certain embodiments, the composition ay mmclude pluripotent stem cells
and/or inhnbitory interneurons,

{08204} Cell populations of the present disclosure, such as, sEB comprising MGE
precursor cells, alB comprising MGE precursor cells, MGE precursor cells, or neurons
generated from MGE precursor cells may be present in g composition comprising one or
more of these cell populations.

{B0208] The cells populations of the present disclosure may be used fresh or stored in art
accepted methods, such as, cryvopreserved for a period of 1 day to 10 years before being
thawed and used.

106206] Cell compositions produced by the above-described methods and compositions
thereof may be assessed by using the markers and methods described herein as well as
those known in the art.

G2e7] Cell compogitions prodused by the above-deseribed methods and compositions
thereof may be enriched, 1solated or purified using methods desceribed herein as well as

those known in the art.

o
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Usks OF CRLL POPULATIONS OF THE PRESENT DBISCLOSURE

Cell Populations for Screening

{04288} The cells of the prosent disclosure can be used to screen for agents (such as,
small molecules, peptides, polynucieotides) or environmental conditions (such as,
culture conditions or manipulation) that affect the characteristics of MGE precursor cells
and/or cells generated therefrom, such as, interneurons.

{0G209] In one gxample, MGE precursor cells are used to screen factors that promote
maturation wio imferneurons, or promote prohiferation and mamtenance of MGE
precursor cells in long-term cultwre. For example, candidate differentiation factors or
growth factors are tested by adding them to cells in different wells, and then determimng
any phenotypic change that results, according to desirable criteria for further culture and
use of the cells, This can lead to improved derivation and culture methods for generating
and/or maintaining MGE precursor cells and/or cells generated therefrom.

{066216] Other screening methods of the present disclosure relate to the testing of
pharmaceutical compounds for a potential adverse effect on MGE precursor cells and/or
cells generated therefrom. This type of screening is appropriate not only when the
compound i3 designed to have a pharmacological effect on MGE precursor cells
themselves, but also to test for MGE precursor cells-related side-effects of compounds
designed for a primary pharmacological effect elsewhere.

G211 (Other screening methods relate to the use of MGE precursor cells to measure the
gffect of small meclecule drugs that have the potential to affect MGE precursor cells. To
this end, the cells can be combined with test compounds in vifre, and the effect of the
compound on MGE precursor cells is determined.

{06212 General principles of drug screening are desenibed in ULS, Pat. No. 5,030,018,
and in the textbook In vitro Methods in Phamaceutical Research, Academic Press 1997,
Assessment of the activity of candidate pharmacentical compounds generally involves
combining the differentiated cells of this invention with the candidate compound, either
alone or 1 cornbination with other drugs. The mvestigator determines any change in the
morphology, marker, or Tunctional activity of the colls that is attributable to the
compound {compared with unireated cells or cells treated with a negative conirol

compound), and then correlates the effect of the compound with the observed change.
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MGE precursor ¢ells in Clinieal Thevapy

{60213 Cell populations comprising MGE precursor cells, such as, celf populations
enriched in MGE precursor cells, as well as, purified MGE precursor cells produced by
the methods described herein may be used in a number of clinical applications.

{00214} In certain embodiments, the MGE precursor cells produced using the methods
provided herein may be used for treating a subject iy need for treatment with MGE
procursor cells.

{BG215] In certain cases, a subject in need for treatment with MGE precursor cells may be
a paticnt having or at risk of developing a neurological disorder characterized by
decreased whibitory mierneuron activily. In certain cases, the patient may have reduce
inhibitory neuron function and/or elevated excitatory neuron function.

{00216] In certain cases, the MGE precursor cells may be fransplanted into a target site in
the subject that provides appropriate differentiation conditions for the MGE precursor
cells to differentiate into interneurons, such as, GABAergic inhibitory mierneurons,
Cells may be transplanted by auy of a nuwwber of standard wethods in the art for
delivering cells to tssue, e.g., injecting theny as a suspension in a catrier, such as, a
suttable solution or a solid or semi-solid support. Suitable solutions imclude saline, PBS,
L15, DMEM, Iscove’s media, ete. Suitable solid supports include beads, a filter such as
a mesh filter, 3 membrane, ete.

962171 In certain cases, the MGE precursor cells may be administered to the nervous
system of the subject. In cerfain cases, the administering may be performed by
transplanting the MGE precursor cells into oue or more locations in the nervous systers
of the subject.

{B0218] o certain embodiments, the MGE precursor cells may be administered into one
or more locations in the nervous system of the subject, such as, ceniral nervous system,
such as, brain, e.g.. cerebelium, cerebral cortex, hippocampus, striztum { ¢.g., basal
ganglia), thalamus, hypothalamus, subthalamic nucleus; and spinal cord,

{60219 In certain embodiments, the administering of MGE precursor cells may result in
the inhibitory nouron function being restored. In cortain cases, the administering may
mnclude transplanting the MGE precursor celis in a first portion of the bram of the subject
and restoring inhibitory neuron function in a second portion of the brain, distal from the
first.
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[60226] o certain embodiments, the MGE precursor cells may be administered to a
subject having or at risk of developing a neurological disorder, such as, seizure disorder,
£.8., epilepsy, Huntington’s disease, Parkinsorn’s disease, ALS, schizophrenia,
Alzheimer’s disease, autism, dyskinesia, chronic paimn, spasticity, neuropathic pain,
multiple sclerosis, traumatic brain injury, diseases of dis-myelination, bi-polar disorder,

depression, and cancer.

EXAMPLES

{30221] The following examples are put forth so as {o provide those of ordinary skill in
the art with a complete disclosure and description of how to make and use the present
invention, and are not intended to Limit the scope of what the inventors regard as their
invention nor are they intended to represent that the experiments below are all or the
only experiments performed. Efforts have been made to ensure accuracy with respect fo
nwnbers used {¢.g. amounts, temperature, te.) but some experimental errors and
devintions should be accounted for. Unless indicated otherwise, parts are parts by
weight, molecular weight is weight average molecular weight, temperature is in degrees
Celsius, and pressure 1s at or near atmospherice. Standard abbreviations roay be used,
€.g., bp, basc pair(s); kb, kilobase(s); pL, picoliter(s); s or sec, sceond{s); min, minute{s)
b ot br, hour(s); aa, amino acid(s); kb, kilobase{s}; bp, base pair(s); nt, nucleotide(s);
t.m., intramuscular(ly); Lp., intraperitonesl(lyy; s.c., subcutaneous(ly); and the bike.

{06223] While the present invention has been described with reference to the specific
embodiments thereof, it should be understood by those skilled in the art that various
changes may be made and equivalents may be substituted without departing from the
true spirit and scope of the fovention, In addition, many modifications roay be made to
adapt a particular sitiation, material, composition of matter, process, process step or
steps, to the objective, spirit and scope of the present invention. All such modifications

are intended to be within the scope of the claims appended hereto,

Materials and Methods:
Cell Culture and FACK-sorting

(602231 HES-3 hESCs were maintained on irradiated mouse embryvounic fibroblasts
{Millipore} in knockout DMEM with 20% knockout serum replacement, 1%
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nonessential amino acids (NEAA), 1% pen-strep-glutamine, 0.0008% 2-
mercaptocthanel, and 10 ng/mb FGF-basic (Invitrogen). Differentiation was initiated by
Collagenase]V/Dnspase {lmg/mL cach; Invitrogen) preferential selection for hESC
colonies. Colonies were trypainized to single cells, and, as described (Biralou, M., ef gl
{2008}, Cell Stem Cell 2, 519-532), ~10,000 celis/well were plated into low-attachoment
round-bottom 36-well plates {Coming or NOF} o form one sEB/well in optimized
B27+5F differentiation modium #1, consisting of Nourobasal-A, 2% B27-vitamin A
{Invirogen), and the same supplements tny hESC media but without FGF, Also, Y27632
{10uM}, SB431542 (10uM), Purmorphamine {1-2 uM} (Stemgent), BMPRIA-Fe
{1L.5pg/ml), and DKX (1ug/ml) (nviirogen) were added.

002241 On ~d7, Y27632 was removed, and stiBls were plated adherent en-bloc onto
matrigel (BD Biosciences) coated plates in medium #1. On ~d14, factors were removed
from medium #1 except for Purmorphamine. On ~d25, aEBs were trypsinized and
replated as dissociated monolayer onto matrigel or polyornithine/laminin coated plates.
DAPT (10uM) (Tooris) was added from ~d27- d30, After FACS sorting on ~day 35,
GEFP+ cells could be replated (10-25,000 cells/cm2) onto cortical ghial cells in medinm
#1, Ghial cells were prepared from newbom roouse cortex, passaged at least 3X with
serum 1o remove mouse neurons, and pre-treated at confluency with Ara-C (SubM)
{Sigma). Bvery 3-4 days, half of media was replaced with differentiation wedium #2:
Neurobasal-A, 2% B27-+vitaminA, {(lavitrogen) and same supplements in medium #1,
without factors, except NEAA and Purmorphamine were rersoved, and BDNF
(25ng/ml) was added (R&D Systems). Media was replaced every 3-4 days.

{00223] FACS analysis and sorting was performed on FACS Aria 1T (BD Biosciences).
Cells were gated for ive cell DAPT exclusion, small scatter size, single cells, NKX2.7-
GFP signal, and PSA-NCAM-APC or -PE (Miltenyi Biotech} signal intensity. GFP-
negative cells and isotype antibody (Santa Cryz) controls were used. Data was analyzed
with Flowijo (Treestar) sofiware. For live cell imaging, differentiation was similar to
above, but 5,000 cells/well were plated mto Aggrowell-800 plates {(Stem Cell
Technologies), and sEBs were plated en-bloc on day 4-7. Imaging was porformed by
timc-lapse confocal microscopy with terperature (37°C) and gas (5% 02, 5% CO2,

90% N2} controls {Leica 8PS).

