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GENOME EDITING OF HUMAN NEURAL STEM CELLS USING
NUCLEASES

CROSS-REFERENCE TO RELATED APPLICATIONS

{0001] This application claims priority benefit to U.S. Provisional Patent Application No.
62/322.652, filed April 14, 2016, the contents of which are hereby incorporated herein by

reference in its entirety.

TECHNICAL FIELD
[0002] The present invention relates to methods for generating genetically modified neural

stem cells.

STATEMENT AS TO RIGHTS TO INVENTIONS MADE UNDER
FEDERALLY SPONSORED RESEARCH AND DEVELOPMENT
[0003] This invention was made with government support under Grant Nos. ROt AT120766
and RO1 Al097320, awarded by the National Institutes of Health. The government has

certain rights in the invention.

BACKGROUND OF THE INVENTION
[0004] Genome editing with engineered nucleases is a breakthrough technology for
modifying essentially any genomic sequence of interest (Porteus et «f., Nature Biotechnology
23, 967-973 (2005)). This technology exploits engineered nucleases to generate site-specific
double-strand breaks (DSBs) followed by resolution of DSBs by endogenous cellular repair
mechanisms.  The outcome can be either mutation of a specitic site through mutagenic
nonhomologous end-joining (NHEJ), creating insertions or deletions (in/dels) at the site of
the break, or precise change of a genomic sequence through homologous recombination (HR)
using an exogenously introduced donor template (Hendel et of., Trends in Biotechnology 33,

132-140 (2015)).

[0005] A recent major addition to this platform is the clustered regularly interspaced
palindromic repeat (CRISPR)/Cas system consisting of an RWNA-guided nuclease (Cas) and a

short guide RNA (sgRNA) (Jinek et af., Science 337, 816-821 (2012); Mali et af. | Science
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339, 823-826 (2013); Cong ef af., Science 339, 819-823 (2013); Hsu er al , Cell 157, 1262-
1278 (2014)). The guide RNA is composed of two RNAs termed CRISPR RNA (crRINA)
and trans-activating crRNA (tracrRNA), which are typically fused in a chimeric single guide
RNA (sgRNA). sgRNAs for genome editing can consist of 100 nucleotides (nt) of which 20
nt at the 5° end hybridize to a target DNA sequence by means of Watson-Crick base pairing

and guide the Cas endonuclease to cleave the target genomic DNA.

{0006] Unfortunately, genome editing using the CRISPR/Cas system as well as other
nuclease-mediated techniques remains inefficient, especially in primary cells such as human
neural stem cells. As such, there remains a need in the art for compositions and methods
based on genome editing that can be used for genetically moditying primary cells including
human neural stem cells. The present invention satisfies this need and provides additional

advantages as well.

{0007] Neural stem cells are discussed, for example, in US Application Publication Nos.
2001/0044122, 2003/0109039, 2004/0137535, US Patent No. 7037719, and Uchida ef /.,
Proc Natl Acad Sci USA, 2000, 97(26):14720-14723.

[0008] The disclosures of all publications, patents, patent applications and published patent

applications referred to herein are hereby incorporated herein by reference in their entirety.

BRIEF SUMMARY OF THE INVENTION

{000%] The present invention provides a method for generating a genetically modified (i.e.,
genome-edited) human neural stem cell, the method comprising: introducing into an isolated
human neural stem cell: (a) a donor template comprising: (1} a transgene cassette comprising
a transgene (for example, a transgene operably linked to a promoter, such as a heterologous
promoter); and (i1) two nucleotide sequences comprising two non-overlapping, homologous
portions of a safe harbor gene, wherein the nucleotide sequences are located at the 5” and 3’
ends of the transgene cassette; and

[0010] (b) a DNA nuclease or a nucleotide sequence encoding the BNA nuclease, wherein
the DNA nuclease is capable of creating a double-strand break in the safe harbor gene to
induce insertion of the transgene into the sate harbor gene, thereby generating a genetically

modified human neural stem cell.

{0011} The present invention also provides a genetically modified human neural stem cell
produced by a method of the present invention. The invention also provides a genetically

modified human neural stem cell comprising (i} a transgene cassette comprising a transgene
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(for example, a transgene operably linked to a promoter, such as a heterologous promoter);
wherein the transgene cassette is located within a safe harbor gene. Also provided is a
pharmaceutical composition comprising the genetically modified human neural stem cell of

the invention and a pharmaceutically acceptable carrier.

f0012] The present invention also provides a method for preventing or treating a
neurodegenerative disease or a neurological injury in a human subject in need thereof, the
method comprising: administering to the human subject an effective amount of the
pharmaceutical composition of the invention to prevent or alleviate one or more symptoms of
the neurodegenerative disease or the neurological injury.

[0013] Also provided by the present invention is a kit comprising: (a) a donor template
comprising: (1) a transgene cassette comprising a transgene (for example, a transgene
operably linked to a promoter, such as a heterologous promoter), and {i1) two nucleotide
sequences comprising two non-overlapping, homologous portions of a sate harbor gene,
wherein the nucleotide sequences are located at the 57 and 3’ ends of the transgene cassette;
(b) a DNA nuclease or a nucleotide sequence encoding the DINA nuclease; and {c) an isolated
human neural stem cell.

{0014] The invention also provides for the use of the genetically modified human neural
stem cell of the invention or the genetically modified human neural stem cell produced by the
method of the invention in a method of identifying or developing a potential therapeutic
molecule. This may involve the screening of small molecules or biological molecules to
identify a potential therapeutic molecule that acts on human neural stem cells or their
differentiated progeny. In an embodiment of the invention, the potential therapeutic molecule
18 a molecule that promotes the proliferation and/or viability of a human veural stem cell

and/or the differentiated progeny ot a human neural stem cell.

[0018] The invention also provides for the use of the genetically modified human neural
stem cell of the invention or the genetically modified human neural stem cell produced by the
method of the invention in research. Research applications include basic biological research
1nto the fundamental biology of neural stem cells and applied research directed to potential

therapies.

[0016] Other objects, features, and advantages of the present invention will be apparent to

one of skill in the art from the tollowing detailed description and figures.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0017] FIGS. 1A and 1B show that the GFP transgene was inserted into the IL.2Ry locus
via homologous recombination using engineered nucleases such as TALEN or CRISPR.
FIG. 1A provides RFLP data. FIG. 1B shows that CRISPR/Cas9 stimulates a higher
trequency of gene editing than TALENSs at the IL2Ry locus.

[0018] FIGS. 2A-2C show targeted integration of a GFP transgene into neural stem cells
(NSCs) using engineered nucleases such as CRISPR/Cas9 and TALEN. FIG. 2A provides a
scheme of an exemplary IL2Rvy-GFP donor template. FIG. 2B shows stable expression of
GFP” cells in long term cultures post nucleofection. FIG. 2C shows that about 2-4% of the
NSCs undergoing genome editing, as described herein were GFP positive and CD133

positive.

[0019] FIG. 3 depicts clonally derived GFP positive genetically modified NSCs (GM-
NSCs).

[0020] FIGS. 4A and 4B show oligodendrocytes derived from sorted and expanded GFP"
GM-NSCs. FIG. 4A shows GFP" GM-NSCs. FIG. 4B shows oligodendrocytes derived from
GM-NSCs expressing GFP and myelin basic protein {(MBP). GM-NSCs were transplanted
directly into the cerebellum of juvenile shi/shi-id mutant mouse brains. Brain sections were
processed 8 week post transplantation. Higher magnification reveals that the progeny of
human cells differentiate into mature myelinating oligodendrocytes with myelin sheat,

indicating that differentiation potential 1s maintained following genome editing.

[0021] FIG. 5 illustrates the percentage of INDEILs generated using a plasmid-based
CRISPR/Cas9 system and RNA-based system with chemically modified sgRNAs targeted at

the I1.2Ry locus.

{0022] FIGS. 6A-6C show that delivery of the CRISPR/Cas9 platform using an RNA-based
system with chemically modified sgRINAs yielded more GFP™ GM-NSCs than a plasmid-
based system targeted at the IL2Ry locus. FIG. 6A shows the percentage of GFP™ cells
generated using the plasmid-based system. FIG. 6B shows the percentage of GFP" cells
produced using the RNA-based system with chemically modified sgRNAs. FIG. 6C provides

a comparison of the systems tested.

[0023] FIG. 7 provides a schematic diagram of an exemplary embodiment of the genome

editing method described herein.
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[0024] FIG. 8 shows stable expression of the UbC-GalC-2A-eGFP transgene in purified
GM-NSCs upon long-term culture (about 168 days post nucleofection) targeted at the 1L.2Ry
locus. GM-NSCs are enriched by FACS as indicated.

[0025] FIGS. %A and 9B illustrates targeted integration of the UbC-GalC-2A-eGFP
transgene into the safe harbor gene H.2Ry. FIG. 9A provides a scheme of an exemplary
[L2Ry-UbC-GalC-2A-eGFP donor template. FIG. 9B shows PCR analysis of the targeted

integration site. The expected amplicon size for targeted integration is 2355 bases.

{0026] FIGS. 10A-10F show GM-NSCs carrying the UbC-GalC-2A-eGFP targeted
transgene. The CRISPR modified NSCs were FACS purified to select GFP™ cells (FIG.
10A). The sorted GFP" cells were expanded (FIG. 10B), and most were positive for the
neural stem cell marker Sox2 (FIG. 16C). The TALEN modified NSCs were FACS purified
to select GFP” cells (FIG. 10D). The sorted GFP™ cells were expanded and remained GFP”
(FIG. 10D). Most of the expanded GFP™ cells were also positive for Sox2 (FIG. 10F}.

[0027] FIGS. 11A-11E illustrate the isolated and purification of CD8 GFP™ GM-NSCs.
FIG. 11A provides a scheme of an exemplary IL2Ry-UbC-GFP-2A-CD8 donor template.
FIG. 11B shows the percentage of CP8 and GFP™ cells before selection at passage 6 after
nucleofection. FIG. 11C shows the percentage of CD8" and GFP" cells after MACS CDS$
selection. CD8'GFP™ GM-NSCs were differentiated in vitro into oligodendrocytes. FIG.
11D provides an image of a GM-NSCs cell-derived oligodendrocyte. FIG. 11E shows the
percentages of cells that differentiation into neuronal cells {doublecortin) and astrocytes

(GFAP),

[0028] FIGS. 12A-12C illustrate the isolation and purification of CD19"GFP™ GM-NSCs.
FIG. 12A provides a scheme of an exemplary [L2Ry-GFP-2A-truncated CD19 donor
template. FIG. 12B shows the percentage of GFP™ cells after CD19 selection on day 40 post
nucleofection. FIG. 12C shows that most cells were CD19-negative, GFP-negative before
selection. FIG. 12D shows that most cells were CD19" and GFP™ after MACS CD19

selection.

[0029] FIGS. 13A-13F show the isolation and purification of CD8 " GFP™ GM-NSCs. FIG.
13A provides a scheme of an exemplary H.2Ry-UbC-GFP-2A-CD8 donor template. FIG.
13B shows the percentage of CD8™ and GFP" cells before selection. FIG. 13C shows the
percentage of CD8" and GFP™ cells after selection. FIG. 13D shows the percentage of CD8-

negative and GFP-negative cells that passed through the MACS CDS selection column. FIG.
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I3E shows that a high percentage of the CD8 selected cells are also GFP+. FIG. 13F shows

that 90% of the CD8-selected GM-NSCs are GFP™.