41



WO 2014/153230 PCT/US2014/029734

{48226} Second trimester human fetal cortex or MGE tissue was dissected, dissociated to
single cells with Papain (Worthington Biochemical), plated onto matrigel coated plates
{~100,000 cells/ cmz} in differentiation medinm #2, and treated with Ara-C at confluence,
MGE ¢ells cultured for one week, or hESCs serted on day 35, were replated onto cortical
cultures (~10-20,000 ceﬂs/cmz},

002271 All experiments conducted on hESCs and human fem] tissue adhered to approved
UCSE Stom Cell Rescarch Oversight committee and Commuittce on Human Rescarch

protocols,

Transplantation and Graft Preliferation

{0G228] FExcess medium was removed from sorted cell pellets to create concentrated cell
suspensions of 1000cells/nl. Cells were loaded into a beveled glass micropipetie
{(Wiretrel Sul, Druommond Scientific Company) mounted on a stereotactic bydraulic
mjector. P2 CB.17-SCID pups (Charles River) were anesthetized through hypothermua
and positioned iu a clay bead mold ou the mjector platform, 10-100,000cellks per
injection site were delivered transcranially into the right cerebral cortex using the
following coordinates: §.9mun from the nudline (sagittal sinus), and 2.6mm from
lambda. The depth of mjection was 0.453mm from the skin surface. All transplantation
expenments adhered to approved UCSF lostitutional Avdrnal Care and Use Comnitice
protocols,

j60229] Initially, day 35 monolaver cultures were sorted for NKX2 1-GFP+, without
PSANCAM selection, and injected into newborn SCID mouse cortex. However, within 4
mounths, injected mouse brains {12/12 nuce) contained tumor-like overgrowths at the
mjection site and/or at the pial surface near the injection tract {data not shown). These
were not pluripotent cell-derived teratomas; OC T4+ cells or polarized neurcepithelial
roseties were pot found. The growths primanily contained MKX2, 7I-GFP+ neural cells,
Tumors were defingd as a core of human-specific nuclear antigen {HNA) positive and
KI67+ human cells persisting for more than 4 months post-injection (MPL), Tuitially,
fumor incidence was a surprise because day 35 cultures contained scomingly fow noural
progenitor cells expressing KI67, GFAP, or OLIG2 (Figure 3E), But, focal growths (~1
focus/2504 plated cells, n=3) were occasionally detected in extended co-cultures,
consistent with tumor formation in vivo. Therefore, we performed protocol optimization
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to impede these growths, Low-density monolayer culture promoted neuronal
differentiation and lowered tumor incidence to 50% (6/12 mice). Tumor incidence was
further reduced o 33% (3/9 mice) by brief addition of DAPT, a gamma secretase
inhibitor of Notch signaling, to induce neuronal differentiation prior to injection. In vitro
focal growths (=3} and in vive tumor incidence were climinated (0/6 mice} when day
35 cultures were pretreated with DAPT and FACUS-sorted for both NKX21-GFP+and
PSA-NCAM+ colls prior to co-culture or transplantation, whercas GFP+ and PSA-
NCAM-negative cells continued to form foor and tumors (3/4 mice). A summary of

injected animals is provided (Figure 16).

{mmonestaining

{00238] Cultured cells were fixed in 4% paraformaldehyde for 10-20min. Mouse brains
were fixed overnight-4°C after trans-cardial perfsion and sectioned {(50pm} by
vibratome or shiding microtome. EBs and human tissue were sectioned (25 um) by
cryostat, Cells and sections were stained: 5-10min avtigen retnieval with boiling 0.01M
citrate buffer pH=6, 1hr block with 5% serum and 0.1% trton X100 in PBS, overnight-
4°C primary auntibody wn block butfer (except tnton-free buffer used for GABA
antibody), wash 3x in PRBS-+HritonX 100, 2hr secondary antibody {(Invitrogen), wash 4x in

PBS+iritonX100. Primary antibodies ave listed i Table 2,
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Antibody Covapany Calog# Dilation
ASCL: Cosmo Bio SK-TO1-003 1-5040
CALR Swant B 38 1-2000
CALR Swant 7599 1-2G00
CHAT Millipore AB144p 1-300
COUPTFH Perseus Proteomics PPHTI4T-00 1-16060
DARPPIZ Santa Cruz s¢-11368 1-1060
DCX Cell Signaling 46048 1-5034
DLX2 Gift from K. Yoshikawa 1-1000
EREL Covance PRB-362C 1-10060
FOXGI Gift rom Y.Sasai 1-500
GABA Sigma AZ0S2 1-2000
GFAP Millipors MAB3402 1-504¢
GEP Aves Labs GFP-1020 1~1068
HNA Millipore MABI2RT 1-5G40
ISLETI DSHB 39.415 1-200
K167 Abcam abli58580 1-5G0
NCadherin BD Biosciences 561554 1-50
NEUN Millipore MAB3IT?7 1-150
NEUN Millipore MARB3ITTH 1-15§
NKX2.1 Novacastra TTF-1-L-CE 1-150
NEX2.1 Santa Cruz sc-13040 1-250
NKX2.2 DISHEB T4 5A5 1-160
QLIG2 Millipore ABOS1O 1-5G0
PAXS Millipore ABS409 1-250
PY Sigma P30KE 1-4000
1Y Swant PY-25 1-20G6
RAX Grift from Y. Sasai 1-500
RFP Clontech 632496 1-500
RFP Chromotek 38 1-1000
asT Bachem T-4103.005¢ 1-500
TBRI Abcam 3h31940 1-80G4
TH Pelfrecre P40101-0 1-1060
T Covance MMS-4359 1-1000
YVGAT Synaptic Systems 131 003 1-500

Transeript Exprossion

100231

RNA was prepared from cell pellets with RNEasy kit (Quagen). CDNA was

prepared with Superscript HE-first strand kit {Invitrogen). Quantitative RTPCR was

performed with SYBR green master mix on a real-titne PCR yystem {(Applied

Biosystems), Reverse-transcriptase negative controls were nsed. Amplicon specificity
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was determined by gel-electrophoresis and melt-curve analysie, Primer sequences are
listed in Table 3.

Table 3. Primer Sequences

(eng Strand Primer Seguence
ASCLL F GTOCTETCGCCCACCATOTC
ARCLL R COUTCCCAACGCCACTGAL
CALB2 F TCAGAGATGYCCCGACTCCTG
CALB2 R GCCGUTTCTATCCTTGTCGTAA
DLXZ F GUCUCTCAACAACGTCCCTTALCT
DLX2 R TCACTATCCGAATTTCAGGCTICA
FOXGL F AGAAGAACGGCAAQGTACGAGA
FOXGIL R TGTTGAGGGACAGATIGTIGGC
GADI F CGAGGACTCTGGACAGTAGAGG
GAaDl R GATCTTGAGCCCCAGTTTTCTG
GAPDH F OGTCGGTCTCCTCTCGACTTICAAC
GAPDH R TTCOTTOTCATACCAGUGAAATG
LHX6 F TCTOGCAAGATGOACTACTTCARC
LHXs R CTTGGGTTGACTGTCCTGTTC
NKX2.1 F AGACTCGCTCGUTCATTIGY
NEKX2.1 R CTCCATGCCCACTTTCTTGY
NPY F CGCTGUGACACTACATCAAL
NPY R CAGGGTCTTCAAGCCGAGTT
OLIG2 F AGCTCCTCAAATCGCATCC
QLIG2 R ATAGTCGTCGCAGCTTTCG
POLUSET F GUAAAACCCGGAGGAGRAGTC
POUSEL R CCACATCGGCCTGTGTATATC
PVALR F AAAGAGTGUGGATGATGTGAAG
PVALR R ACCCCAATTTTGCCGTCCC
S8 F GCTGCTGTCTGAACCCAAC
88T 14 CGTTCTCGGGGTGCCATAG
TUBB3 ¥ GUAACTACGTGGGCGACT
TUBRB3 R CGAGGCACGTACTTGTGAGA
002321 For microarray analysis, RNA was submitied to the Southern California

Genotyping Consortium for hybridization to [Hhumina Human HT-12 v4.0 expression
bead-chip. BESC = one sample and three technical rephicates. 1120 = three independent
samples. D35 = one sample and two technical replicates. D35 = one sample and one
technical replicate. Data was analyzed with GenomeStudio (THumina) software. Probes
without signal were validated by confinming hybridization to control human brain

reference RNA and/or to samples archived in ArrayExpress.

Biom
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Electrophysiclogy and Optical Methods

{60233 The patch clectrodes were made from borosilicate glass capillanies (B-120-69-15,
Sutter Instruments) with a resistance in the range of §-7 ME. The pipettes were tip-fitled
with internal solution containing (in mM}: 125 K-ghaconate, 15 KCi, 10 HEPES, 4
MgCh, 4 NapATP, 0.3 NaxGTP, 10 Tris-phosphocreatine, 0.2 EGTA.

{80234] For cultured neurons, the bath was constantly perfused with fresh recording
medium containing (in mM}: 145 NaCl, 3 KCL 3 CaCl2, 2 MgCi2, 10 HEPES, 8
ghacose. Transverse slices {300 pm) were ot on a tissue chopper {Leica VT12008) and
mainiained in an incubation chamber with aCSF containing (in mM): 110 Choling 1,
2.5 KCL 6.5 CaCll, 7 MgClI2, 1.3 NaHZP04, 25 NaHCO3, 10 glucose. Shice recording
medium contained {in mM): 125 NaCl, 2.5 KCI, 2 CaClz2, 1.3 MgCi2, 1.3 NaH2PO4, 25
NaHCO3, 10 glucose. Recordings were made with an Axon 7008 patch-clamp amplifier
and 1320A mterface {Axon Instruments}. Signals were filtered at 2 kHz using amplhifier
circuitry, sampled at 10 kHz, and analyzed using Clampex 10.2 {Axon Instruments).

[06235] Photostirmulation was delivered by mercory larap (75 maW) with & GFP excitation
bandpass filter and light pulses were generated by Maste-8 (A M.P.1) through a high-
speed shutter (UNIBLITZ), the power density of the blue light (Bovden, E5,, er al.
{2005y, Nat Neurosci 8, 1263-1268) (Nagel, G., er af. (2003). Proc Natl Acad Sci USA
100, 13940-135845) was 8-12 mW-mm-2, measured with a power meter {Coherent

instruments).

Statistical Analvses

{02361 Data are presented as mean = g.o.m, Figure 3E data are represented as mean % of
co-expressing/GFP+ cells. Figure 4C-H data as mean bead signal inteusity. Figore 5C
data as mean % of UbC-RFP+, ChR2-YFP+, or TUJ+ neurons. Figure 7D-E data as
mean % of HNA+ or UbC-RFP+ human cells. Statistical comparisons used one-way
ANOY A with post hoc Bonferroni test for electrophysiology data, and used a twotailed,
two-sample uncqual variance Student’s t-Test for immunostaining data. Cell counts were
calculated with Imaris {Bitplance) software using MATLAB plugin. A summary of

sample sizes and cell counts for each experiment and marker are histed 1n Table 4,
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Table 4. Summary of sample sizes and cell counts for each figure, marker, and stage of differentiation.