{0030] FIGS. 14A-14C show engraftment, migration, and differentiation of GM-NSCs into
myelin producing oligodendrocytes after transplantation into an oligodendrocyte mutant
shiverer mouse. NSCs were targeted with a bicistronic IL.2RG HR cassette was created that
separated GFP from CDS8. FIG. 14A shows GM-NSCs were MACS selected with CDS8
microbeads. GM-NSCs were then transplanted into 8 week old juvenile shiverer-id mice.
Cells were transplanted bilaterally that targeted the subventricualr zone (SVZ). FIG. 14B
shows a section of a mouse brain stained with a human specitic mAb SC121. SC121 staining
at 12 weeks post-transplant demounstrated extensive migration of GM-NSCs in the RMS to
olfactory bulb and white matter tracts included the corpus callosum, fimbria of the fornix, and
those in the cerebellum. FIG. 14C shows a section of a mouse brain stained with an anti-GFP
antibody. The transplanted GM-NSCs continued to express the GFP transgene in the mouse.
The robust GFP transgene expression is similar to SC121 staining. Sagittal brain sections
show that the gratted cells are present in the SVZ. In addition, migrating human cells are

detected in the rostral migratory strearn (RMS), corpus collusum, and in the cortex.

[0031] FIGS. 15A-15F show CDI19" GM-NSCs carrying the UbC-GalC-T2A-tCD19
transgene targeted at the ILZRvy locus. GM-NSCs expressing the cell surface marker CD19
were purified using MACS CDI9 selection microbeads. Flow cytometry of GM-NSCs
generated using a plasmid-based sgRNA/CRISPR nuclease are shown in FIGS. 15A-15C
(pre-selection — FIG. 15A; post-selection - FIG. 15B; expansion - FIG. 15C). Flow
cytometry of GM-NSCs generated using a MSP sgRNA with a Cas? mRNA are shown in

FIGS. 15D-15F (pre-selection — FIG. 15D; post-selection - FIG. 15E; expansion - FIG. 15F).

{0032] FIG. 16 shows CRISPR/Cas9-mediated homologous recombination (HR) targeting
IL2RG locus in NSC. The IL2RG locus was targeted for homologous recombination (HR) by
creating double strand breaks (DSBs) using Cas9 (scissors) and supplying a homologous
donor template (with flanking 800bp arms around the transgene to be inserted) Following
HR, ILZRG cDNA is knocked in to the endogenous start codon with a UbC promoter driving
GFP downstream to assess efficiencies of HR in human NSCs. IL2RG exons are shown in

black boxes.

{0033] FIGS. 17A-17B show CRISPR/Cas9-mediated homologous recombination (HR)
targeting HBE locus (FIG. 17A) and CCRS locus (FIG. 17B}) in NSCs. FIG. 17A shows that
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the 5B locus was targeted by creating a DSB in exon | via Cas9 (scissors) and supplying a
UbC-GFP  homologous donor template. Alleles with integrations were identified by PCR
(881bp) using an In (black} - Qut (red) primer set. FI(G. 17B shows that the (C'CRS5 locus was
targeted in exon 3 as described above. PCR identified integrated (1200bp) alleles using In

(black) - Out (red). Loading control for all In-OQut PCRs was the wildtype C'CRS5 allele.

[0034] FIG. 18 shows Cas9 as mRNA and chemically modified sgRNAs induced more
INDELs than plasmid delivery at all three loct tested. NSCs were electroporated with lug
plasmid (px330) encoding Cas9 and sgRNA specific for /L2RG, HBE, or CCR5. For “All
RNA” experiments, Cas9 was delivered as mRNA (5ug) and the locus-specific sgRNAs
(10ug) were delivered with terminal chemical modifications comprising 2'-O-methyl
3'phosphorothioate (MS), or 2-O-methyl 3'thioPACE (MSP). Following 7 days in culture,
gbDNA was harvested, PCR was carried out to amplify the region of interest, and INDELs
were calculated using the Tracking of Indels by Decomposition (TIDE) software. (IN=2-14),

** p < 0.01, Student’s T-test.

[0035] FIG. 19 shows all 3 loci were amenable to HR in NSCs using plasmid or All RNA
delivery of CRISPR-Cas® components. NSCs were nucleofected as described above with
either 2ug HR donor or 2ug HR and locus-specific CRISPR components. Locus-specific HR
donor plasmids have at least 400bp of homology flanking UbC-GFP to assess HR
etficiencies. Cells were grown for at least 30 days until episomal HR donor was Jost by
difution during proliferation to confirm stable expression of integrated cassettes into the
IL2RG, HBB, and C'CRS loci. Representative FACS plots are shown, which highlight stable

integration of HR donors with site-specific nucleases.

{0036] FIG. 20 shows targeting NSCs at /L.2RG, ABB, and CCR5 loct with plasmid
delivery of CRISPR, resulted in an average of 2.8%, 4.1%, and 2.4% GFP" NSCs after at
feast 30 days in culture, respectively. HR frequencies obtained from all experiments targeting

IL2RG, HBB, and CCRS carried out as above. (N=3-7), * p < 0.05, Student’s T-test.

[0037] FIG. 21 shows while PCR amplification was not detected with mock or donor only
samples, on-target integration was evident when NSCs were co-electroporated with CRISPR
and a homologous donor, confirming HR at the intended locus. gDNA was harvested from
experimental groups at day 30 post culture to evaluate site-specific integration of HR donors
on the DNA level. Agarose gel electrophoresis of In/Out PCR products contirms on-target

integration of HR donors in the presence of a site-specific nuclease.
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[0038] FIGS. 22A-22B show enrichment of GM-NSCs by magnetic activated cell sorting
(MACS) selection with CD8a.. A bicistronic //.2R(x HR cassette was created that separate
GFP from CD8a via a T2A peptide motif to allow robust magnetic bead enrichment of
IL.2RG-targeted NSCs. NSCs were nucleofected with 2ug HR donor and lug plasmid
encoding Cas9 and sgRNA. Cells were grown for 30 days to allow episomal HR donor to
dilute out during proliferation of NSCs. Cells were selected using CD8 microbead
technologies at passage 6G-post targeting. Representative FACS plots (FIG. 22ZA) show a
population of NSCs with stable integration of the bicistronic GFP-T2A-CDS8 cassette before
enrichment at day 30 after electroporation (left), and 30 days after enrichment using Magnetic
Activated Cell Sorting (MACS) CD8 Microbead technologies (right). GM-NSCs were
cultured for nine passages post electroporation while being analyzed for GFP expression at

every cell passage. (FIG. 22B)

[0039] FIGS. 23A-23B show enrichment of GM-NSCs by magnetic activated cell sorting
(MACS) selection with truncated CD19 (tCD19). A bicistronic IL2RG HR cassette was
created that separate GFP from truncated CD19 (tCD19) via a T2A peptide motif to allow
robust magnetic bead enrichment of [L2RG-targeted NSCs. NSCs were nucleofected with
2ug HR donor and lug plasmid encoding Cas9 and sgRNA. Cells were grown for 30 days to
allow episomal HR donor to dilute out during proliferation of NSCs. Representative FACS
plots (FIG. 23A) showing a population of NSCs with stable integration of the bicistronic
GFP-T2A-tCD19 cassette before enrichment at day 30 after electroporation (left), and a
population enriched of GM-NSCs using MACS CD19 Microbead technologies (right) GM-
NSCs were cultured for 9 passages while being analyzed for GFP expression. (FIG. 23B)

[0040] FIG. 24 shows frequencies of GM-NSCs targeted at H.2Ry locus using the

bicistronic donor cassettes before (targeted) and afier MACS selection (enriched). N=3.

FIGS. 25A-25C show GM-NSCs maintained their NSCs characteristics. Expanded/MACS
enriched GM-NSCs with bicstronic GFP-T2a-tCD19 cassette were stained for the cell surface
markers, CD133 (PE) and CD19 (APC) and analyzed by FACS CDI19 vs GFP (FIG. 25A),
CD19 vs CDI33 (FIG. 25B),  alternatively, cells were stained for CD19 (APC),
permeabilized, fixed and then stained again for SOX2 (PE) (FIG. 25C).

[0041] FIGS. 26A-26C show GM-NSCs maintain migration, NSCs marker and tri-lineage
difterentiation potential i vivo in site appropriate manner. NSCs were targeted with a

bicistronic IL2Ry HR cassette (GFP-T2A-CD8), then MACS-selected with CD8 microbeads,
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and transplanted bilaterally targeted the SVZ of neonatal shi/shi-id or shi/+ heterozygous id
mouse brains. Confocal images (FIGS. 26A-26C) of the dentate gyrus of the hippocampus
stained with anti-GFP (green) and anti-Sox2 (red) Hoechst 33345 counter staining (blue)
revealing that the GM-NSCs migrated and maintain NSC marker, Sox 2 (arrows) (FIG. 26A),
anti-GFP (green), anti-human GFAP, SC123 (red) and DAPI counter staining (blue) in the
white tract bundle of the striatum (FIG. 26B), anti-GFP (green), anti-Doublecortin (DCX),
SC123 (red) and DAPI counter staining (blue) in the olfactory bulb (FIG. 26C).

[0042] FIGS. 27A-27C show oligodendrocyte differentiation potential of GM-NSCs. GM-
NSCs were transplanted directly into the cerebellum of juvenile shi/shi-id mutant mouse
brains. Brain sections were processed 8 week post transplantation. Immunostaining with
human-specific SC121 mAbs at 8 wks post-transplant demonstrated extensive migration of
GM-NSCs within white matter tracts of the cerebellum (FIG. 27A). Immunoperoxidase
staining of a sibling section with a anti-GFP reveals a similar distribution of transgene
expression as SC121 staining (FIG. 27B). Confocal images of the white tract of cerebellum
with anti-GFP {green) and anti-MBP (red) demonstrate continuous GFP expression and

myelin production (FIG. 27C). Injection site is indicated as shown.

{0043] FIG. 28 shows using a HR donor to knock-in GALC ({L2RG ¢cDNA-UbC-GALC-
T2A-tCD19) into the /L2Ry locus and also a tCD19 selection cassette to enable robust
MACS-based enrichment. The /Z2Rylocus was targeted for homologous recombination (HR)
by creating double strand breaks (DSBs) using Cas9 (scissors) and supplying a homologous
donor template (with flanking 800bp arms around the transgene to be inserted). Following
HR, /L2Ry ¢cDNA is knocked 1n to the endogenous start codon followed by a UbC-driven
cassette with GALC-T2A-tCD19 for overexpression of GalC enzyme and enrichment of

targeted cells using CD19 MACS selection.

[0044] FIGS. 29A-29B show stably integrated GA4/7.C construct. NSCs were nucleofected as
described previously with Cas9 mRINA, MSP /Z.2Ry sgRNA, and the GALC-T2A-tCD19 HR
donor construct. Representative FACS plots highlight stably integrated (AL’ construct as
measured by tCD19 expression at 30 days post-nucleofection before (FIG. 29A) and after

(F1G. 29B) enrichment of tC1319™ cells.

{0045] FIG. 30 shows on-target integration of the GALC cassette into the /Z2Ry locus.
gDNA was harvested from experimental groups at day 30 post electroporation to evaluate

integration of the GALC donor on the DNA level. Agarose gel electrophoresis of In/Out PCR
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products show on-target integration of the HR donor in the presence of a site-specific

nuclease.

{0046] FIG. 31 shows GALC NSCs were overexpressing functional enzyme. GalC enzyme
assay was performed on cellular protein lysates from the following experimental groups:
unedited NSCs, Krabbe disease patient fibroblasts, GALC GM-NSCs (two different
experiments). GalC enzyme activity is presented as pmol/min/mg (normalized to unedited

NSCs). N=3, two independent biological experiments, * p < 0.05, Student’s T-test.

{0047] FIGS. 32A-32B show GALC GM-NSCs retained their NSC  biological
characteristics. Immunoperoxidase staining with the human-specific mAb SCi21 (brown)
detects engraftment of human cells in the white matter in the cerebellum (FIG. 32A)
Immunoperoxidase staining of a sibling section with anti-MBP (brown) reveals a similar

distribution of grafted GM-NSCs (FIG. 32B).