Number of Total
Figur ... | Siag Differentiation Positty | Cells
Marker R L - .
€ e Experiments/Animal | ¢ Cells | Counte
8 d
3E NKX2.1 | Swk & 103 1219
3E FOXG1 | Swk & 946 1328
3E NKX2.2 | Swk 3 138 1213
3E PAXG Swk 2 { 808
3E ASCELL Swk 2 476 622
3F | COUPTFL | swk 7 848
1 2
3E OLIG2 Swk 2 21 331
3E GFAP Swhk 3 S8 786
3k K67 Swk 3 33 1044
3E TU Swk 9 1777 2204
3k GABA Swk 7 955 1292
3E DLX2 Swk 2 391 72
3E | DARPP3I2 | Swk 2 O 848
3k EREI Swk 2 4 354
k3D ISLETI Swik 4 139 1487
3E CHAT Swk 3 2 2082
3E TH Swk 3 64 2082
3E TBR1 Swk 3 5 1691
SC GFP Swk 5 314 342
5C GFP 10w 3 333 376
k
5C GFP 20w 3 416 517
k
5C GFP 36w 3 132 211
k
SC GABA Swk | Same as 3B - Swk
5C GABA 10w 4 801 1113
k
5C GABA 20w i 38 56
k
5C IABA | 30w 2 148 162
k
5C VGAT Swk & 553 1424
3C VGAT 10w 2 162 211
5C YGAT 0w 3 127 169
k
sC VGAT 30w i 16 21
k
5C CALB Swk S 488 1639

o
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Development of the BI7+8F Method

80237 We compared throe published protocols (methods #1, #2, and #3) for their ability
to induce NKX2.1+ MGHE precursor cells from hESCs. The first method (#1) reported
HESC-derived NKX2.1+ and FOXG 1+ MGE precursor cells at ~13% efficiency
{Watanabe, K., ef of. (2007} Nat Biotechnol 25, 681-686). This 35-day protocol utitized
scrum-froc {(knockout scrum roplacement (KSR )-carly/B27-latc) supplomented medias
and dual-SMAD inhibition of BMP {(via BMPRIA-F¢) and sctivinynodal (via SB431542)
signaling pathways to direct noural ectoderm-like differentiation, along with WKN'T
pathway inhibition {(via BKK1} to specify anterior forebrain-like identity of embryoid
bodies (EBs). From day 24-33, inlubitors were removed, and sonic hedgehog (SHH) was
added to specify ventroanterior forebrain-like colls. The second method (#2) reported
NEX2.1+ and FOXG1+ MGE precursor cells at ~84% efficiency after 28 days in serum-
free (KSR/NZ) supplemented medias (i, X, ef al. (2009). Development 736, 4055-
4063, Dual-SMAD inhibition was not used, but SHH treatment, with or withowt
simullancous WNT inhibition, was initiated carhier during differentiation {day 10-28}.
Although these profocols were reported to generate FOXG I+ and NKX2. 1+ cells,
ventral telencephalic MGE-like versus POA/septum-like identity was not investigated.,

[B0238] In our hands, method #1 (Figure 8B), method #2 {vot shown), and an optimized
version of method #1 {Figore 9A) were unable to generate NKX2, I-GFP+ MGH
precursor-iike cells. The same was true when SHH was used instead of purmorphamine,
However, we found that a hybrid method could generate NKX2. 7-GF P+ MGH precursor-
tike cells at 12% efficiency as quantified by flucrescence activated cell sorting (FACS)
{Figure 8C). This 25-day hybrid method jnvelved dual-SMAD (via SB431542 and
BMPRIA-Fc) and WNT (via DKK1} inhibition throughout the protocol and
simpltancous Smoothened agonist, purmorphamineg, treatment from day 10-25 in serom-
free (KSR/B27} supplemented medias. A similar efficiency was achieved in B27/B27
supplemented media {not shown), We assumned that GFP+ cell induction resulted from
carly {d10) SHH pathway activation, in contrast to late (d24) SHH from method #1, and
we hypothesized that even earlier addition of purmorphamme (from day 0-25) would
increase the pereentage of NKX2Z. 1+ MGE precursor cells. However, this modification
resulted in decreased {1.9%:) efficiency in KSR/B27 media (Figure 8D).

48



WO 2014/153230 PCT/US2014/029734

[60239] However, replacing KSR with B27 supplemented media throughout the 25-day
protocol, along with carly addition of five factors {Rho-associated protein kinase
{ROCK) inhibitor (Y27632), dual-SMAD inhibitors (SB43 1542 and BMPRIA-F¢),
WNT inhibitor (KK 1}, and Smoothened agonist (purmorphamine}, surprisingly
resulted in mogt cells (70.2%) becoming NKX2 I-GFP+ MGE precursor cells (Figure
8E}. Furthermore, when the inhibitors were removed after two weeks of differentiation,
and the protocol extended to day 35, we achieved NKX2. 7-GFP+ diffcrentiation
efficiencies up to 90.8% by FACS analysis (Figure 8F). Thus, carly activation of the
SHH pathway in combination with B27, or lack of KSR, media (B27+5F method)
direcied efficient ventral forebrain-like ditferentiation from hESCs,

{00244 Druring this study, a third method (method #3 ) reported to direct hypothalamic
forebrain-like differentiation from HES-3 NKX2. JGFP/w hESCs at 12- 14% efficiency
in the presence of FGF2 and retinoic acid {Goulburn, AL, ef af 2011}, Stem Cells 2¢,
462-473). SHH was not used, but the media appeared to induce SHH, and WNT
inhibitor, expression n their cultures and promoted a ventro-antenior neural fute despite
use of retinoic acid, which can act as a caudalizing agent. After 50 days, some cells
expressed FOXGI, but the efficiency and fates of these cells were not determined. In our
hands, method #3 gonerated Nkx2.1-GFP+ ¢olls at ~7% efficiency. In line with
hypothalamic-hike identity, raethod #3 generated less NXX2,1+ expression and more
NKX2.2+ cells on day 24 compared to the B27+5F method {data vot shown).

j00241] SHH pathway activation was required for NKX2, I-GFP+ cell dertvation. In this
study, we used 1-2uM of purmorphamine or 300ng/ml of SHH. Although 2-6pM of
purmorphamine shightly increased GFP+ differentiation efficiency in EB cultures, these
higher concentrations decreased the viability of later-stage monolayer cubtures (not
shown}, We also investigated whether WN'T inhibition was dispensable for hESC-
telencephatic-Tike identity, as suggested previously {Li, X 1, ef 2l {2009}, Development
136, 4055-4063). While GFP+ cell differentiation efficiency was similar, DKEK1 WNT
inhibitor absence resulied in a decrease in the mumber of cells expressing telencephalic
FOXGT from 70% to 45% {not shown). In addition to WNTs, FGFs act as important
rostro-candal patterning factors during newral development (Borelio, U, ef al. (20U8).
Neural Dev 3, 17} (Mason, L {2007}, Nat Rev Neurosct 8, 583-596) (Ye, W, ef al.
(1998}, Cell 93, 755-766), and FGFE has been imphicated in MGE telencephalic-like

49



WO 2014/153230 PCT/US2014/029734

development frova monse BESCs (Danjo, T., erall (2011}, J Newrosci 31, 1918-1933). We
did not add FGFS {o our cultures, but we did detect FGFS transcript expression, in
agreement with iis role downstrearmn of SHH (Gutin, G, er ol (2006). Development 133,
2937-2846) {(Chkubo, Y., ¢f @, {(Z2002). Newroscience 111, 1-17) Addition of an FGF
inhibitor (PD 173074} from the onset of differentiation (d0-25) caused a docrease in cells
expressing FOXGI (55%), but addition of the same inhibitor on day 14 {d14-25) had no
cffeet on FOXGL lovels (not shown). Therefore, simifar to fotal forebrain development,
early mhibition of WNT and actvation of FGF signaling pathways, along with SHH
activation, play roles in patterning the ventral-elencephalic-like identity of BESC-
derived cultures.

{00242 Cost-effective cell production methods will be preferred over lengthy protocols
and expensive recombinant protein-based reagents, and cryopreservation of cells will
facilitate future work. Here, we used 3 small molecules (Y27632, SB431542, and
purmoerphamine) and 2 recombinant proteins (BMPRIA-Fc and DKK1). Several small
molecule substitutes now exast for whibition of BMP and WKT pathways, We found
that dorsomorphin (BMP pathway inhibitor) and CKI-7 (WNT pathway inhibitor) could
replace the proteins in the B27+5F method (Kim, D.S,, et ol {2010}, Stem Cell Rev 6,
270-2810) (Osakada, F., ef gl (2009). J Cell Sci 122, 3169-3179). Although cell
viability was reduced by ~50%, NKX2, 7-GFP+ efficiency was comparable (not shown),
in addition, ~23% of hESC-derived MGE-like cells were viable after cryopreservation
and thawing, and thawed cells matured into neurons with functional propertios as
confirmed by electrophysiclogy.

{00243] For clinical use, GMP-grade hPSC lines may be required. Accordingly, we
examined cGMP-matched BESC lines (ESIL7, ESI3S, ESIST, and ESIS3 (Biotime)) for
their ability to generate NKX2.1+ MGE-like cells. All of the lines were similar to HES-3
in NKX2. 1+ differentiation efficiency using the B27+5F method (see Example 8). Since
the clinical grade lines do not have the NKXZ2.1 knock-in reporter, future work may be
needed to determine acceptable mpurity thresholds. Perhaps 75% purity of hESC-
derived NEX2.1+ cells will bo sufficiont, particularly if the romaining impuritics
represent non-MGE-type GABAecrgic intocrnourons, Suggesting this possibility, we
observed that most HES3 NEX2. -GFP-negative neurons expressed GABA, and some
expressed TH, but none expressed TBR1 or CHAT excitatory neuronal markers. To
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obtain a further purified compeosition of the NKX2.1+ MGE-like cells antibodies to
MGE-specific cell markers, DNA plasmids, RNA, or virus to deliver transgenes
{selectable marker, fluorescence, antibiotic resistance, gene overexpression/inhibition}
that sefect for MGE celis or interneurons (Potter, G.B., ef &/ (2009). Mol Cell Newurosci
44, 167-186), or FACS-/magnetic MACS-based purification, or anti-mitotic compounds

{such as Ara(C or MitoC) may be used.

Eentivives Preparation

{B0244] Selt-mactivating lentiviral plasmids, FUGW-UBC-RFP (RFP dimer2) or pLenti-
Synapsin-hChR2(HI34R}-EYFP-WPRE (kind gaift from Kard Deisseroth), were co-
transfected with delta8.9 and VSVG plasmids into 2937 celis (ATCC). Lentivival
particle supernatants were collected, concentrated by ultracentrifugation, and used o

transduce cells overnight with Spg/ml polybrene (Millipore).

Example §; BESC-denived Telencephalic MGE-like Identity

{B0245] To facilitate the identification of hPSC-derived NKX2.1+ MGE precursor cells,
we used the HES-3 hESC line (HES-3 NKX2. 19" with 3 GFP knock-in construct
inserted into the second exon of NKXZ. 7 {Gounlbum, AL, et al. (2011}, Stem Cells 29,
462-4733. NKX2.1 expression marks ventral forebrain-specific identity in the developing
nervous system, including telencephalic MGE, pre-optic area (POA), septum, and
diencephalic hypothalarusg. In combination with dual-SMAD (8B431542 and BMPRIA-
Fey and WNT inhibition (DKK 1), we found that early SHH pathway activation
{purmorphamine} and B-27 supplementation cnabled highly efficient and reproducible
veniral forebrain-like differentiation from hESCs. The average NKX2 I-GFP+ efficiency
on day 20-30 post-differentiation was 74.9 £2.1% {n=25 independent differentiation
cxpenments). We also found that additional WPSC lines, research grade ¢GMP-matched
ESE17, 35, 51, and 53 (Biotime), and HY (WiCell), hESC lines, and a human adult
melanocyte-derived hiPSC line, ditferentiated mto NKX2.1+ MGE precursor cells ata
stiar efficiency. The optimized B27 + five factor (B27+5F) method 18 cuthned in
Figure 1A, Figure 8. MQGE precursor cells are also referred to as MQGE-like progenitors.

{00246} To determine the regional identity of the NKX2 1-GFP+ cells, wo performed a

53-day time course of suspension embryoid body (sEB) differentiation and
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imonostaining analysis for markers of forebrain development (Figures 1B and 9). We
detected robust NKX2. /-GFP expression by day 10 of differentiation that colocalized
with NKX2.1 protein and was expressed throughout the titge course. Tn contrast, PAXS,
a marker of dorsal telencephalic neural progenitors, was not detected. Telencephalon
marker, FOXGI, was found in most cells by day 20 and remained highly expressed. In
opposition to this frend, NKX2.2 expression, a marker of hypothalamus and more
ventrocaudal regions, was primarily only cxprossed between days 10-20. Additional
ventral felencephalic progenitor markers, OLIGZ and ASCLI {(MASH1), were tnduced
by day 20-30 (Figure 9). ISLET 1s strongly expressed in lateral GE (L.GE) and POA,
and 15 expressed m scattered cells within the MGE; it was induced at later (d30-40) time
points. By 30 days, the cells expressed the migratory neuronal marker, doublecortin
(DX}, and the newrotransinitier, GABA. We did not detect the hypothalamic marker
RAX or cholinergic neuron marker CHAT during the time course. Therefore, the
hESCdertved NKX2.I-GFP+ cells appeared to represent a telencephalic MGE-like
progemitor and GABAergie vewronal Hueage. A suwrowoary of marker expression duning
sEB culture is provided (Figure 15).

{62471 Figure 1. hESC-dernived Telencephalic MGE-like loterneuron Precursor Cells
{also called MGE precursor cells). (A) Cutline of B27+5F method used fo generate
MGE precursor cells and GABAergie interneyrons derived therefrom, and
corresponding figures. Abbreviations: sEB= suspension embryoid body; aEB= adherent
erabryoid body; ML= monolayer; FACS= flucrescence activated cell sorting; Y27632=
Rho-associated kinase (ROCK) mhibitor; SB431542= jshibitor of the TGFP1 activin
receptor-like kinases; BMPRIA= Bone Morphogenetic Protein Receptor 1a Fo chimers;
DEKI= Dickkopf bomolog 1; PM= Purmorpharsine; BDNF= Brain-derived
Neurotrophic Factor; DAPT= inhibitor of v-secretase. Sce alse Figure 8. (B) Sections of
sERs and representative immunofhuorescence analysis showmg VEKX2.7-GFP, PAXS,
FOXGL, and NKX2.2 expression. Blue: DAPL Scale Bar: 100 um. See also Figure 9
and Figure 15,

{80248} Figare 8. FACS asalysis of differontiated hESCs showing moedifications to
previousty published protocols and the mduction of NKX2, I-GFP+ cells by early SHH

pathway activation combined with B27 media supplementation, relaved to Figure 1.

%
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{A) Method #1a: KSR-N2-B27 supplemented media along with late {(d23) PM. (8)
Method #1b: KSR-B27 media with late (d25) PM treatment. (C) Method #1/2 hybrid:
KSR-B27 media with mid (d10) PM treatment, (D) Similar to (C) but with carly {d0)
PM treatment. (E) Similar to (I3} but with B27-B27 media to induce 70% GFP+
ctiiciency, (¥} Swmilar to (E); B27-B27 media and earty (d0) PM addition, but with
inhibitor removal on d14 and PM treatment to 435 o induce up to 0% GFP+ efficiency.
Tinted histograms = differentiated cultures. Emply histograms = undifferentiated culture
controls.

{66249] Figure 9. hESC-derived telencephalic MGE-like dentity and GABAergic
neuronal {ate, related fo Figure 1 and Figure 15, Additional imrnunostaining analysis of
sEB sections showed induction of the ventral telencephalic markers OLIG2 and ASCLI
(early}, ISLET1 (late), and mitotic marker K167 (throughout). The migratory neuronal
marker, DCX, and GABA were induced over time. In contrast, the hypothalamic marker,
RAX, and the cholinergic neuronal marker, CHAT, were not detected afier 50 days of
differentiation. Blue=DAPI,

{08256 Figure 15, A swnmary of marker expression during suspension embryoid body

differentiation from hESCs, related to Figures 1 and 8.

Example 2 hBESC-derived MGE Precursor Cells Exhibited VZ and SVZ Radial Glial-
like Stem Cell Behaviors

{60251) A defining feature of embryonic neural development i the acquisition of apico-
basal polarity and development of radial ghial neural stem cells (Kriegstein and Gotz,
2003). There 1s evidence that neyroepithelial progenttors in hESC-derived neoural rosettes
represent apico-basal-like polariy (Elkabetz, Y., er @l (2008). Genes Dev 22, 152-165).
When sEBs were plated en-bloc on day 4-7, the adherent EHs {(aFBs) flatiened and
revealed the organization of NKXZ. I-GFP+ cells in rosette stroctures (Figures ZA and
28). N-cadherin expression was restricted 1o the rosetie luminal surface, confirming
polandy, and was consistent with localization {o radwgl ghal end foet on the apical
ventricular surface in the embryonic brain, KI67 was expressed in many cells,
particudarly i those near the rosette lamen. In contrast, neuronal markers, ASCL1T and

DOCX, were detected away frony the lumen (Figure 2H).

%
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[60252] Rosettes were labeled with REP {UbiguitinC promoter-RFP {(UHC-RFP) virus]
and were monitored by live time-lapse imaging, We detected NKX2 1-GFP+ and UbC-
REP+ cells in rosette structures displaying ventricular zone (VZ) radial glia (VRG)-like
interkinetic nuclear migration (INM) behavior prior to division (Figures 2C and 2E),
VRG-tke cell bodies transtocated toward the rosette lomen and divided with a vertical
cleavage plane {parallel to the fiber}. Interestingly, daughter cells appeared o extend
radial fibors, resombling the symmetrical divisions atiributed to embryonic vRGs that
divide with a vertical cleavage plane.

{0253] We next investigated whether recently described (Fictz, 8.A., ef ol (2010). Nat
Newaroser 13, 693-699) (Hansen, DUV, ef . (2018}, Nature 464, 554-561) human-
enriched outer sub-VZ (8V7} radial glial (oRG)-like cells were present in our cultures.
We focused on NKXZ. {-GFP+ cells with unipolar fibers located away from the rosetie
clusters (Figures 213 and 2F). We discovered GFP+ oRG-Tike cells displaying mitotic
somal translocation (MST) prior to division. These cell bodies translocated toward the
wnipolar fiber and divided with g hortzonial cleavage plane {perpendicular to the fiber).
In summary, hESC-denived MGE-like progenitors {also called MGE precursor celis)
could recapitulate VZ and human-enriched SVZ radial ghal-like stem cell behaviors,

{00254] Figure 2, hESC-MGE-like Progenitors {also referred to as MGE precursor cells)
Exhibited VZ and SVZ Radial Ghal Stem Cell-like Divisions. {A) sEBs plated en-bloc
on dav 4-7, and aBEBs fixed on day 14 for analysis: or atBs were infected with USC-R¥FP
viras and hive cultures time-lapse timaged. (B) Day 14 NKX2.7-GFP expression and a
panel of markers in red shown merged and separate: N-Cadherin, KI67, ASCLI, and
DCX. Bhue: DAPE Scale Bar: 50 pm. (C) A cluster of rosettes with RFP fluorescence
alone or merged with NKX2. 7-GFP. (D) NKX2.7-GFP expressing cells outside of the
clusters. C, I3 Scale Bar: 100 um, (E) Time-lapse imaging series of boxed region {C)
showing three RFP+ cells {blue, orange, and green arrowheads) that displayed vRG-like
INM behavior: translocation toward the rosette lumen and division {stary with a vertical
cleavage plane, Time: hours. Scale Bar: 20 ym. (F) Tune-lapse series of boxed region
{13). A GFP+ ool with characteristic unipolar morphology {(white arrowhead and smaller
arrowheads to mark fiber) exhibied oRG-like MST behavior: franslocation toward the
fiber (46 umy) and division (star) with a horizontal cleavage plane. Tune: hours. Scale

Bar: 30 pm.

%
E=%



WO 2014/153230 PCT/US2014/029734

Exanmle 3: hESC-derived MGE-like Progenitors Generated GABAergic [nterneurons

LHIRRRY We further explored the identity and fate of the hESC-derived cultures.
Immunostaining analysis was conducted on d25 abiBis {(Figures 3A and 38} Day 25
aEBs were also dissociated, culiured as a monolayer (ML), and iminunostaining analysis
was performed and quantified on day 35 (Figures 3C-3E}L At both day 25 and day 35
stages, NKXZ. I-GFP cxpression was specific to colls oxpressing endogonous NKX2.1
protem (91,3 £1,7%) (Figure 3E). Oun day 25, FOXGI and OLIG were expressed m most
of the NEX2.7-GFP+ cells, providing further evidence for ventral telencephalie-like
identity (Figure 3B). By day 33, most GFP+ cells continued to express FOXGT (815
+3.6%) but had downregulated OLIG2 (6.8 +3%). The majority of GFP+ cells also
expressed ASCLL (79.9 £6.5%) and DLX2 (79.8 £3.7%) by day 35. Since OLIGZ marks
GE progenitors while BEXZ marks GABAergic neuronal lineages, these results
suggested that day 25 hESC-denved MGE-like progenttors {also reforred to herein as
MGE precursor cells) began to differentiate into GABAergic neurous by day 35, Indeed,
neurcnal identity was confirmed by TUI (92 +2.4%} staining (Figures 3D and 3E).
Most of the GFP+/TUI+ cells co-expressed GABA (75.8 £2.3%). The inferneuron
subtvpe marker Calbindin (CALEY or CALB) was also expressed by day 35 (311
+5.4%), but other mterneuron subtype warkers Calretinin (C40L82 or CALR),
Somatostatin ($857), and Parvalbumin (PVALB or PV} were not detected at this stage,
gxeept in vare instances for SST or CALR.