{0048] FIGS. 33A-33D show comparison between CRISPR and Talen system. 500,000
NSCs were electroporated (plasmid delivery) with either the CRISPR/Cas9 system or
TALEN pairs that were designed to recognize the human /Z2R(; locus. Seven days post
targeting, gDNA was harvested, //.2RG alleles were amplified by PCR with primers that
overlapped the cut site, and TIDE was run to analyze INDEL frequencies (F1G. 33A). (N= 4-
7)., * p < 005, Student’s T-test. NSCs were electroporated as described above with Cas9
mRNA and MSP sgRINA or TALEN pairs delivered as mRNA, and then /L2R( alleles were
analyzed by TIDE software for INDELs (FIG. 33B). (N= 2-5), * p < 0.05, Student’s T-test.
NSCs were electroporated with /L2R(r engineered nucleases along with UbC-GFP donor
templates with /L2RG homology arms. 30 days post-targeting, cells were harvested for
FACS GFP analyses (FIG. 33C). (N= 4-6). NSCs were electroporated with //.2R( engineered
nucleases along with a /L2RG homologous donor template intended to introduce a AfIH
restriction site following homologous recombination. 7 days post-targeting, gDNA was
harvested, then /L2R( alleles were amplified to produce a 1.6kb product. Amplified alleles
were digested with AfII] and run a PAGE gel. The number of HR alleles were calculated as
follows: ({digested alleles/ digested allefes) + undigested alleles). (FIG. 33D) (N= 4-6),

Student’s T-test.
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DETAILED DESCRIPTION OF THE INVENTION

1B Introduction

{0849] The present invention is based, in part, on the discovery that genome editing
technologies enhance the therapeutic potential of human neural stem cells. Neural stem cells
(NSCs) have therapeutic potential for unmet medical needs for neurological disorders with
one-time intervention with a life-long impact. For example, HuCNS-SC" cells (StemCells,
Inc) are a highly purified fetal brain-derived human central nervous system stem cell
population that have biological NSC activities with multiple mechanism of actions, providing
neuroprotection, myelination, and retinal preservation via global migration and site-
appropriate differentiation into mature neurons, astrocytes and myelin producing
oligodendrocytes. NSCs have been tested in four Phase VI clinical trials with promising
outcomes for safety, donor cell survival and/or preliminary efticacy. The recent advances in
genome editing technologies, namely the TALEN and CRISPR/Cas® platforms, have
accelerated opportunities for producing genetically modified {GM) cells for cell therapy.
which ultimately broadens the therapeutic potential of NSCs, e.g., by serving as mini-
factories of neuroprotective proteins to overcome the blood brain barrier. NSCs and methods
of 1solating NSCs are described, e.g, in US Patent Application Publication Nos.
2001/0044122, 2003/0109039, and 2004/0137535 A1l; and US Patent No. 7,037,719.

[0050] As described herein, the present inventors have targeted “safe harbor loci” such as,
e.g., CCRS, IL2Ry, and HBB, in NSC for homologous recombination (HR) of a GFP cassette
by inducing site-specific double-strand breaks (DSBs), along with homologous plasmid
donor templates. GM-NSCs displayed robust long-term GFP expression, and importantly,
genomic analysis by in-out PCR confirmed on-target integration. Truncated CD19 enabled
the purification of the GM-NSCs population at >90%. Furthermore, delivering the CRISPR
platform as an “all RNA” system with chemically modified sgRNAs signitficantly improved
the frequency of DSBs, which subsequently improved HR targeting rates two-fold over
plasmid delivery of CRISPR. Most importantly, transplantation of GM-NSCs into
oligodendrocyte mutant shiver mice showed that GM-NSCs migrate and differentiate into
myelin producing oligodendrocytes, comparable to non-genetically modified  NSCs,
indicating that GM-NSCs retain their NSC characteristics. The self-renewal and global
migration properties of the GM-NSCs indicate that GM-NSCs could serve as mini-factories
for the continuous delivery of proteins to broaden treatment options since these proteins

cannot cross the blood-brain barrier. In conclusion, the success of the studies described
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herein provide methods, compositions, and kits for transplantable GM-NSCs that enable the
treatment of a battery of neurodegenerative disorders and injuries for the brain, spinal cord,

and eye.
. General

[0051] Practicing this invention utilizes routine technigques in the field of molecular
biology. Basic texts disclosing the general methods of use in this invention include
Sambrook and Russell, Molecular Cloning, A Laboratory Manual (3rd ed. 2001); Kriegler,
(Grene Transfer and Fxpression: 4 Laboratory Manual (1990), and Current Protocols in

Molecular Biology (Ausubel ef al., eds., 1994)).

{0052] For nucleic acids, sizes are given in either kilobases (kb), base pairs (bp), or
nucleotides (nt). Sizes of single-stranded DNA and/or RNA can be given in nucleotides.
These are estimates derived from agarose or acrylamide gel electrophoresis, from sequenced
nucleic acids, or from published DNA sequences. For proteins, sizes are given in kilodaltons
(kDa) or amino acid residue numbers. Protein sizes are estimated from gel electrophoresis,
from sequenced proteins, from derived amino acid sequences, or from published protein

sequences.

{0053] Oligonucleotides that are not commercially available can be chemically synthesized,
e.g., according to the solid phase phosphoramidite triester method first described by
Beaucage and Caruthers, 7etrahedron lett. 22:1859-1862 (1981), using an automated
synthesizer, as described in Van Devanter et. al., Nucleic Acids Res. 12:6159-6168 (1984).
Purification of oligonucleotides 1s performed using any art-recognized strategy, e.g., native
acrylamide gel electrophoresis or anion-exchange high performance liquid chromatography

(HPL.C) as described in Pearson and Reanier, J. Chrom. 255: 137-149 (1983).

TRE. Definitions

[0054] Unless specifically indicated otherwise, all technical and scientific terms used
herein have the same meaning as commonly understood by those of ordinary skill in the art to
which this invention belongs. In addition, any method or material simifar or equivalent to a
method or material described herein can be used in the practice of the present invention. For

purposes of the present invention, the following terms are defined.

{0055] The terms “a,” “an,” or “the” as used herein not only include aspects with one

member, but also include aspects with more than one member. For instance, the singular
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ey 9 Rb]

forms “a,” “an,” and “the” include plural referents unless the context clearly dictates
otherwise. Thus, for example, reference to “a cell” includes a plurality of such cells and
reference to “the agent” includes reference to one or more agents known to those skilled in

the art, and so forth.

[0056] The termn “human neural stem cell” refers to a cell of the neural lineage with self-
renewal and multilineage differentiation properties obtained from a human source or derived
from a cell of human origin. Similarly, the term “human neural stem cells” refers to a
purified cell population with self-renewal and muitilineage differentiation properties. Neural
stem cells are capable of dividing either symmetrically, or asymmetrically. When dividing
symmetrically, the neural stem cell divides to form two daughter neural stem cells or two
committed progenitors, though unless otherwise specified symmetrical division refers herein
to symmetrical self-renewal,; when dividing asymmetrically, the neural stem cell divides to
form one daughter neural stem cell, and one committed progenitor (e.g., either a neuron or a
ghal progenitor). In particular, neural stem cells have the capacity to produce cells of the
three main mature classes of the central nervous system: neurons, astrocytes and
oligodendrocytes. Typically, human neural stem cells possess the ability for engraftment,
proliferation, migration and/or differentiation in a site-specific manner. Human neural stem
cells can be characterized by the expression of transcription factors Sox! and Sox2. In
addition, human neural stem cells typically express characteristic cell surface markers. Such
markers include CD133, CD49f, CD29, and CD15. Human neural stem cells can therefore be
isolated based on the expression of such markers or a combination of such makers, for
example, CD133 positive CD24 negative to low cells. In principle, any marker specifically
expressed on human neural stem cells, or any combination of markers characteristic of human

neural stem cells, may be used in the isolation of human neural stem celis.

{0057] Human neural stem cells may be derived from human embryonic, fetal or adult
sources, or may be derived using known technigues from other cell types, including
embryonic stem (ES) cells and induced pluripotent stem (iPS) cells. Human neural stem cells
may also be derived by direct reprogramming from a somatic cell population, for example
fibroblasts. In some embodiments, human neural stem cells are derived from a somatic stem
cell or a pluripotent stem cell. Human neural stem cells include cells derived trom the human
central nervous system, including fetal spinal cord and fetal brain tissues. For example, the

human neural stem cells may be human central nervous system stem cells directly isolated
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from human brain tissue using a method described in Uchida et al., Proc Natl Acad Sci USA,

2000, 97(26).14720-14725.

{0058} Human neural stem cells may be cultures in adherent cultures, including monolayer
cultures, on substrate-coated tissue culture plates, in suspension culture, or as self-adherent

complexes of cells, forming clusters known as neurospheres.

[0059] The term “primary human neural stem cell” refers to a human neural stem cell
isolated from human tissue or to the progeny of a human neural stem cell maintained in
culture. A primary human neural stem cell typically retains the characteristics of the cell
originally isolated from human tissue, and can be distinguished from an immortalized cell

line.

[0060] The term “genome editing” refers to a type of genetic engineering in which DNA is
inserted, replaced, or removed from a target DNA, e.g., the genome of a cell, using one or
more nucleases and/or nickases. The nucleases create specific double-strand breaks (DSBs)
at desired locations in the genome, and harness the cell’s endogenous mechanisms to repair
the induced break by homology-directed repair (HDR) (e.g., homologous recombination) or
by nonhomologous end joining (NHEJ). The nickases create specific single-strand breaks at
desired locations in the genome. In one non-limiting example, two nickases can be used to
create two single-strand breaks on opposite strands of a target DNA, thereby generating a
blunt or a sticky end. Any suitable nuclease can be introduced into a cell to induce genome
editing of a target DNA sequence including, but not limited to, CRISPR-associated protein
(Cas) nucleases, zinc finger nucleases (ZFNs}, transcription activator-like effector nucleases
(TALENS), meganucleases, other endo- or exo-nucleases, variants thereof, fragments thereof,
and combinations thereof. In particular embodiments, nuclease-mediated genome editing of
a target DNA sequence {¢.g., a sate harbor gene) by homology-directed repair (HDR) (e.g.,
homologous recombination) 1s used for generating a genetically modified human neural stem

cell in accordance with the methods described herein.

{0061] The term “DNA nuclease” refers to an enzyme capable of cleaving the
phosphodiester bonds between the nucleotide subunits of DNA, and may be an endonuclease
or an exonuclease. According to the invention, the DNA nuclease may be an engineered
(e.g, programmable or targetable) DNA nuclease which can be used to induce genome
editing of a target DNA sequence such as a safe harbor gene. Any suitable DNA nuclease

can be used including, but not limited to, CRISPR-associated protein (Cas) nucleases, zinc
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tinger nucleases (ZFNs), transcription activator-like effector nucleases (TALENS),
meganucleases, other endo- or exo-nucleases, variants thereof, fragments thereof, and

combinations thereof.

[0062] The term “double strand break” or “DSB” refers to the severing or cleavage of both
strands of the DNA double helix. The DSB may result in cleavage of both stands at the same
position leading to “blunt ends’ or staggered cleavage resulting in a region of single stranded
DNA at the end of each DNA fragment, or “sticky ends”. A DSB may arise from the action

of one or more BDNA nucleases.

[0063] The term “homology-directed repair” or “HDR” refers to a mechanism in cells to
accurately and precisely repair double-strand DNA breaks using a homologous template to
guide repair. The most common form of HDR is homologous recombination (HR), a type of
genetic recombination in which nucleotide sequences are exchanged between two similar or

identical molecules of DNA.

[0064] The term “nucleic acid,” “nucleotide,” or “polynucleotide” refers to
deoxyribonucleic acids (DNA), ribonucleic acids (RNA) and polymers thereof in either
single-, double- or multi-stranded form. The term includes, but is not limited to, single-,
double- or multi-stranded DNA or RNA, genomic DNA, cDNA, DNA-RNA hybrids, or a
polymer comprising purine and/or pyrimidine bases or other natural, chemically modified,
biochemically modifted, non-natural, synthetic or derivatized nucleotide bases. In some
embodiments, a nucleic acid can comprise a mixture of DNA, RNA and analogs thereof.
Unless specifically limited, the term encompasses nucleic acids containing known analogs of
natural nucleotides that have similar binding properties as the reference nucleic acid and are
metabolized in a manner similar to naturally occurring nucleotides. Unless otherwise
indicated, a particular nucleic acid sequence also implicitly encompasses conservatively
modified variants thereof (e.g., degenerate codon substitutions), alleles, orthologs, single
nucleotide polymorphisms (SNPs), and complementary sequences as well as the sequence
explicitly indicated.  Specifically, degenerate codon substitutions may be achieved by
generating sequences in which the third position of one or more selected (or all) codons is
substituted with mixed-base and/or deoxyinosine residues (Batzer et al., Nucleic Acid Res.
19:5081 (1991); Ohtsuka er al., J. Biol. Chem. 260:2605-2608 (1985); and Rossolini ef a/.,
Mol. Cell. Probes 8:91-98 (1994)). The term nucleic acid 1s used interchangeably with gene,
cDNA, and mRINA encoded by a gene.
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{0065] The term “moditied nucleotide” or “nucleotide analog” refers to a nucleotide that
contains one or more chemical modifications {e.g., substitutions) in or on the nitrogenous
base of the nucleoside (e.g., cytosine (C), thymine (T} or uracil (U)), adenine (A), or guanine
(G)), the sugar moiety of the nucleoside {(e.g., ribose, deoxyribose, modified ribose, modified
deoxyribose, six-membered sugar analog, or open-chain sugar analog), and/or the phosphate

backbone.

{0066] The term “gene” or “nucleotide sequence encoding a polypeptide” means the
segment of DNA involved in producing a polypeptide chain. The DNA segment may include
regions preceding and following the coding region (leader and trailer) involved in the
transcription/translation  of the gene product and the regulation of the
transcription/translation, as well as intervening sequences {introns) between individual coding

segments {exons).

{0067] The term “safe harbor gene” or “safe harbor locus,” used interchangeably herein,
refers to a genomic location that permits expression of integrated transgenes, €.g., exogenous
DNA in the genome. In some cases, a safe harbor locus allows for stable expression of
integrated DNA with minimal impact on nearby or adjacent endogenous genes, regulatory
element and the like. In some cases, a safe harbor gene enables sustainable gene expression
and can be targeted by engineered nuclease for gene modification in various cell types
including neural stem cells, derivatives thereof, and differentiated cells thereof Examples of
safe harbor genes include the IL2ZRy, CCRS, and HBB gene. In some cases, more than one
safe harbor gene can be targeted, thereby introducing more than one transgene into the

genetically modified cell.

{0068] The term “transgene” refers to exogenous DNA in the genome. A transgene may
contain a marker(s) for cell purification and/or a gene of interest. Suitable markers are
known in the ast, including cell surface markers such as CD8, CD19 and truncated CD19 and
fluorescent markers such as GFP. A gene of interest can be chosen by the skilled person and
can be a transgene encoding a protein associated with a disorder of the central nervous
system or a gene encoding a neuroprotective or neuroregenerative protein, a variant thereof, a

fragment thereof, or a peptide mimetic thereof.

[0069] The term “cassette,” in the context of a transgene cassette, refers to a combination
of genetic sequence elements that may be introduced as a single element and may function

together to achieve a desired result. A transgene cassette may include a transgene operably
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linked to a heterologous promoter. For example, an expression cassette may comprise a
promoter operably linked to a second polynucleotide (e.g., a coding sequence} and can
include a promoter that is heterologous to the second polynucleotide as the result of human
manipulation. A cassette typically comprises polynucleotides in combinations that are not

tfound in nature.

{0070] The term “operably linked” refers to two or more genetic elements, such as a
polynucleotide coding sequence and a promoter, placed in relative positions that permit the
proper biological functioning of the elements, such as the promoter directing transcription of

the coding sequence.

[0071] The term “heterologous promoter” refers to a promoter that 1s not operably linked to
a transgene in nature. The heterologous promoter may be a sequence derived from a non-
human organism or a chemically synthesized, optionally modified, promoter sequence.
Alternatively, the heterologous promoter may be a human sequence from a genetic locus not

naturally found in conjunction with the transgene.

[0072] The term “inducible promoter system” refers to a promoter that responds to
environmental factors and/or external stimuli that can be artificially controlled in order to
modify the expression of, or the level of expression of, a transgene or refers to a combination
of elements, for example an exogenous promoter and an additional element such as a trans-
activator operably linked to a separate promoter. An inducible promoter system may respond
to abiotic factors such as oxygen levels or to chemical or biological molecules. In some
embodiments, the chemical or biological molecules may be molecules not naturally present in

humans.

{0073] The term “isolated” with reference to a cell, refers to a cell that is 10 an environment
different from that in which the cell naturally occurs, e.g., where the cell naturally occurs in a
multicellular organism, and the cell is removed from the multicellular organism, the cell 13
“isolated.” An isolated genetically modified cell can be present in a mixed population of
genetically modified cells, or in a mixed population comprising genetically modified cells
and cells that are not genetically modified. For example, an 1solated genetically modified cell
can be present in a mixed population of genetically modified cells i vifro, or in a mixed in
vitrto population comprising genetically modified cells and cells that are not genetically

modified.
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{0074] The term “cell-specific promoter” refers to a promoter that directs expression
differentially in different cell or tissue types. Expression may be present or absent or may
take place at different levels in different cell types according to their developmental or
differentiation status. For example, a promoter may drive expression of a transgene
preferentially in neural cells, or in cells of a particular neural lineage. Thus, it ts possible to
express a transgene specifically in neurons, astrocytes or oligodendrocytes, or even in a

particular class of neurons.

{0075] The phrase “transgene encodes a protein associated with a genetic disorder of the
central nervous system” refers to a gene that encodes a product, the presence or absence of
which causes or contributes to a genetic disorder of the central nervous system. The genetic
disorder can be an autosomal recessive genetic disorder that may be treated by expressing a
wild-type (normal) allele of the corresponding mutant gene as a transgene. The genetic
disorder may be caused by a mutant gene and the transgene described herein can be used to
treat the disorder. The phrase “{ransgene encodes a neuroprotective or neuroregenerative
protein” refers to a transgene that encodes a product that prevents, or helps to prevent, the
development or progression of a disorder of the nervous system or that contributes to or
causes the restoration, or partial restoration, of a function of the nervous system lost as a
result of a disease, condition or injury. The disease, disorder, or conditions described herein
include those affecting astrocytes, oligodendrocytes, glial cells, neurons, motor neurons,
interneurons, retinal cells, efc.  Such neurological disease, disorders or conditions may
include Parkinson’s disease, Huntington’s disease, Alzheimer’s disease, memory disorders,
epilepsies, macular degeneration (e.g., age-related macular degeneration), retinitis
pigmentosa, Leber’s congenital amaurosis, retinopathies, optic neuropathies, amyotrophic
lateral sclerosis, spinal muscular atrophy, myelin disease, multiple sclerosis, stroke, cerebral
palsies, hereditary pediatric leukodystrophies including Pelizaeus-Merbacher disease,
neuronal ceroid lipofuscinosis and Krabbe disease, metachromatic leukodystrophy, Tay-
Sachs disease, spinal cord injury or trauma. The disease, disorder, or conditions described
herein also include traumatic brain injury, acute inflammation of the central nervous system
(CNS), chronic inflammation of the CINS, 1schemia, and stroke. The protein may be a protein
encoded by a gene selected from the group consisting of GALC (Krabbe disease), 45C )7
(adrenoleukodystrophy), GFA4F7 (Alexander disease), (C¥YP2747 {cerebrotendineous
xanthomatosis), 4RS84 (metachromatic leukodystrophy), PLPI (Pelizaeus-Merzbacher

disease), ASPA (Canavan disease), £/f-28 (leukoencephalopathy with vanishing white
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matter), PHYH (Refsum disease 1), PEX7 (Refsum disease 2), PP7/ (infantile neuronal
ceroid lipofuscinosis (NCL)), 7#P/ (late infantile NCL), /N3 (juvenile NCL), CLN6 (adult
NCL), CLN5 (Finnish late infantile variant NCL}, CLN6 (late infantile variant NCL), AISFD8
{cerotd lipofuscinosis, neuronal, 7), CLNE (ceroid lipofuscinosis, neuronal, 8), C'78/) (ceroid
lipofuscinosis, neurcnal, 10), UBZ34 (Angelman syndrome), POL(r (Alpers’ Disease), 747
(Barth Syndrome), G/ A (Fabry disease), SLC2042 (Fahr’s syndrome), FDE (retinitis
pigmentosa), SMN/ (spinal muscular atrophy), /KBKAP (familial dysautonomia), AdeCP2
(Rett syndrome), CACNAIC (Timothy syndrome), A7XN3 (Machado-Joseph disease), and
RPEG5 (Leber congenital amaurosis), {/SH24 (retinitis pigmentosa), RFPGR (retinitis

pigmentosa), RF2(retinitis pigmentosa), ABCA4 (Stargardt), RS-1 (X-linked retinoschisis).

{0076] The phrase “transgene encodes a neuroprotective or neuroregenerative protein”
refers to a transgene that encodes a product that prevents, or helps to prevent, the
development or progression of a disorder of the nervous system or that contributes to or
causes the restoration, or partial restoration, of a function of the nervous system lost as a
result of a disease, condition or injury. In certain embodiments, the neuroprotective or
neuroregenerative protein is selected from the group consisting of brain-derived neurotrophic
factor (BDNF), insulin-like growth factor 1 (IGF-1), insulin-like growth factor 2 {1GF-2),
¢lial-derived neurotrophic factor (GDNF), nerve growth factor (NGF), neurotrophin-2 (NT-
2), neurotrophin-3 (NT-3) neurotrophin-4/5 (N'T-4/5), neurotrophin-6, conserved dopamine
neurotrophic factor (CDNF), ciliary neurotrophic factor (CNTF), epidermal growth factor
(EGF), a fibroblast growth factor (FGF), a bone morphogenetic protein (BMP), vascular
endothelial growth factor {(VEGEF), granulocyte colony-stimulating factor (G-CSF), colony-
stimulating factor (CSF), interferon-f (IFN-f), tumor necrosis factor-a (TNFa), tissue
plasminogen activator (tPA), neurturin, persephin, artemin, neuropeptide Y (NPY), an ephrin,
a semaphorin, other neuropoeitic factors, other neurotrophic factors, and a combination

thereof.

{0077} The terms “polypeptide,” “peptide,” and “protein” are used interchangeably herein
to refer to a polymer of amino acid residues. The terms apply to amino acid polymers in
which one or more amino acid residue is an artificial chemical mimetic of a corresponding
naturally occurring amino acid, as well as to naturally occurring amino acid polymers and
non-naturally occurring amino acid polymers. As used herein, the terms encompass amino
acid chains of any length, including full-length proteins, wherein the amino acid residues are

linked by covalent peptide bonds.
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{0078] The term “variant” refers to a form of an organism, strain, gene, polynucleotide,

polypeptide, or characteristic that deviates from what occurs in nature.

[0078] The term “peptide mimetic” refers to an amino acid polymer in which one or more
amino acid residues, comprising all or part of the polymer, is an artificial chemical mimetic
of a corresponding naturally occurring amino acid. A peptide mimetic may have improved
properties, such as stability or biological activity, relative to a corresponding peptide
consisting of naturally occurring amino acids. A peptide mimetic may, for example,

comprise one or more B-amino acids.