{B03256] A minority of GFP cells expressed the diencephalic/oligodendrocyte marker
NKX2.2 {13.6 £4.7%), neural progenitor/ghal cell markers GFAP (3.9 £3.9%) and K167
(2.8 £1.5%), LGE/POA-enviched marker ISLET (7.6 £3.3%), or dopaminergic neuron
narker TH (4.4 £1.3%) (Figure 3E). Virtually none of the GFP+ cells expressed the
neocortical marker PAXSG, caudal GE {CGEYdorsal MGE marker COUPTFI, striatal
medinm spiny neuron marker DARPP32Z, globus pallidus projection neuron marker
ERBUETV, cholmergic neuron marker CHAT, or glutamatergic neocortical projection
neuron subtype marker TBR1 (Figare 3E). Based on these rosults, hESC-dorived MGE-
ike progentors appeared to have differentigted info predommantly post-mitotic

GABAcrgic interneurons.
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[802587] Figure 3, hESC-MGE-like Progenitors Differeutiated into Neurons with
Properties of Telencephalic GABAergic Interneurons. {A) aEBs fixed for
mrunefluorescence staining on day 25, (B) Day 25 MGE-like progenitor cells
expressed MRX2 I-GFP, NKX2.1, FOXGE, OLIGZ, ASCLY, and DLX2. Blue: DAPL
Scale Bar: 50 um. {C) aEBs dissociated, replated as a ML, and fixed for day 35
unmunofluorescence. (I3) Day 35 dissociated cells expressed NKX27-GFP, TUJ,
ASCLY, GABA, and CALB, Blue: DAPL Scale Bary 50 pm. (B} Quantification of day
35 immumostaining, The majortdy of NEX2, I-GFP+ cells expressed NKX2.1, FOXGL,
ASCLY, TUY, GABA, and DLXZ. Data represented as mean = SEM.

Example 4 hESC-derived NKXZ 1-GEP+ Microarray Brofiling

{0B258] We performed microarray profiling to obtain a global transcriptome comparison
of undifferentiated hbESCs and FACS-sorted NEX2. I-GFP+ populations over a 35-day
time course of differentiation: from 20-day aBEBs (bluc bars) or 35-day acherent
monclayers {(orange bars), or from 55-day cultures {green bars) that had been previously
fabeled with UBC-RFP virus, sorted for GFP on day 35, and co-cultured with ghial cells
{Figure 4A}. The percentage of NKX2. 7-GFP+ cells remained at a igh level o
dissoctated monolayer culture (~81% on d335) or 1n co-culture (~84% of REP+ cells on
455}y {Figore 4B). Dendrogram chustering analysis showed the differentiated GFP+
populations to be more closely related to each other than to undifferentiated hESCs
(Figure 10A). To mspect the identitics of the hESC-derived GFP+ populations in greater
detail, we selected panels of lineage-specific markers and assessed transcript
hybridization intensttics over the ime course (Figure 4C-4H and 10C-10F). For a subsct
of markers, quantitative RTPUR was performed and confitmed the array data (Figure
10B). Markers of pluripotency were only detected in undifferentiated hHESCs, whergas
markers of a neural Honeage (HESS, DCX, §YP, SYNT) were induced in differentiating
GFP+ cells. Markers of glial cells, noural crest, or microglia were not detected. In
contrast, GFP+ cells expressed nouronal markers (FURRS, DCX, SYP, SYNT, and
transcript levels inercased over time. We then oxamined anferior-postorior coniral
nervous systerm (CNS) patterning and detected expression of anterior UNS markers
{(FOXG, SIX3, QX2 In agreement with prior resulls, diencephalic (and more caudal)
NKX2.2 was transiontly oxpressed and then downregulated. Unexpectedly, FOX42, a
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marker of CNS floor plate, was expressed in day 20 progenitors but was not detected at
later time points.

{80259] We next imvestigated markers that identify sub-regions of the forebrain. Aside
from temporary expression of NKX2.2, markers of diencephalic hypothalamus were not
robustly expressed (Figure 10C), Also, dorsal excitatory newronal lineage markers were
not detected {Figure 10D). lnstead, ventral telencephalic GABAergic neuronal lincage
markers (ASCLI, DLXI, DLX5) wore exproessed along with MGE markers (WEKX2.1,
LHXG, LHXS, CXCRT), and their expression miensitics generally increased over time
{Figures 4F and 4H}. Markers of non-MGE ventral telencephalon were not detected, nor
were markers of NKX2.1+ POA/septum or globus pallidus (Figure 10E). GABAergic
markers {GADI, SLC3241, 5106417 were found, but glutamatergic or cholinergic
neuronal markers were not expressed (Figure 4G, We detected dopaminergic neuronal
transcript {7H) but did not wdentify many neurons expressing TH protewns (Figure 3E}
These resulis suggested that GFP+ cells were of g principally MGE-like GABAergic
neuronal hneage.

{08260 In addition to cortical GABAergic interneurons, the MGE generates striatal
GABAergic interneurons as well as GABAergic projection neurons of the globus
pallidus. Since GFP+ cells did not express globus pallidus marker transcript or protein,
we further assessed rarkers of cortical/striatal interneuron lineages.

{30261} Striatal interneurons maintain NKX2.1 and LHXSE expression, whereas migratory
cortical internewrons extinguish these markers and express ZEBZ, MAF, ARX, CXCR7,
and CXCRA4. In support of a cortical-like intemeuron lineage, robust CXCR 7expression
was detecied in GFP+ cells. Although increased ZER2, ARX, and CXCR4 transcript
signals were found at later stages, overall levels were modest, and NXX2.7 and ZHXS
continted to be exprossed, suggesting a siriatal interneuron-like Hneage and/or a
cortical-like lineage at an iomature stage (Figures 4F and 4H). Lastly, of the
neurepeptide and calcium binding proteins that mark subtypes of interneurons, only S87
transcript was robustly detected by day 55 (Figure 4H). In sumnmary, the hESC-denved
NKX2 I-GFP+ populations reprosented MGE-ike noural progenitor cells and
GABAergic cortical- and/or siriatial-like mtemeurons.

{8263 Figure 4. Microarray Gene Bxpression Profiling of hBESC-MGE-like NKXZ /-
GFP+ Cell Populations. {A) Schematic and legend tor microarray data. Undifferentiated

5

3



WO 2014/153230 PCT/US2014/029734

hESCs (black); and FACS-sorted GFP+ cells from day 20 aEBs (blue), day 35 ML
cultures {orange), and GFP+ cells from d35 co-cultured to day 35 {green). (B)
Representative FACS histogram analysis of gach differentiation stage and
undifferentiated bEST controls {black). {C-H) Average transcript hybridization signal
intensities for marker panels, IN=interneuron, DA=dopaminergic, ACh=cholinergic,
Ghr=glutamatergic. Data represented as mean = SEM. See also Figure 18,

{00263 Figare 1. Transcript oxprossion profiling of hESC-derived ¥EX2. /-GFP+ cells,
refated to Figure 4.
{A) Bendrogram clustering analysis of microarray data identified the d20, d35, and d55
GEFP+ populations to be more closely related to each other than to the undifferentiated
hESCs.
(B} Quantitative RTPCR analysis of undifferentiated hESCs (black bars) and 3-week
GFP+ cells (blue bars) relative to GAPDM expression. Data represented as mean 5813
(C-F} Additional markers from microarray analysis. Legend: undifferentiated hESC
{black), 420 GFP+ (blue), d35 GFP+ (oravge), avd d55 GFP+ (green) samples. Panels
show: hypothalamic (C), cortical excitatory neuronal Iineage (D), ventral telencephalic
{(E), and general fetal developmental mackers (F). GP=globus pallidus, POA=pre-optic
arca, Sep=septum, PN=projection neuron, Hypothalamic and cortical exeitatory neuronal
markers were not detected. The POA/Sep, GP, and MGE-derived PN markers, ETV1
and GBX2, were also not detected, The dorsal MGE and CGE marker, NR2ZF2
(COUPTTH), was identified at alow level, consistent with rare GFP+ cells expressing
COUPTFU protetn (Figure 31}, and NKX6-2 was also weakly detected at d20. The early
embryonic markers, DPPA4, LIN28, and LIN28E, have been used to estimate the
developmental stage of neural cells derived from human phuripotent stem cells
{Patterson, M., er o, (2012}, Cell Res 22, 178-193). In buman fotal spinal cord, LINZS
expression is downregulated by Tgw, whereas DPPA4 and LINZEB are not reduced until
{3gw. In our cultures, DPPA4 and LINZ8 were not detected by d35, and LIN2EH
cxpression persisted to d55, These resulis suggest d35-55 GFP+ cells may be similarto a

7-13gw fetal dovelopmental stage. Data represented as mean =SEM.
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Example 3: Protracted Matoration of hESC-derived MGE-Like Cells into Subtvpes of
ABAcrzic Intormeurons
{30264} We next sought to more convineingly determine both the neuroval subtypes

generated by the NXX2, 7-GFP+ MGE-precursor like cells and the developmental
timeline of subtype maturation. To study their maturation, day 35 FACS-sorted GFP+
cells were co-cultured with cortical glial cells (Figure 5A), and some cells were labeled
with UBC-RFP virus prior to co-culture. Cultures were fixed for analysis after five, 16,
28, and 30 weeks post-differentiation (WP}, and neuronal subtype marker expression
was quantified {Figure SC). Following 30 WPD, RFP+ hESC-derived neuwrons were
aotably larger in somal size and expressed the GAB Aergic neuron-specific marker,
VGAT, and mterneuron subtype markers 88T, CALR, and CALR {Figure SB). Images
from 10-20-WPD cultures are shown in Figure 11, Virtually all neurons at five WPD
expressed MK X2 FI-GFP, but, similar to cortical interneurons, the percentage of
NKX2.1+ neurons signaficantly dechned by 30 WPD (66.7 £6.1%; p= (L03). Most of the
neurons expressed GABA (75-86%) and VGAT (53-78%) from 5-30 WPD. Aside from
rare cells (11 of 3,110 neurons), the excistory neuronal marker TBRY was not
expressed. CALB was expressed in neurons throughout the time course (24-36%). In
contrast, the percentage of 88T+ and CALR+ neurons increased over time and were
significantly induced from 10 10 20 WPD (88T 2.8 £1% 10 12.8 259%; p= $.03, and
CALR: 8.824.9% to 52.6 £6.2%; p= 0.004). By 30 WPD, the percentage of 85T+
neurons increased to 40.6 48.6%, and CALRY neurons increased to 77.7 £14.9%.
Conversely, PV+ neurons were not detected by 30 WPD (0 of 1,146 neurons), and
NPY+ neurons were rare {6 of 819 newurons, not shown). Thus, NKX 2 7-GFP+ MGE-like
cells matured into NKX2. 1+ and NKX2. 1-negative GABAergic internewrons expressing
CALB, CALR, and/or S8T subtype markers, and pronounced SKET and CALR subiype
maturation occurred between 180 and 20 WPD.