[0080] The term “vector” or “recombinant vector” refers a nucleic acid construct, generated
recombinantly or synthetically, with a series of specified nucleic acid elements that permit
transcription of a particular polynucleotide sequence in a host cell. An expression vector may
be part of a plasmid, viral genome, or nucleic acid fragment. Typically, an expression vector
includes a polynucleotide to be transcribed, operably linked to a promoter. “Operably
linked” 1n this context means two or more genetic elements, such as a polynucleotide coding
sequence and a promoter, placed in relative positions that permit the proper biological
functioning of the elements, such as the promoter directing transcription of the coding
sequence. The term “promoter” is used herein to refer to an array of nucleic acid control
sequences that direct transcription of a nucleic acid. As used herein, a promoter includes
necessary nucleic acid sequences near the start site of transcription, such as, in the case of a
polymerase II type promoter, a TATA element. A promoter also optionally includes distal
enhancer or repressor elements, which can be located as much as several thousand base pairs
from the start site of transcription. Other elements that may be present in an expression
vector include those that enhance transcription (e.g., enhancers) and terminate transcription
(e.g., terminators), as well as those that conter certain binding aftinity or antigenicity to the

recombinant protein produced from the expression vector.

{0081] “Recombinant” refers to a genetically modified polynucleotide, polypeptide, cell,
tissue, or organism. For example, a recornbinant polynucleotide (or a copy or complement of
a recombinant polynucleotide) is one that has been manipulated using well known methods.
A recombinant expression cassette comprising a promoter operably linked to a second
polynucleotide {e.g., a coding sequence) can include a promoter that is heterologous to the
second polynucleotide as the result of human manipulation (e.g., by methods described in

Sambrook et al., Molecular Cloning - A Laboratory Manual, Cold Spring Harbor Laboratory,
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Cold Spring Harbor, New York, (1989) or Current Protocols in Molecular Biology Volumes
1-3, John Wiley & Sons, Inc. (1994-1998)). A recombinant expression cassette {or
expression vector) typically comprises polynucleotides in combinations that are not found in
nature. For instance, human manipulated restriction sites or plasmid vector sequences can
tlank or separate the promoter from other sequences. A recombinant protein is one that is
expressed from a recombinant polynucleotide, and recombinant cells, tissues, and organisms

are those that comprise recombinant sequences (polvnucleotide and/or polypeptide).

{0082] The term “selectable marker” refers to a gene product that permits a cell expressing
that gene product to be isolated from a mixed population of cells. Such isolation might be
achieved through the selective killing of cells not expressing the selectable marker, which
may be an antibiotic resistance gene. Alternatively, the selectable marker may permut
1solation of cells expressing the marker as a result of the expression of a fluorescent protein
such as GFP or the expression of a cell surtace marker which permits isolation of cells by
fluorescence-activated cell sorting (FACS), magnetic-activated cell sorting (MACS), or
analogous methods. Suitable cell surface markers include CD8, C1219, and truncated CD19.
Preferably, cell surface markers used for isolating desired cells are non-signaling molecules,
such as subunit or truncated forms of CD1, CD2, CD8a, CD10, CD19, or CD20. Suitable

markers and techniques are known in the art.

[0083] The term “detectable marker” refers to a gene product that permits a cell expressing
that gene product to be identified. Such identification can be visual identification, for
example by means of the expression of a fluorescent protein or by expression of a cell surface
marker that can be recognized by a labelled antibody. Suitable markers and techniques are

known 1n the art.

[0084] The term “purification marker” refers to a marker that provides tor the purification
of a particular cell type. The purification marker may therefore also be a selectable marker as
described above, thereby permitting punification of cells expressing the marker, for example
by antibiotic selection or by FACS or MACS. Suitable markers and techniques are known in
the art. Markers for purifying human neural stem cells include CD133, CD49f, CD29, and
CD1S. Human neural stem cells can also be isolated based on the expression of a
combination of makers, for example, CD133 positive CD24 negative to low cells. In

principle, any marker specifically expressed on human neural stem cells, or any combination
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of markers characteristic of human neural stem cells, may be used in the 1solation of human

neural stem cells.

{0085] The terms “subject,” “individual,” and “patient” are used interchangeably herein to
refer to a vertebrate, preferably a mammal, more preferably a human. Mammals include, but
are not limited to, murines, simians, humans, farm animals, sport animals, and pets. Tissues,
cells and their progeny of a biological entity obtained iz vivo or cultured iz vitro are also

encompassed.

{0086] The term “treating” refers to an approach for obtaining beneficial or desired results
including but not limited to a therapeutic benefit and/or a prophylactic benefit. By
therapeutic benefit 1s meant any therapeutically relevant improvement in or effect on one or
more diseases, conditions, or symptoms under treatment. For prophylactic benefit, the
compositions may be administered to a subject at risk of developing a particular disease,
condition, or symptom, ot to a subject reporting one or more of the physiological symptoms
of a disease, even though the disease, condition, or symptom may not have yet been

manifested.

[0087] The term “effective amount” or “sufficient amount” refers to the amount of an agent
that 1s sufticient to effect beneficial or desired results. The therapeutically effective amount
may vary depending upon one or more of: the subject and disease condition being treated, the
weight and age of the subject, the severity of the disease condition, the manner of
administration and the like, which can readily be determined by one of ordinary skill in the
art. The specific amount may vary depending on one or more of: the particular agent chosen,
the target cell type, the location of the target cell in the subject, the dosing regimen to be
followed, whether it is administered in combination with other compounds, timing of

administration, and the physical delivery system in which it 1s carried.

[0088] The term “pharmaceutically acceptable carrier” refers to a substance that aids the
administration of an active agent to a cell, an organism, or a subject. “Pharmaceutically
acceptable carrier” refers to a carrier or excipient that can be included in the compositions of
the invention and that causes no significant adverse toxicological effect on the patient. Non-
limiting examples of pharmaceutically acceptable carrier include water, NaCl, normal saline
solutions, lactated Ringer’s, normal sucrose, normal glucose, cell culture media, and the like.
One of skill in the art will recognize that other pharmaceutical carriers are useful in the

present invention.
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{0089] The term “about” in relation to a reference numerical value can include a range of
values plus or minus 10% from that value. For example, the amount “about 107 includes
amounts from 9 to 11, including the reference numbers of 9, 10, and 11. The term “about™ in
relation to a reference numerical value can also include a range of values plus or minus 10%,

9%, 8%, 7%, 6%, 5%, 4%, 3%, 2%, or 1% from that value.

B )

IV.  Detailed Description of the Embodiments

{0096]  As used herein and in the appended claims, the singular forms "a," "or," and "the"
include plural referents unless the context clearly dictates otherwise. It is understood that
aspects and variations of the invention described herein include "consisting" and/or

"consisting essentially of' aspects and variations.

[009%] The present invention in one aspect provides a method for generating a genetically
modified human neural stem cell, the method comprising: introducing into an isolated human
neural stem cell: a DNA nuclease or a nucleotide sequence encoding the DNA nuclease,
wherein the DNA nuclease is capable of creating a double-strand break in a gene to induce
end joining, thereby generating a genetically modified human neural stem cell.

[0092] In some embodiments, the present invention provides a method for generating a
genetically modified human neural stem cell, the method comprising: introducing into an
1solated human neural stem cell: (a) a donor template comprising: (i) a transgene casseite
comprising a transgene (for example, a transgene operably linked to a promoter, for example,
a heterologous promoter); and (i1) two nucleotide sequences comprising {wo non-
overlapping, homologous portions of a safe harbor gene, wherein the nucleotide sequences
are located at the 5’ and 37 ends of the transgene cassette; and (b) a DNA nuclease or a
nucleotide sequence encoding the DNA nuclease, wherein the DNA nuclease 1s capable of
creating a double-strand break in the safe harbor gene to induce insertion of the transgene
into the sate harbor gene, thereby generating a genetically modified human neural stem cell.
{0093] In some embodiments, the safe harbor locus is selected from the group consisting of
CCRS, IL2Ry, and HBB. In some embodiments, the sate harbor locus 1s IL2Ry. In some
embodiments, the neural stem cells are dernived from second trimester human fetal brain. In
some embodiments, the neural stem cells are isolated based on the expression of a
combination of markers, such as CD133 and CD24. In some embodiments, the neural stem
cells are isolated based on the expression of a combination of two or more markers selected

from the group consisting CD133, CD24, CD49f, CD29, and CD15.

23



WO 2017/180926 PCT/US2017/027504

{0094] A safe harbor locus can be a genomic location that permits expression of integrated
transgenes, e.g., exogenous DNA in the genome. In some cases, the safe harbor locus allows
for stable expression of integrated DNA with minimal impact on nearby or adjacent
endogenous genes, regulatory element and the like. In some cases, the sate harbor gene
enables sustainable gene expression and can be targeted by engineered nuclease for gene
modification in various cell types include neural stem cells, derivatives thereof, and

differentiated cells thereof.

{0095] In some embodiments, there is provided a method for generating a genetically
modified human neural stem cell, the method comprising: 1) culturing an isolated human
neural stem cell; 2} introducing into said cultured human neural stem cell: (a) a donor
template comprising: (i) a transgene cassette comprising a transgene (for example, a
transgene operably linked to a promoter, for example, a heterologous promoter); and (it) two
nucleotide sequences comprising two non-overlapping, homologous portions of a safe harbor
gene, wherein the nucleotide sequences are located at the 5’ and 37 ends of the transgene
cassette, and (b) a DNA nuclease or a nucleotide sequence encoding the DNA nuclease,
wherein the DNA nuclease 1s capable of creating a double-strand break in the safe harbor
gene to induce insertion of the transgene into the safe harbor gene, thereby generating a
genetically modified human neural stem cell. In some embodiments, the safe harbor locus is
selected from the group consisting of CCRS, 1L2Ry, and HBB. In some embodiments, the
safe harbor locus is IL2ZRy. In some embodiments, the neural stem cells are cultured as self-
adherent complexes of cells, (e.g. by forming clusters known as neurospheres). In some
embodiments, the neural stem cells are cultured in a condition with a supplement selected
from the group consisting of N2, heparin. N-acetylcysteine, fibroblast growth factor 2,
eptdermal growth factor, and leukemia inhibitory factor. In some embodiments, the neural
stem cells are cultured for at least about any of S, 10, 15, 20, 25, 30, 35, 40, 45, 50, SS, 60,
65, 70, 75, 80, 85, 90, 95, or 100 days before the donor template and/or the DNA nuclease {or
the nucleotide sequence encoding the DNA nuclease) is introduced into said neural stem
cells. In some embodiments, the neural stem cells are cultured for at least about 1, 2, 3, 4, 5,
6, 7, 8, 9, 10, 11, or 12 cell culture passages before the donor template and/or the DNA
nuclease (or the nucleotide sequence encoding the DNA nuclease) is introduced into said
neural stem cells. In some embodiments, the neural stem cells are derived from second
trimester human fetal brain. In some embodiments, the neural stem cells are i1solated based on

the expression of a combination of markers, such as CD133 and CD24. In some
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embodiments, the neural stem cells are isolated based on the expression of a combination of
two or more markers selected from the group consisting CD133, CD24, CD49f, CD29, and
CDI1s5.

[0096] In some embodiments, there is provided a method for generating a genetically
modified human neural stem cell, the method comprising: 1) isolating a population of human
neural stem cells; 2) culturing said isolated human neural stem cells; 3} introducing into said
cultured human neural stem cell: (a) a donor template comprising: (1) a transgene cassette
comprising a transgene (for example, a transgene operably linked to a promoter, for example,
a heterologous promoter), and (i1) two nucleotide sequences comprising two non-
overlapping, homologous portions of a safe harbor gene, wherein the nucleotide sequences
are located at the 5’ and 3’ ends of the transgene cassette; and (b) a DNA nuclease or a
nucleotide sequence encoding the DNA nuclease, wherein the DNA nuclease is capable of
creating a double-strand break in the safe harbor gene to induce insertion of the transgene
into the safe harbor gene, thereby generating a genetically moditied human neural stem cell.
In some embodiments, the safe harbor locus is selected from the group consisting of CCRS,
IL2Ry, and HBB. In some embodiments, the safe harbor locus 1s IL2Ry. In some
embodiments, the neural stem cells are cultured as self-adherent complexes of cells, {e.g. by
forming clusters known as neurospheres). In some embodiments, the neural stem cells are
cultured in a condition with a supplement selected from the group consisting of N2, heparin,
N-acetylcysteine, fibroblast growth factor 2, epidermal growth factor, and leukemia
inhibitory factor. In some embodiments, the neural stem cells are cultured for at least about
any of S, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, or 100 days
before the donor template and/or the DNA nuclease (or the nucleotide sequence encoding the
DINA nuclease) 1s introduced into said neural stem cells. In some embodiments, the neural
stem cells are cultured for at least about 1, 2, 3, 4. 5,6, 7. 8 9, 10, 11, or 12 cell culture
passages before the donor template and/or the DNA nuclease (or the nucleotide sequence
encoding the DNA nuclease) is introduced into said neural stem cells. In some embodiments,
the neural stem cells are derived from second trimester human fetal brain. In some
embodiments, the neural stem cells are isolated based on the expression of a combination of
markers, such as CD133 and CD24. In some embodiments, the neural stem cells are isolated
based on the expression of a combination of two or more markers selected from the group

consisting CD133, CD24, CD49f, CD29, and CD15.
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{0097} In some embodiments, there is provided a method for generating a genetically
modified human neural stem cell, the method comprising: 1) introducing into a population of
human cells comprising human neural stem cells: (a} a donor template comprising: (i) a
transgene cassette comprising a transgene (for example, a transgene operably linked to a
promoter, for example, a heterologous promoter), and (ii) two nucleotide sequences
comprising two non-overlapping, homologous portions of a safe harbor gene, wherein the
nucleotide sequences are located at the 5 and 3 ends of the transgene cassette; and (b) a
DNA nuclease or a nucleotide sequence encoding the DNA nuclease, wherein the DNA
nuclease is capable of creating a double-strand break in the safe harbor gene to induce
insertion of the transgene into the safe harbor gene; 2} isolating human neural stem cells from
said population of human cells, thereby generating a genetically modified human neural stem
cell. In some embodiments, the method further comprises isolating genetically modified
human neural stem cells from said isolated human neural stem cells. In some embodiments,
the safe harbor locus is selected from the group consisting of CCRS, IL2Ry, and HBB. In
some embodiments, the safe harbor locus is [L2Ry. In some embodiments, the neural stem
cells are cultured as self-adherent complexes of cells, (e.g. by forming clusters known as
neurospheres). In some embodiments, the neural stem cells are cultured in a condition with a
supplement selected from the group consisting of N2, heparin, N-acetylcysteine, fibroblast
growth factor 2, epidermal growth factor, and leukemia inhibitory factor. In some
embodiments, the method further comprises culturing i1solated genetically modified human
neural stem cells. In some embodiments, the culturing time is at least about any of 5, 10, 15,
20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, or 100 days after the donor
template and/or the BNA nuclease (or the nucleotide sequence encoding the DNA nuclease)
is introduced into said neural stem cells. In some embodiments, the neural stem cells are
cultured for at least about 1, 2,3, 4,5, 6,7,8,9,10, 11, or 12 cell culture passages after the
donor template and/or the DNA nuclease {or the nucleotide sequence encoding the DNA
nuclease} i1s introduced into said neural stem cells. In some embodiments, the neural stem
cells are derived from second trimester human fetal brain. In some embodiments, the neural
stem cells are isolated based on the expression of a combination of markers, such as CD133
and CD24. In some embodiments, the neural stem cells are isolated based on the expression
of a combination of two or more markers selected from the group consisting CD133, CD24,

CD49f, CD29, and CD15.
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[0098] In some embodiments, there is provided a method for generating a genetically
modified human neural stem cell, the method comprising: introducing into an isolated human
neural stem cell: (a) a donor template comprising: (i} a transgene cassette comprising a
transgene (for example, a transgene operably linked to a promoter, for example, a
heterologous promoter); and (i1} two nucleotide sequences comprising two non-overlapping,
homologous portions of a safe harbor gene, wherein the nucleotide sequences are located at
the 5° and 3’ ends of the transgene cassette; and (b} an RNA-guided CRISPR/Cas system
(such as RNA-based CRISPR/Cas system), wherein the CRISPR/Cas system is capable of
creating a double-strand break in the safe harbor gene to induce insertion of the transgene
into the safe harbor gene, thereby generating a genetically modified human neural stem cell.
In some embodiments, the safe harbor locus is selected from the group consisting of CCRS,
[L2Ry, and HBB. In some embodiments, the safe harbor locus ts [L2Ry.  In some
embodiments, the neural stem cells are derived from second trimester human fetal brain. In
some embodiments, the neural stem cells are isolated based on the expression of a
combination of markers, such as CD133 and CD24. In some embodiments, the neural stem
cells are isolated based on the expression of a combination of two or more markers selected

from the group consisting CD133, CD24, CD49f, CD29, and CD15.

{0099] In some embodiments, there is provided a method for generating a genetically
modified human neural stem cell, the method comprising: 1) culturing an isolated human
neural stem cell; 2) introducing into said cultured human neural stem cell: {(a) a donor
template comprising: (1) a transgene cassette comprising a transgene (for example, a
transgene operably linked to a promoter, for example, a heterologous promoter}; and (ii) two
nucleotide sequences comprising two non-overlapping, homologous portions of a safe harbor
gene, wherein the nucleotide sequences are located at the 5’ and 3’ ends of the transgene
cassette; and (b) an RNA-guided CRISPR/Cas system {(such as RNA-based CRISPR/Cas
system), wherein the CRISPR/Cas system is capable of creating a double-strand break in the
safe harbor gene to induce insertion of the transgene into the safe harbor gene, thereby
generating a genetically modified human neural stem cell. In some embodiments, the safe
harbor locus 1s selected from the group consisting of CCRS, IL2Ry, and HBB. In some
embodiments, the safe harbor locus 1s IL2Ry. In some embodiments, the neural stem cells
are cultured as selt-adherent complexes of cells, (e.g. by forming clusters known as
neurospheres). In some embodiments, the neural stem cells are cultured in a condition with a

supplement selected from the group consisting of N2, heparin, N-acetylcysteine, tibroblast
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growth factor 2, epidermal growth factor, and leukemia inhibitory factor. In some
embodiments, the neural stem cells are cultured for at least about any of 5, 10, 15, 20, 25, 30,
35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, or 100 days before the donor template and/or
the DNA nuclease (or the nucleotide sequence encoding the DNA nuclease) is introduced
into said neural stem cells. In some embodiments, the neural stem cells are cultured for at
least about 1, 2, 3,4, 5,6, 7, 8,9, 10, 11, or 12 cell culture passages before the donor
template and/or the DNA nuclease (or the nucleotide sequence encoding the DNA nuclease)
1s introduced into said neural stem cells. In some embodiments, the neural stem cells are
derived from second trimester human fetal brain. In some embodiments, the neural stem celis
are 1solated based on the expression of a combination of markers, such as CD133 and CD24.
In some embodiments, the neural stem cells are i1solated based on the expression of a
combination of two or more markers selected from the group consisting CD133, CD24,

CD49f, CD29, and CD15.

{6100] In some embodiments, there is provided a method for generating a genetically
modified human neural stem cell, the method comprising: 1) isolating a population of human
neural stem cells; 2) culturing said 1solated human neural stem cells; 3) introducing into said
cultured human neural stem cell: (a) a donor template comprising: (i} a transgene cassette
comprising a transgene (for example, a transgene operably linked to a promoter, for example,
a heterologous promoter); and (i1) two nucleotide sequences comprising {wo non-
overlapping, homologous portions of a safe harbor gene, wherein the nucleotide sequences
are located at the 57 and 3" ends of the transgene cassette, and (b) an RNA-guided
CRISPR/Cas system (such as RINA-based CRISPR/Cas system}, wherein the CRISPR/Cas
system 1s capable of creating a double-strand break in the safe harbor gene to induce insertion
of the transgene into the safe harbor gene, thereby generating a genetically modified human
neural stem cell. In some embodiments, the safe harbor locus is selected from the group
consisting of CCRS, IL2ZRy, and HBB. In some embodiments, the sate harbor locus 1s IL.2Ry.
In some embodiments, the neural stem cells are cultured as self-adherent complexes of cells,
(e.g. by forming clusters known as neurospheres). In some embodiments, the neural stem
cells are cultured in a condition with a supplement selected from the group consisting of N2,
heparin, N-acetylcysteine, fibroblast growth factor 2, epidermal growth factor, and leukemia
inhibitory factor. In some embodiments, the neural stem cells are cultured for at least about
any of 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, or 100 days

before the donor template and/or the DNA nuclease {(or the nucleotide sequence encoding the

28



WO 2017/180926 PCT/US2017/027504

DNA nuclease) is introduced into said neural stem cells. In some embodiments, the neural
stem cells are cultured for at least about 1, 2, 3, 4,5, 6, 7. 8, 9, 10, 11, or 12 cell culture
passages before the donor template and/or the DINA nuclease (or the nucleotide sequence
encoding the DNA nuclease) is introduced into said neural stem cells. In some embodiments,
the neural stem cells are derived from second trimester human fetal brain. In some
embodiments, the neural stem cells are isolated based on the expression of a combination of
markers, such as Ci3133 and CD24. In some embodiments, the neural stem cells are isolated
based on the expression of a combination of two or more markers selected from the group

consisting CD133, CD24, CD49f, CD29, and CD15.

{61061] In some embodiments, there is provided a method for generating a geneticaily
modified human neural stem cell, the method comprising: 1) introducing into a population of
human cells comprising human neural stem cells: (a) a donor template comprising: {i) a
transgene cassette comprising a transgene (for example, a transgene operably linked to a
promoter, for example, a heterologous promoter), and (ii) two nucleotide sequences
comprising two non-overlapping, homologous portions of a safe harbor gene, wherein the
nucleotide sequences are located at the 57 and 37 ends of the transgene cassette; and (b) an
RNA-guided CRISPR/Cas system (such as RINA-based CRISPR/Cas system), wherein the
CRISPR/Cas system 1s capable of creating a double-strand break in the safe harbor gene to
induce insertion of the transgene into the safe harbor gene; 2) isolating human neural stem
cells from said population of human cells, thereby generating a genetically modified human
neural stem cell. In some embodiments, the method further comprises isolating genetically
modified human neural stem cells from said isolated human neural stem cells. In some
embodiments, the safe harbor locus is selected from the group consisting of CCRS, IL2Ry,
and HBB. In some embodiments, the safe harbor focus is IL2Ry. In some embodiments, the
neural stem cells are cultured as self-adherent complexes of cells, (e.g. by forming clusters
known as neurospheres). In some embodiments, the neural stem cells are cultured in a
condition with a supplement selected from the group consisting of N2, heparin, N-
acetylcysteine, fibroblast growth factor 2, epidermal growth factor, and leukemia inhibitory
factor. In some embodiments, the neural stem cells are cultured for at least about any of 5, 10,
15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, or 100 days after the donor
template and/or the DNA nuclease {or the nucleotide sequence encoding the DNA nuclease)
15 introduced into said neural stem cells. In some embodiments, the neural stem cells are

cultured for at least about 1, 2,3, 4,5, 6,7, 8,9, 10, 11, or 12 cell culture passages after the
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donor template and/or the DNA nuclease (or the nucleotide sequence encoding the DNA
nuclease) i1s introduced into said neural stem cells. In some embodiments, the neural stem
cells are derived from second trimester human fetal brain. In some embodiments, the neural
stem cells are isolated based on the expression of a combination of markers, such as CD133
and CD24. In some embodiments, the neural stem cells are isolated based on the expression
of a combination of two or more markers selected from the group consisting CDD133, CD24,

CD49f, CD29, and CI31S.