{00263] It was surprising that our BESC-derived GABAergic interneurons required 20-30
weeks t0 show substantial expression of S8T and CALR. However, this protracted
timehine of differentiation is similar to human fetal and infant inferneuron subtype
development (Fertuzinhos, 8., ez al. (2009), Cereb Cortex 19, 2196-2207). We
confirmed these findings with our own histological analysis of developing human cortex
and MGE (Figures 124 and 12B). To further wvestigate human fetal MGE-denived

fates, we dissected, labeled with UHC-RFP virus, and co-cultured 18 gestational-week
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{gw) human fetal MGE cells. By 12 weeks in culture, RFP+ human fetal MGE cells had
matured into CALB+, CALR+, 88T+, and GABA+ neurons, and they did not express
TBRI {(Figure 120}, Therefore, hESC-derived MGE-like cell maturation paralieled both
endogenous and cultured human fetal MGE development: comparable interneuron

subtypes were generated in a similar sequence and time frame.

{BG266] Figare 5. hRESC-MGE-precursor like Cell-derived GABAcrgic Interneuron
Maturation and Fuing Properties.
{A} Dissociated ML cultures infected with UAU-REP lentivirus, FACUS-sorted on day 35
for GFP+ cells, and co-cultured.
{B} lmmunostaining of 30-week cultures showing highly branched RFP+ human neurons
that expressed VGAT, SST, CALB, and CALR. Scale Bar: 50 pm,
{C} Quantification of tmmunostaining analyses over 5, 14, 20, and 30 weeks. Data
represented as mean = SEM. See also Figures 11 and 12,
{D) DIC image of hESC-derived neurons at 12 and 30 WPD, insets show RFP
expression of recorded neurons. Seale bar: 20 pm.
() Statistical results showing membrane resistance (R, resting membrane potential
{(RMP), membrane capacitance {Cim), and action potential (AP) 1/2-width.
() Representative AP {iving patierns at each stage upon vear threshold (upper) and
superthreshold (lower) current injection. Scale bare: 36 mV and 100 ms. See also Figure
13
{3} Average first AP traces upon threshold current injection. Scale bars: 25 mV and 25
ms.
{H) Btatistical results showing AHPs at each stage (dashed Iine=baseline}.
{1-5) -V curve of Na' {1} and X currents (3} at each stage, measured under stepped
voltages (500 me duration). E, H, [, J: Data represented as mean £ SEM. *** represents
p< G001

{00267] Figure 11, Maturation of RESC-derived MGE precursor-like cells into
GABAcrgic inferneuron subtypes, related to Figure 5.
Immunostaining analysis of NKX2 I-GFP+ cells pre-labeled with UBU-RFP virus,
FACS-sorted for GFF on d335, and co-cultured for 10 and 20 weeks posidifferentiation
{(WPD). By 10 WP, hESC-derived neurons expressed VGAT and Calbindin {CALBY),
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and rare cells expressed Calretinin {CALB2) or §5T. By 20 WPD, human neurons
expressed VGAT, CALBY, CALBZ, and SST. Parvalbumin (PVALB) was not detected
at either time point, Blue=DAPL

{803268] Figure 12. Development of interneuron subiypes in human fetal cortex and MGE,
and in cultures derived trom human fetal MGE, related to Figure 5.
{A) Interneuron subtype marker expression in human fetal cortical sections from 14
15gw, 24gw, and Bmo post-natal (pr). CALB and CALR were expressed in all samples,
but 38T and PV were expressed in 24gw and 8mo, and Smo only saraples, respectively.
Biue=DAPL
{B3) Subtype marker expression m 15gw human fetal MGE sections. Both CALB and
CALR were expressed and co-localized with NKX2.1. Blue=DAPL
(Cy Huran fetal MGE was dissociated, labeled with UAC-RFP, FACS-sorted for RFP+
cells, and co-cultured with dissociated human fetal cortical cells. RFP+ cells expressed

CALR, CALR, SST, and GABA but did not express TBR1I. Blue=DAPL

Examuole 6&: Fupctional Maturation of hESC-derived MGE-like Cells: Intemmewron-like
Firing Properties, Svoapse Formation, and GABAergic Cuipd
6026491 To test whether the hESC-denived cells were functional neurons, we performed

whole-cell patch recordings to examine their electrophysiological properties at different
WP (8 weeks, n=21; 12 weeks, n= 35; 15 weeks, n=31; 30 weeks, n=18). We
found that action potential { AP) firing patterns of hESC-derived neurons were quite
immature at eight WPD, judged by the broad AP 1/2-width of the first AP, small after-
hypepolanzation (AHP), and nability to fire repetitively upon high current injection
{Figures 5E-5H}. The peak voliage-gated Na+ and K+ channel currents increased
significantly from eight to 12 WPD (Figures SIand 55}, concormitant with a significant
decrease in membrane resistance (Rm) {(Figure SE). Many neurons showed more mature
repetitive AP finng upon near threshold current injection at 12 and 15 WPD (Figures 5F,
138 and 13C). By 30 WPD, hESCderived newrons exhibited high-frequency repetitive
AP firing upon superthreshold current injection (Figures 5F and 13D), along with a
corresponding morease m mewmbrane capacitance {Cm) and more hyperpolarized resting
membrane potential {RMP) (Figure SE). In addition, 30-WPD neurons exhibited smaller
AP 1/2-width (Figure SE) and larger AHPs (Figure SG and SH). Cousistent with these

nmiore mature biophysical properties, we also noted more mature morphologies of the
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hESC-derived neurons with woulliple long processes at 30 WPD compared to the earhier
12 WPD stage {Figure 3D},

{80276 Next, wo investigated whether the MGE-like cells were GABAergic neurons by
studving their synaptic properties in co-culture with mouse ghial cells. hESC-derived
NEX2 I-GFP+ neuronal processes co-localized with punciate pre-synapatic VGAT
expression, suggesting the formation of GABAergic synapses (Figure 6A). Spontansous
post-synaptic currents (sPSC) were detocted by cight weeks postdifferentiation and were
fully blocked by the GABAA receptor inhibiior bicuculline methiodide (BMI, 20 pMj,
indicating functional GABAergic-specific synapse formation (Figure 68} The
percentage of neurons receiving sPSCs increased from 33.3% at eight WPD (n= 12} 10
82.1% at 12 WPD (n = 28, Figare 6C). To confirm that GABAergic neurons were able to
send outpuis to neighboring neurons, we fransfocted half of the neurons with Svaapsin
promoter— Channelrhodopsin2-BEYFP (ChRZ-EYFP} by leativiral infection. Blue light
stimulation reliably induced action potential finng i EYFP-positive neurons (Figure
13F) (Weick, J P, e af. (2011}, Proc Natl Acad Sci USA 108, 20189-20194), and
evoked robust post-synaptic currents (PSCs) in neighboring neurons (Figures 612 and
6E). In addition, the PSCs showed a long decay time (31.4 £1.9 mus, n = 206),
characteristic of GABAergic PSCs, This was further venified by reversible blockade of
tight-evoked PSCs by BMI (Figures 6D and 65). The reveral potential of light-evoked
PSCswas -32.7 mV (Figures 6F and 6(), close to the expected Cl- reversal potential
under our recording conditions [-37.3 mV = -53.4 mV (by Nernst eguationy + 16,1 mV

(junction potential)]

. These results suggested that hESC-derived MGE-like interneurons
produced exchustvely GABAergic synaptic output.

{06274 To examine whether hESC-derived interneurens could forro synapses onto
primary human neurons, MGE-like cells were labeled at four WPD with ChR2-YFP and
{UBC-REP virus, and RFP+ FACS-sorted cells were co-cultured for seven weeks with
dissociated human fetal cortical cells from 20gw. Whole-cell recordings were obtained
from RFP-negative primary cortical neurons afier co-cnlture (Figure 6H). Bhue ight
stimulation of hESC-derived neurons induced GABAergic-specific PSCUs i recorded
primary nourons that were completely blocked by BMI (Figures 61 and 6J). Furthermore,
we found polysynaptic responses upon light stimulation (Figure 613, which were also
blocked by BMI, mdicating robust synaptic integration of hESCderived neurons into
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cultored human fetaf neuronsl circuits. Thus, hESC-derived neurons demonsirated
functional neuronal properties, GABAegrgic-exclusive synaptic output, and slow 30-week
maturation of mterneuron firing properties, consistent with the slow pace of subtype
marker expression.

{80272} Figure 6. GABAergic Synaptic Properiies of hESC-derived Interneurons.
{A) Images showing VGAT expression in hESC-dertved ¥KX2, 1-GFP+ neurons at 12
WPD. Right: zoom of dashed rectangle. Scale bar: oft, 50 pm; night, 10 ym.
{8} Traces showing spontancous post-synaptic currents (PSCs) in hESC-dertved
neurens, bottom: PSCs were tully blocked by BMI. Scale bar: 100 pA, S5sand 8.25 s
{dashed line} for omddle trace.
{C} Percentage of neurons showing spontaneous PSCs at different stages.
(D) hESC-derived neurons were transfected with ChR2-EYFP. Traces show pulses of
blue light (blue bar) evoked PSCs in neighboring cells that were reversibly blocked by
BMI. Scale bar: 50 pA and 50 ms. See also Figure 13,
{E} Average awoplitudes of light-evoked GABAergic PSCs and application of BML
{F-(3} Traces showing light-evoked {blue bar} PSCs at different holding potentials.
Summarized results (n=7) showing I-V curve of light-evoked GABAergic PSCs (G).
{H} Merged image showmng DIC of human fetal cortical cells co-cultured with sorted
UbC-RFP+ and ChR2 transfected hESC-derived neurons. Scale bary 20 pm.
{1} Traces showing blue fight (blue bar) stimulation of hESC-derived neuron-evoked
PSCsin RFP-negative recorded human fetal cortical neurons. Upper panel shows PSC
mone-synaptic response, lower panel shows PSC with poly-synaptic responses— both
fully blocked by BMI. Scale bar: 50pA and S0 ms.
{1} Averaged amplitudes of light-evoked PSCs and gpplication of BML E, I: Data
represented as mean = SEM.

106273} Figure 13. Maturation of hESC-derived internewron firing properties, related to
Figures 5 and 6.
{A-D) Example traces of action potentials {APs) at different stages post-ditferentiation.
Stopped currents were injected into recorded nourons at Vyge o -60 mV o -70 mV at
different stages: {A) 8 WPD (B) 12 WPD (C) 15 WPD (D) 30 WPD, Red fraces
indicated APs upon threshold current injection. Black traces indicated APs upon two or
three-fold times threshold current injection. Scale bars: 50mV and 200ms.
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{E-F} Bhue hight induced APs in ChR2-EYFP positive hESC-denived neurons, Merged
image of EYFP fluorescence and DIC at 10 WPD (E). Scale bar: 20 um. Pulses of blue

light (blue trace) reliably induced APs (black trace) in ChR2-expressing neurons (F).

Example 7: hESC-denived MGE-like Interneuron Maturation and Functional Intogration
in the Mouse Brain
{80274} To nigorousty evalnate cell fate and function, hESC-devived MGE-like cells were

transplanted into the mouse brain. We modified our protocol to avoid injection of
undifferentiated NXX2.1+ veural stern cells (Figure 16). Treatruent with DAPT, &
gamma secretase inhibitor of the Noich signaling pathway, was used to induce neuronal
differentiation combined PSA-NCAM purification of neuronal precursors (Schmandt, T,
ef al 2005). Stem Cells Dev 14, 55-64). An average of 75.7 £5.2% {n=12) of NKX2.1-
GFP+ cells were positive for high PRA-NCAM expression by FACS (Figure 14A)
NEX2 1-GFP+ and PSA-NCAM+ cells from day 35, enniched for GABAergie neuronal
precursors {Figure 3E), were injected into severe combined immuno-deficient (SCIEN
newbom mouse cortex (Figure 7A). The human-specific muclear antigen (HNA) postiive
human cells survived for seven months post-injection (MPH) {the longest time point), and
some human cells migrated more than Tmm from the injection site (Figures 78, 148 and
14C). Human cell survival rates (% of injected cells) after two, four, and seven MPI
were 5.6+£2.6%, 3.1 £1.5%, and 8.6 £3.1%, respectively. After two MP, homan celis
expressing HNA and NKX2 J-GFP (67 .8 £1.6%), KI67 (25.5 £1.7%}, or DCX{79.8
+3.8%) were mostly still located at the injection site (Figures 7B and 14B). But by four
MPI, K167 expression was significantly reduced (1.7 #0.27%; p=0.04), and DCX
expression was similarly reduced over time (5.9 4 9% by 7 MPL p=0.008). Also,
NKX2 I-GFP was detected in only 35.6 +14% of human celis after seven MPE— a lower
percentage than was found in 30 WPD co-cultures. A reverse trend was found for the
post-mitotic neurcnal murker, NEUN, which increased to 68.4 £8,3% of human cells by
seven MPIL. In conirast, ghial cell markers, GFAP and OLIG2, were expressed by a lower
percentage of hurnan cells at seven MPT (11.2 £4.3% and 10.7 24.4%, respectively).
Some hESC-derived cultures were labeled with USC-RFP virus pre-injection. Following
sgven MPI in the mouse brain, RFP+ human cells with neuronal morphologies were
found to express GARBA, S8T, CALB, and CALR {Figures 7C and 7E). PV+ homan

cells were not detected, except for rare cells with weak signal (4 of 1,829 celis). In
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sammary, MGE-hike GABAergic neuronal precursors wjected indo the wouse cortex
primarily matured into neurons that expressed SST, CALR, and CALB interneuron
subtype markers.

§0278 To examine whether hESC-derived MGE-like cells could develop into functional
interneurons that synaptically integrate in vive, we pertorrued whole-cell recordings of
REP+ human cells in mouse brain shices seven MPL Intraceliular filling with neurobiotin
and post-staining revealed the cxtensive process branching of recorded REP+ neurons
(Figure 7F). Among 17 total human cells patched trom three anurnals, 16 newrons
cxhibited the ability to fire action potentials with an average RMP of -64.8 4.0 mVY. in
addibion, two groups of iderneurons were identified, type Fand type [, with different
membrane properties and firing patterns. Type | interneurons had an average RMP of
~67.3£2.9 mV, Rm of 25778 ME, and Cm of 69.4 =0.6 pF. The firing pattern of type 1
interngurons displayed a significant delay to spike at threshold, and Httle adaptation upon
superthreshold, cument injection (Figures 7G and 14D}, Type I interneurons had more
byperpolarized RMP (-80.1 £3.4 1oV), smaller R (81 £28 M), and sroaller Cw (2775
+4.6 pF). The firing pattern of type I interneurons showed rapid adaptation of initial
spikes upon supertlreshold current mjection (Figures 70 and 14E). Furthermore, the
transplanted hESC-derived mnterncurons received synaptic mputs (16 of 16) contaiming
both BMI sensitive GABAergic and 6-Cyane-2, 3-dihydroxy-7- nitro-goinoxaline
{CNGX) sensitive glutamatergic components (Figure 7H), suggesting functional

infogration into the host cortex.

{00276] Figure 7. hESC-derived MGE-like Interncuron Precursor Cell Matration and
Fanctional Integration in the Mouse Brain.
{A) Day 35 ML cultures FACS-sorted for NKX2.1-GFP and PSA-NCAM, and injected
into newborn mouse cortex. See also Figore 16,
{B) Mouse brain tissuc sections at 2 and 7 MPI stained for human-specific hNA, GFP,
and K167, Blue: DAPL Scale Bar: 200 ym. Sce also Figure 14,
{C} Histological analysis of human cells labeled with UBC-RFP that co-cxpressed
{arrow ) NEUN, GABA, SST, CALB, and CALR at 7 MPL Blae: DAPL Scale Bar: 50

p.

o
(4]



WO 2014/153230 PCT/US2014/029734

{3-H) Quantification of histology at 2 (black), 4 {orange), and 7 {blue} MPI, and of 88T,
CALR, and CALR (E). Data reprosented as mean = SEM,
{Fy hESC-derived neuron labeled by mtracelinlar illing of neurobiotin (NRB, green).
Inset: RFP fuorescence of filled neuron 7 MPL Scale bar; 20 pum; inset § um.
{3} Traces of AP firing patterns of type 1 (Jeft) and type 1 {right) hESC-derived neurons
upon near threshold (top} and superthreshold {(bottom) current injection at 7 MPL Scale
bars: 50 mV and 100 mas.
(H) Left panel: traces of spontancous PSCs recorded from BESC-derived neurons post-
injection; upper right; BMI blocked PSCs with slow decay-time {arrow), and the
remaining PSCs with fast decay-time {arrow head) were blocked by subsequent
application of CNQX (lower right panel}. Scale bars: 50 pA, 2.5 s and (1.2 5 {dashed line)
for zoomed traces. See also Figure 14,

{B6277) Figure 14, Maturation of hESC-derived MGE-like inferngurons and subtype
firing properties in the mouse brain, related to Figure 7 and Figure 16.
{A) FACS analysis histogram on d335 showing high expression of PEA-NCAM by most
GFP+ cells {(red) compared to isotype antibody control {grey).
{B) Immunostaining analysis of migration and maturation of NKXZ2.7-GFP+ and
PSANCAM+ hESC-dentved MGE-like cells 2, 4, and 7 months post-injection {MP1). By
7 MPL, hurnan-spectfic nuclear antigen (HNA) human cells could migrate,
downregulate GFP and DCX, and upregunlate NEUN, a marker of neuronal maturation.
Blue=DAPL
{C) hESC-derived MGE-like cell migration in 6 mice. Human cells were counted in
rosiral and caudal cortical sections flanking a single injection site at 2, 4, and 7 MPL
Some migration was detected by 7 MPL Plotted as the percentage of injected cells.
{D-Gj Firing properties of type fand type I hESC-derived interneurons at 7 MPL AP
firing patterns upon near threshold {top) and superthreshold (400-500 pA, boitorn)
current injection of type I (D) and type I {(E) neurons. Each column {fop trace and
bottom trace) ropresents AP firing patierns of one nouron. Top panels: red trace
represents threshold AP fiving pattern; black frace 18 2-fold threshold AP firing pattomn.
Scale bars: 50 mV and 200 ms, () Statigtical resulis showing the differences in AP
characteristics between type { and type {1 nowrons. Data represented as mean =5EM, and
students’ t-test was used for statistical comparisons. * represents p < 8.05. {(G} Analysis
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of AP firing frequency upon superthreshold current injection. The type H neurons
exhibited rapid adaptation firing properties,
{B0278] Figure 16. A suwrnmary of hESC differentiation protocol optimization, animal

transplantation, and tumor incidence, related to Figures 7 and 14.

Example 8: hESC -denived MGE-nrecursor like cells
802791 Clinical grade GMP-matched hESC lines ESTIT (Fig. 17), ESI3S (Fig. 18},

ESI5] (Fig. 19}, and HO {Fig. 20) were differentiated into MGE precursor like cells (top

row} and further into interneurons (bottom row).

1302861 Figs. 17-28, Top Row: hESC lines were differentiated with the B27+5F method
as suspension embryoid bodies (SEB’s) to day 7 followed by adherent EB (aEB) culture
to day 28, Cultures were fixed for mmunofluorescence staining. Mogst of the cells in
the adherent EBs exhibited high expression of markers of MGE {NKX2.1},
telencephalon (FOXG1), and neuronal specification {ASCLI1)., The minority of cells
expressed markers of ventral hypothalamus (INKX2.2} and oligodendrocyte progenitor
colls (OLIGZ).

G281 Figs. 17-20, Bottom Row: Day 28 aBB cultures were dissociated o single cells,
replated as a monolayer, cultured for an additional 2 weeks in neurobasal media with
B27 supplement with or without BDNF, DAPT, SHH and fixed for similar analysis.
These day 42 monolayer cultures expressed NKX2. 1, neuronal marker (TUJ), and began
to express inhibitory neuron marker (GABA)Y. OLIG? expression was not detected, and

NKX2.2 was only found in rare cells.

Exanmple 9 Denvation of MGE precursor cells from naive human pluripotent stem cells

{00282] Typical primed HES3 {NK X2, 1-GFP) hESCs express homogeneous OCT4 but

do not express naive stem cell marker THES homogeneously in the nuclens (Fig. 21, top
row ). Primed HES3 (NKX2.1-GFP} hESCs were converted into nafve HESS stem celis
using published methods {Gafnt and Hanna et al, Nature 2013}, Naive hESCs expressed
TFE3 in the mucleus of virtually every cell {Fig. 21, middle row). Differentiation of
naive stem cells nsing the B2745F wethod resulted in differentiation of the HES3 hESCs
into cells that expressed MGE markers NKX2 1-GFP, NKX2.1, and LHX6 by 2 t0 6

weeks of adherent EB culture (Fig. 21, bottom row).