{0102] In some embodiments, there is provided a method for generating a geneticaily
modified human neural stem cell, the method comprising: introducing into an isolated human
neural stem cell: {a) a donor template comprising: (i) a transgene casseite comprising a
transgene (for example, a transgene operably linked to a promoter, for example, a
heterologous promoter); (i1) a nucleic acid encoding a selectable marker; and (it1) two
nucleotide sequences comprising two non-overlapping, homologous portions of a safe harbor
gene, wherein the nucleotide sequences are located at the 5 and 37 ends of the transgene
cassette; and (b) a DNA nuclease or a nucleotide sequence encoding the DNA nuclease,
wherein the DNA nuclease 1s capable of creating a double-strand break in the safe harbor
gene to induce insertion of the transgene into the safe harbor gene, thereby generating a
genetically modified human neural stem cell. In some embodiments, the safe harbor locus is
selected from the group consisting of CCRS, IL2Ry, and HBB. In some embodiments, the
safe harbor locus i1s IL2Ry. In some embodiments, the neural stem cells are derived from
second trimester human fetal brain. In some embodiments, the neural stem cells are isolated
based on the expression of a combination of markers, such as CD133 and CD24. In some
embodiments, the neural stem cells are isolated based on the expression of a combination of
two or more markers selected from the group consisting CD133, CD24, CD49f, CD29, and
CDI15.

{0103] In some embodiments, there is provided a method for generating a genetically
modified human neural stem cell, the method comprising: 1) culturing an isolated human
neural stem cell; 2) introducing into said cultured human neural stem cell: {a) a donor
template comprising: (1) a transgene cassette comprising a transgene (for example, a
transgene operably linked to a promoter, for example, a heterologous promoter); (i1) a
nucleic acid encoding a selectable marker; and (ii1} two nucleotide sequences comprising two
non-overlapping, homologous portions of a safe harbor gene, wherein the nucleotide

sequences are located at the 57 and 37 ends of the transgene cassette; and (b) a DNA nuclease
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or a nucleotide sequence encoding the DNA nuclease, wherein the DNA nuclease 1s capable
of creating a double-strand break in the safe harbor gene to induce insertion of the transgene
into the sate harbor gene, thereby generating a genetically modified human neural stem cell.
In some embodiments, the method further comprises isolating the genetically modified
human neural stem cell based on the selectable marker. In some embodiments, the selectable
marker is a cell surface marker. In some embodiments, the safe harbor locus is selected from
the group consisting of CCRS, IL2Ry, and HBB. In some embodiments, the safe harbor
locus is IL2Ry. In some embodiments, the neural stem cells are cultured as self-adherent
complexes of cells, {e.g. by forming clusters known as neurospheres). In some embodiments,
the neural stem cells are cultured in a condition with a supplement selected from the group
consisting of N2, heparin, N-acetylcysteine, fibroblast growth factor 2, epidermal growth
factor, and leukemia inhibitory factor. In some embodiments, the neural stem cells are
cultured for at least about any of S, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, R0,
85, 90, 95, or 100 days before the donor template and/or the DNA nuclease (or the nucleotide
sequence encoding the DNA nuclease) is introduced into said neural stem cells. In some
embodiments, the neural stem cells are cultured for at least about 1, 2, 3, 4, 5,6, 7, 8,9, 10,
11, or 12 cell culture passages before the donor template and/or the DNA nuclease (or the
nucleotide sequence encoding the DNA nuclease) 1s introduced into said neural stem cells. In
some embodiments, the neural stem cells are derived from second trimester human tetal
brain. In some embodiments, the neural stem cells are isolated based on the expression of a
combination of markers, such as CD133 and CD24. In some embodiments, the neural stem
cells are isolated based on the expression of a combination of two or more markers selected

trom the group consisting CD133, CD24, CD49f, CD29, and CD15.

{0104] In some embodiments, there is provided a method for generating a genetically
modified human neural stern cell, the method comprising: 1) 1solating a population of human
neural stem cells; 2) culturing said isolated human neural stem cells; 3) introducing into said
cultured human neural stem cell: (a) a donor template comprising: (1) a transgene cassette
comprising a transgene (tfor example, a transgene operably linked to a promoter, for example,
a heterologous promoter}); (i1) a nucleic acid encoding a selectable marker; and (iii) two
nucleotide sequences comprising two non-overlapping, homologous portions of a safe harbor
gene, wherein the nucleotide sequences are located at the 5" and 3" ends of the transgene
cassette; and (b) a DNA nuclease or a nucleotide sequence encoding the DNA nuclease,

wherein the DNA nuclease is capable of creating a double-strand break in the safe harbor
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gene to induce insertion of the transgene into the safe harbor gene, thereby generating a
genetically modified human neural stem cell. In some embodiments, the method further
comprises isolating the genetically modified human neural stem cell based on the selectable
marker. In some embodiments, the selectable marker is a cell surface marker. In some
embodiments, the cell surface marker is selected from the group consisting of CD&, CD19, or
a truncated fragment thereof. In some embodiments, the safe harbor locus 1s selected from
the group consisting of CCRS, IL2Ry, and HBB. In some embodiments, the safe harbor
locus 1s IL2Ry. In some embodiments, the neural stem cells are cultured as self-adherent
complexes of cells, (e.g. by forming clusters known as neurospheres). In some embodiments,
the neural stem cells are cultured in a condition with a supplement selected from the group
consisting of N2, heparin, N-acetylcysteine, fibroblast growth factor 2, epidermal growth
factor, and leukemia inhibitory factor. In some embodiments, the neural stem cells are
cultured for at least about any of 5, 10, 15, 20, 25, 30. 35, 40, 45. 50, 55, 60, 65, 70, 75, 80,
85, 90, 95, or 100 days before the donor template and/or the DNA nuclease {or the nucleotide
sequence encoding the DNA nuclease) is introduced into satd neural stem cells. In some
embodiments, the neural stem cells are cultured for at least about 1, 2, 3,4, 5,6, 7, 8,9, 10,
11, or 12 cell culture passages before the donor template and/or the DNA nuclease (or the
nucleotide sequence encoding the DNA nuclease) 1s introduced into said neural stem celis. In
some embodiments, the neural stem cells are derived from second trimester human fetal
brain. In some embodiments, the neural stem cells are isolated based on the expression of a
combination of markers, such as CD133 and CD24. In some embodiments, the neural stem
cells are isolated based on the expression of a combination of two or more markers selected

from the group consisting CD133, CD24, CD49f, CD29, and CD15.

{601058] In some embodiments, there is provided a method for generating a genetically
modified human neural stem cell, the method comprising: 1) introducing into a population of
human cells comprising human neural stem cells: (a} a donor template comprising: (i) a
transgene cassette comprising a transgene (for example, a transgene operably linked to a
promoter, for example, a heterologous promoter); (i) a nucleic acid encoding a selectable
marker; and (ii1) two nucleotide sequences comprising two non-overlapping, homologous
portions of a safe barbor gene, wherein the nucleotide sequences ate located at the 57 and 3’
ends of the transgene cassette; and (b) a DNA nuclease or a nucleotide sequence encoding the
DNA nuclease, wherein the DNA nuclease is capable of creating a double-strand break in the

safe harbor gene to induce insertion of the transgene into the safe harbor gene; 2) isolating
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human neural stem cells from said population of human cells, thereby generating a
genetically modified human neural stem cell. In some embodiments, the method further
comprises isolating genetically modified human neural stem cells from said 1solated human
neural stem cells. In some embodiments, the method further comprises isolating the
genetically modified human neural stem cell based on the selectable marker. In some
embodiments, the selectable marker is a cell surface marker. In some embodiments, the cell
surface marker 1s selected from the group consisting of CD8, CD19, or a truncated fragment
thereof. In some embodiments, the safe harbor locus is selected from the group consisting of
CCRS, IL2Ry, and HBB. In some embodiments, the safe harbor locus 1s H.2Ry. In some
embodiments, the neural stem cells are derived trom second trimester human fetal brain. In
some embodiments, the neural stem cells are isolated based on the expression of a
combination of markers, such as C133 and CD24 In some embodiments, the neural stem
cells are 1solated based on the expression of a combination of two or more markers selected

trom the group consisting CD133, CD24, CD49f, CD29, and CD15.

{6106] In some embodiments, there is provided a method for generating a genetically
modified hurnan neural stem cell, the method comprising: introducing into an isolated human
neural stem cell: (a) a donor template comprising: (1) a transgene cassette comprising a
transgene (for example, a transgene operably linked to a promoter, for example, a
heterologous promoter), {11) a nucleic acid encoding a selectable marker; and (ii1) two
nucleotide sequences comprising two non-overlapping, homologous portions of a safe harbor
gene, wherein the nucleotide sequences are located at the 5" and 3’ ends of the transgene
cassette, and (b) an RNA-guided CRISPR/Cas system (such as RNA-based CRISPR/Cas
system), wherein the CRISPR/Cas system is capable of creating a double-strand break in the
safe harbor gene to induce insertion of the transgene into the safe harbor gene, thereby
generating a genetically modified buman neural stem cell. In some embodiments, the method
further comprises isolating genetically modified human neural stem cells from said isolated
human neural stem cells. In some embodiments, the method further comprises isolating the
genetically modified human neural stem cell based on the selectable marker. In some
embodiments, the selectable marker is a cell surface marker. In some embodiments, the cell
surface marker is selected from the group consisting of CDR8, CD19, or a truncated fragment
thereof. In some embodiments, the safe harbor locus is selected from the group consisting of
CCRS, IL2Ry, and HBB. In some embodiments, the safe harbor locus 13 HL.2Ry. In some

embodiments, the neural stem cells are derived from second trimester human fetal brain. In
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some embodiments, the neural stem cells are isolated based on the expression of a
combination of markers, such as CD133 and CD24. In some embodiments, the neural stem
cells are isolated based on the expression of a combination of two or more markers selected

from the group consisting CD133, CD24, CD49f, CD29, and CD15.

{61067} In some embodiments, there is provided a method for generating a genetically
modified human neural stem cell, the method comprising: 1) culturing an isolated human
neural stem cell; 2) introducing into said cultured human neural stem cell: {a) a donor
template comprising: (1) a transgene cassette comprising a transgene (for example, a
transgene operably linked to a promoter, for example, a heterologous promoter); (i1) a nucleic
acid encoding a selectable marker; and (111) two nucleotide sequences comprising two non-
overlapping, homologous portions of a safe harbor gene, wherein the nucleotide sequences
are located at the 5° and 37 ends of the transgene cassette, and (b) an RNA-guided
CRISPR/Cas system (such as RINA-based CRISPR/Cas system), wherein the CRISPR/Cas
system 1s capable of creating a double-strand break in the sate harbor gene to induce insertion
of the transgene into the safe harbor gene, thereby generating a genetically modified human
neural stem cell. In some embodiments, the method further comprises isolating genetically
modified human neural stem cells from said isolated human neural stem cells. In some
embodiments, the method further comprises isolating the genetically modified human neural
stem cell based on the purification marker. In some embodiments, the selectable marker is a
cell surface marker. In some embodiments, the cell surface marker is selected from the group
consisting of CD8, CD19, or a truncated fragment thereof. In some embodiments, the safe
harbor locus 1s selected from the group consisting of CCRS, IL2Ry, and HBB. In some
embodiments, the safe harbor locus 1s IL2Ry. In some embodiments, the neural stem cells
are cultured as self-adherent complexes of cells, {e.g. by forming clusters known as
neurospheres). In some embodiments, the neural stem cells are cultured in a condition with a
supplement selected from the group consisting of N2, heparin, N-acetylcysteine, fibroblast
growth factor 2, epidermal growth factor, and leukemia inhibitory factor. In some
embodiments, the neural stem cells are cultured for at least about any of 5, 10, 15, 20, 25, 30,
35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, or 100 days before the donor template and/or
the DNA nuclease {or the nucleotide sequence encoding the DNA nuclease) is introduced
into said neural stem cells. In some embodiments, the neural stem cells are cultured for at
least about 1, 2, 3. 4, 5,6, 7, 8 9, 10, 11, or 12 cell culture passages before the donor

template and/or the DNA nuclease (or the nucleotide sequence encoding the DNA nuclease)
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is introduced into said neural stem cells. In some embodiments, the neural stem cells are
derived from second trimester human fetal brain. In some embodiments, the neural stem cells
are isolated based on the expression of a combination of markers, such as CD133 and CD24.
In some embodiments, the neural stem cells are isolated based on the expression of a
combination of two or more markers selected from the group ceonsisting CD133, CD24,

CD49f, CD29, and CDIS.