6
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062831 Naive BES cells are more undifferentiated than traditional human ES/iPS cells
grown in typical media with bFGF only. Traditional hPSCs are more equivalent to the
later-stage post-implantation embryo epiblast than mouse mPSCs, which are more
similar to the garlier-stage pre-implantation inner cell mass. Naive human ES and iPS
cells are therefore more similar to mouse ES cells. Their propertics {gene expression
and epigenetics) are equivalent to the pre-implantation embryvo. They can be identified
by the cxpression and nuclear localization of the transcription factor TFE3, and by
colony morphology. These properties distinguish naive cells from traditional primed
hPSCs.

-3

Example 18: Unlization of an MGE-enriched enbancer sequence for the selectionand

purification of internewrons derived from MGE precursor cells differentiated in vitro

from hPSC
{80284} Transgenic mice that contain vanouns enhancer-reporier transgenes are available.

fn: these mice, the reporter geue 13 expressed with different patterns and hineage
specificities in the forebrain depending on the DNA sequence of the enhancer (Fig. 22
A-D),

{00285] Based on theitr expression pattern in the forebrain of the transgenic mice, MGE-
entiched enhancer sequences were cloned mto viral vectors to drive the expression of
fluorescent reporter genes and/or antibiotic resistance genes in an MGE-selective
manner. The consiructs also contained a Rex-antibiotic resistance cassetie to cnable the
selection and expansion of stable transgenic hPSCs, {Fig. 22, H).

{00286} The mtergenic DLX1/2 112b (422) enhancer driving the mCherry RFP reporter
gene (112b-RFP) was delivered info the HES3 NKX2.1-GFP hESC line using lentivirus,
and two stable cell lines were generated (#5 and #1080} as confirmed by genomic DNA
PCR for mCherry. (Fig. 22, F.

{00287} The modified lines were differentiated using the B27+5F method, and 112b-RFP
cxpression was detected atter three weeks of differentiation, along with NKX2. 1L (Fig.
22, ). 112b-RFP+cells in EBs co-expressed GABAcrgic nouron marker BLXZ and
neuronal marker TUJL {(Fig. 22, Hand 1),

{2BE] Flow cyvtometry analysis confirmed that many cells derived with the B27+5F
method co-expressed both NKX2.1-GFP and 1126-REP (Fig. 22, J). Treatment of these
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cultnres with NOTCH pathway mhibitor, DAPT, resulted in a woarked increase in this
double positive population of MGE dertved intemeurons {(Fig. 22, K.

{00289 Double posttive (NKX2. 1-GFP+ and 1 126-RFP+) MGE precursor cells were
purified by FACS and transplanted into the SCID mouse cortex. Several months post-
mjection, human cells exprossing both NKX2.1-GFP and 112b-RFP were found to
disperse from the injection site and to integrate into the surrounding rodent grey matter,
consistent with hallmark properties of difforentiation into MGE derived intorncurons.
{Frg. 22, L),

{66290] Cultured hPSC-derived MGE derived interneurons expressing 112b-RFP (Fig, 22,
M) were also analyeed using electrophysiology. Recorded RFPH interneurons fived

repetitive trains of action potentials, confirming their neuronal fate (Fig. 22, N).

Example 11: Generation of MGE derived intemeurons using Jone-term suspension

culture

002911 HES3 hESCs differeniiated using B27+8F conditions as sEB’s in normoxic gas
{20% oxygen tension} produced MGE interneurons expressing NKX2.1-GFP and LHX6.
The cells were analyzed on day 35 of culture (Fig. 23, row A)

{00292} HES3 hESCs differentiated using B27+5F conditions as sEBs in normoxic gas
produced MGE interneurous expressing NKX2,1-GFP and LHX6. In this differentiation
protocol, SHH agonist {purmorphamine) was removed on day 21 (in contrast to Fig. 23,
row A, above, where SHH agonist (purmorphamine) was present thronghout the colture
period). The cells were analyzed on day 35 of culture (Fig. 23, row B).

68293 HES3 hESCs were cultured in GMEM and DMEM/F12 media with KSR, N2,
and B27 supplements {(added sequentially ) and ROCK, WNT, and SMAD wnhnbitors and
SHH agonist in hyperoxic gas {40% oxygen tension). The cells were analyzed on day 35
of culture. {Fig. 23, row C).

00294} HES3 hESCs were cultured in GMEM and DMEM/F12 media with KSR, N2,
and B27 supplements {(added sequentially } and ROCK, WNT, and SMAD mbibitors and
SHH agonist with matrigel added to the media {1-2%). sEBs were maintained for more
than 50 days in culiure m hyperoxie gas. The cells were analyzed on day 60 of culture.

{Fig. 23, row 13}
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Exannle 12: Generation of MGE precursor cells using small molecule inhibutors of

BMP and WNT signaling pathwavs

{B0295] The following are further examples of small molecule inhibitors of BMP and
WNT signaling pathways that are useful for generation of MGE precursor cells. The
differentiation protocol was as described in Example 1.

08296 Fig. 24, A: B27+5F differentiation protocol with BMPRIA and DKX1 as
inhibitors of BMP and WN'T signaling pathways, respeetivoly, inducced difforentiation of
hESCs 1nto MGE precursor cells that co-express NKX2.1GFP (fop) and FOXG1
{bottom}. {scc also, Example 1 for details).

{68297] Fig. 24, B: B27+5F differentiation protocol with LDNT931R9 (0.1 uM, Catalog#
04-0019 (Stemgent)) and XAVI3S (2 uM, Catalog# 3748 (Tocrig)) as inhibitors of BMP
and WNT signaling pathways, respectively, induced differentiation of hESCs wito MGE
procursor cells that co-express NKXZ2.1GFP (top) and FOXG1 (bottom).

[60298] Fig. 24, C: B27+5F differentiation protocol with LDNIS31ES (0.1 uM, Catalogh
04-0019 (Sterngent)) and IWR e (3 M, Cayman Chernical Catalog# 13659) as
inhibitors of BMP and WNT signaling pathways, respectively, induced differentiation of
hESCs into MGE precursor cells that co-express NKXZ 1GFP {iop) and FOXGI
{bottom).

{82991 Fig. 24, D: B27+5F differentiation protocol with LDN193189 (1.1 uM, Catalogh
04-0019 (Stemgent}) and IWP2 (5 uM, Stemgent Catalog# 04-0034) as inhibitors of
BMP and WNT signaling pathways, respectively, induced differentiation of hESCs into
MGE precursor cells that co-express NKXZ2,1GFP {top) and LHXG6 {bottom).

G366} Fig. 24, E: B27+5F differentiation protocol with Dorsamorphin {1 uM, Sigma
Catalog# P5499) and (CKI-7 {1 uM, Sigma Catalog# C0742) as inhibitors of BMP and
WNT signaling pathways, respectively, induced differentiation of hESCs into MGE
precursor cells that co-express NKX2, 1 GFP and NKX2.1.

(06361} The timing of addition of the inhibitors of BMP and WNT signaling pathways
was as depicted in Fig. 1A,

{66382) Fig. 24, Bottom Panel: Flow cytometry was used to deterruine the efficiency of

generation of NKX2.1GFP+ MGE precursor cells using the small molecule inhibitors.



The efficiency of generation of NKX2.1GFP+ MGE precursor cells was determined as what
percent of cells of the cells analyzed were NKX2.1GFP+ MGE precursor cells.

[00303] For the B27+5F differentiation protocol with BMPR1A and DKK1 as inhibitors of
BMP and WNT signaling pathways, respectively, efficiency of generation of was 81.6%. When
LDN193189 and XAV939 were substituted for BMPR1A and DKK1, the efficiency of
generation of NKX2.1GFP+ MGE was 86.9%. Substitution of BMPR1A and DKK1 with
LDN193189 and IWR resulted in generation of NKX2.1GFP+ MGE at an efficiency of 89.3%.
(Fig. 24, bottom panel). 30,000 to 100,000 cells were analyzed.

SEQUENCE LISTING

[00304] This description contains a sequence listing in electronic form in ASCII text format. A

copy of the sequence listing is available from the Canadian Intellectual Property Office.
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What is claimed is:

1. A method of providing a cell culture enriched for GABAergic
neuronal precursors, the method comprising:

a) providing primate pluripotent stem (pPS) cells in a culture medium,;

b) introducing to the culture medium, factors comprising:

1) an activator of the sonic hedgehog (shh) pathway,

ii) a SMAD inhibitor, and

iii) a wnt pathway inhibitor,

to produce a cell culture enriched in MGE precursor cells; and

¢) introducing a Notch pathway inhibitor to the cell culture enriched in MGE
precursor cells;

wherein steps a) through c) result in a cell culture enriched in GABAergic

neuronal precursors.

2. The method of claim 1, wherein the GABAergic neuronal precursors co-

express NKX2.1-GFP and i112b-RFP.

3. The method of claim 1, wherein the GAB Aergic neuronal precursors have

downregulated expression of NKX2.1.

4. The method of any one of claims 1-3, wherein the pPS cells are provided in

a serum-free culture medium.

5. The method of any one of claims 1-4, wherein the pPS cells are human

induced pluripotent stem cells.

6. The method of any one of claims 1-5, wherein the pPS cells are human

embryonic stem cells.

7. The method of any one of claims 1-6, wherein the pPS cells are cultured in

the absence of a feeder layer.
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8. The method of any one of claims 1-7, wherein the pPS cells are cultured in

suspension.

9. The method of any one of claims 1-8, wherein two or more inhibitors of

SMAD are introduced to the cells cultured to enrich for MGE precursor cells.

10. The method of any one of claims 1-9, wherein an apoptosis inhibitor is

introduced to the cells cultured to enrich for MGE precursor cells.

11. The method of claim 10, wherein the apoptosis inhibitor is an inhibitor of

Rho-associated kinase (ROCK).

12. The method of any one of claims 1-11, wherein a neural supplement is

added to the culture.
13. The method of any one of claims 1-12, wherein an anti-mitotic compound
is added to the cell culture enriched in MGE precursor cells to enrich for GABAergic

neuronal precursors.

14. The method of any one of claims 1-13, wherein a neurotrophic factor is

added to the culture to enrich for GABAergic neuronal precursors.

15. The method of any one of claims 1-14, further comprising adding a

cryoprotectant to the cell culture enriched in GAB Aergic neuronal precursors.

16. The method of any one of claims 1-15, wherein the pPS cells are
genetically modified.

17. The method of any one of claims 1-16, wherein the pPS cells express a

fluorescent protein.
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18. The method of any one of claims 1-17, further comprising isolating the

GABAergic neuronal precursors.

19. The method of claim 18, wherein the isolating comprises using

mechanical means.

20. The method claim 18, wherein the isolating comprises using an affinity

reagent that binds to the GABAergic neuronal precursors.

21. The method of claim 18, wherein the isolating comprises using enzymatic

means.
22. A method for providing a GABAergic neuronal precursor composition for

transplantation into a primate nervous system, comprising providing GABAergic

neuronal precursor according to the method of any one of claims 1-21.
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