{0108] In some embodiments, there is provided a method for generating a genetically
madified human neural stem cell, the method comprising: 1) isclating a population of human
neural stem cells; 2) culturing said isolated human neural stem cells; 3) introducing into said
cultured human neural stem cell: (a) a donor template comprising: (i) a transgene cassetie
comprising a transgene (for example, a transgene operably linked to a promoter, for example,
a heterologous promoter), (ii) a nucleic acid encoding a selectable marker; and (iti) two
nucieotide sequences comprising two non-overlapping, homologous portions of a safe harbor
gene, wherein the nucleotide sequences are located at the 5° and 37 ends of the transgene
cassette; and (b) (b) an RNA-guided CRISPR/Cas system (such as RNA-based CRISPR/Cas
system), wherein the CRISPR/Cas system 1s capable of creating a double-strand break in the
safe harbor gene to induce insertion of the transgene into the safe harbor gene, thereby
generating a genetically modified human neural stem cell. In some embodiments, the method
turther comprises isolating genetically moditied human neural stem cells from said isolated
human neural stem cells. In some embodiments, the method further comprises isolating the
genetically modified human neural stem cell based on the selectable marker. In some
embodiments, the selectable marker is a cell surface marker. In some embodiments, the cell
surface marker is selected from the group consisting of CD8, CD19, or a truncated fragment
thereof. In some embodiments, the sate harbor locus is selected from the group consisting of
CCRS, IL2Ry, and HBB. In some embodiments, the safe harbor locus 1s IL2Ry.  In some
embodiments, the neural stem cells are cultured as self-adherent complexes of cells, {e.g. by
forming clusters known as neurospheres). In some embodiments, the neural stem cells are
cultured in a condition with a supplement selected from the group consisting of N2, heparin,
N-acetylcysteine, fibroblast growth factor 2, epidermal growth factor, and leukemia
inhibitory factor. In some embodiments, the neural stem cells are cultured for at least about
any of 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, or 100 days
before the donor template and/or the DNA nuclease (or the nucleotide sequence encoding the

DINA nuclease) 1s introduced into said neural stem cells. In some embodiments, the neural
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stem cells are cultured for at least about 1, 2, 3, 4, 5,6, 7, 8, 9, 10, 11, or 12 cell culture
passages before the donor template and/or the DNA nuclease (or the nucleotide sequence
encoding the DNA nuclease) is introduced into said neural stem celis. In some embodiments,
the neural stem cells are derived from second trimester human fetal brain. In some
embodiments, the neural stem cells are isolated based on the expression of a combination of
markers, such as CI3133 and CD24. In some embodiments, the neural stem cells are isolated
based on the expression of a combination of two or more markers selected from the group

consisting CD133, CD24, CD49f, CD29, and CD15.

{0109] In some embodiments, there is provided a method for generating a genetically
modified human neural stem cell, the method comprising: 1) introducing into a population of
human cells comprising human neural stem cells: (a) a donor template comprising: (i) a
transgene; (i1) a nucleic acid encoding a selectable marker; and (ii1) two nucleotide sequences
comprising two non-overlapping, homologous portions of a sate harbor gene, wherein the
nucleotide sequences are located at the 5 and 37 ends of the transgene casseite;, and (b} an
RNA-guided CRISPR/Cas system (such as RNA-based CRISPR/Cas system), wherein the
CRISPR/Cas system is capable of creating a double-strand break in the safe harbor gene to
induce insertion of the transgene into the safe harbor gene; 2} isolating human neural stem
cells from said population of human cells, thereby generating a genetically modified human

neural stem cell.

{611¢] In some embodiments, there is provided a method for generating a genetically
modified human neural stem cell, the method comprising: 1) introducing into a population of
human cells comprising human neural stem cells: (a) a donor template comprising: (i) a
transgene cassette comprising a transgene (for example, a transgene operably linked to a
promoter, for example, a heterologous promoter); (i1) a nucleic acid encoding a purification
marker; and (ii1) two nucleotide sequences comprising two non-overiapping, homologous
portions of a safe harbor gene, wherein the nucleotide sequences are located at the 57 and 3’
ends of the transgene cassette; and (b) an RNA-guided CRISPR/Cas system (such as RNA-
based CRISPR/Cas system), wherein the CRISPR/Cas system is capable of creating a double-
strand break in the safe harbor gene to induce insertion of the transgene into the safe harbor
gene; 2) isolating human neural stem cells from said population of human cells, thereby
generating a genetically modified human neural stem cell. In some embodiments, the method
further comprises isolating genetically modified human neural stem cells from said isolated

human neural stem cells. In some embodiments, the method turther comprises isolating
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genetically modified human neural stem cells from said 1solated human neural stem cells. In
some embodiments, the method further comprises isolating the genetically moditied human
neural stem cell based on the selectable marker. In some embodiments, the selectable marker
15 a cell surface marker. In some embodiments, the cell surface marker is selected from the
group consisting of CD8, CD19, or a truncated fragment thereof. In some embodiments, the
safe harbor locus s selected from the group consisting of CCRS, IL2Ry, and HBB. In some
embodiments, the safe harbor locus 1s IL2Ry. In some embodiments, the neural stem cells
are cultured as self-adherent complexes of cells, (e.g. by forming clusters known as
neurospheres). In some embodiments, the neural stem cells are cultured in a condition with a
supplement selected from the group consisting of N2, heparin, N-acetylcysteine, fibroblast
growth factor 2. epidermal growth factor, and leukemia inhibitory factor. In some
embodiments, the neural stem cells are cultured for at least about any of 5, 10, 15, 20, 25, 30,
35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, or 100 days after the donor template and/or
the DNA nuclease (or the nucleotide sequence encoding the DNA nuclease) is introduced
into said neural stem cells. In some embodiments, the neural stem cells are cultured for at
least about 1,2, 3,4, 5,6,7,8,9,10, 11, or 12 cell culture passages after the donor template
and/or the DNA nuclease (or the nucleotide sequence encoding the DNA nuclease) is
introduced into said neural stem cells. In some embodiments, the neural stem cells are
derived from second trimester human fetal brain. In some embodiments, the neural stem cells
are isolated based on the expression of a combination of markers, such as CD133 and CD24.
In some embodiments, the neural stem cells are isolated based on the expression of a
combination of two or more markers selected from the group consisting CD133, CD24,

CD49f, CD29, and CD15.

{6111} In some embodiments, multiple transgenes are introduced into muitiple sate harbor
loci. In some embodiments, multiple transgenes are introduced into one single safe harbor
locus. In some embodiments, a single transgene or multiple transgenes are introduced into

non-gene safe harbor locus or loci.

{6112] The transgenes described herein can encode proteins or functional nucleic acids
(such as microRNA). In some embodiments, the transgene encodes a protein associated with
a genetic disorder of the central nervous system. In some embodiments, the transgene
encodes a protein selected from the group consisting of GALL (Krabbe disease), ABCD1
(adrenoleukodystrophy), GFAP (Alexander disease), CYP27A1 (cerebrotendineous

xanthomatosis), ARSA {(metachromatic leukodystrophy), PLP1 (Pelizaeus-Merzbacher
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disease), ASPA (Canavan disease), EIF-2B (leukoencephalopathy with vanishing white
matter), PHYH (Refsum disease 1), PEX7 (Refsum disease 2), PPT1 (infantile neuronal
ceroid lipofuscinosis (NCL)), TPP1 (late infantile NCL), CLN3 (juvenile NCL), CLN6 (adult
NCL), CLNS (Finnish late infantile variant NCL), CLN6 (late infantile variant NCL),
MSFDS (ceroid lipofuscinosis, neuronal, 7), CLN8 (ceroid lipofuscinosis, neuronal, &),
CTSD (ceroid lipofuscinosis, neuronal, 10), UBE3A (Angelman syndrome), POLG (Alpers’
Disease), TAZ (Barth Syndrome), GL.A (Fabry disease), SLC20A2 (Fahr’s syndrome), PDE
(retinitis pigmentosa), SMN1 (spinal muscular atrophy), IKBKAP (familial dysautonomia),
MeCP2 (Rett syndrome), CACNAIC (Timothy syndrome), ATXN3 (Machado-Joseph
disease), and RPE6S5 (Leber congenital amaurosis) , USH2A (retinitis pigmentosa), RPGR
(retinitis pigmentosa), RP2(retinitis pigmentosa), ABCA4 (Stargardt), RS-1 (X-linked
retinoschisis). In some embodiments, the protein is secreted by the genetically modified

human neural stem cells.

f0113] In some embodiments, the transgene encodes a neuroprotective or
neuroregenerative protein, a variant thereof, a fragment thereof, or a peptide mimetic thereof.
In some embodiments, the transgene encodes a neuroprotective or neurodegenerative protein
which is selected from the group consisting of brain-derived neurotrophic factor (BDNF),
glial-derived neurotrophic factor (GDNF), insulin-like growth factor 1 (IGF1), insulin-like
growth factor 2 (IGF2), nerve growth factor (NGF), neurotrophin-2 (NT-2), neurotrophin-3
(NT-3) neurotrophin-4/5 (NT-4/5), neurotrophin-6, conserved dopamine neurotrophic factor
(CDNF), ciliary neurotrophic factor (CNTF), epidermal growth factor (EGF), a fibroblast
growth factor (FGF), a bone morphogenetic protein (BMP), vascular endothelial growth
factor (VEGF), granulocyte colony-stimulating factor (G-CSF), colony-stimulating factor
(CSF), interferon-f (IFN-f}), tumor necrosis factor-a (TNFa), tissue plasminogen activator
(tPA), neurturin, persephin, arternin, neuropeptide Y (NPY), an ephrin, a semaphorin, other
neuropoeitic factors, other neurotrophic factors, and a combination thereof In some
embodiments, the transgene encodes a neuroprotective or neurodegenerative protein, wherein
the neuroprotective or neuroregenerative protein is a secreted protein. In some embodiments,
the transgene encodes Bcl-2. In some embodiments, the transgene encodes a telomerase. In
some embodiments, the transgene encodes a protein that can improve survival or rejuvenate

the neural stem cell to facilitate long-term survival and/or discovery of therapeutic molecules.

[0114] The transgene cassettes described herein comprises a promoter sequence, such as a

heterologous promoter, which is operably linked to the transgene. In some embodiments, the
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promoter and the transgene are located in the same safe harbor gene. In some embodiments,
the promoter and the transgene are located in different safe harbor genes. In some
embodiments, the promoter is a inducible promoter. In some embodiments, the promoter is a
cell-specific promoter. In some embodiments when multiple transgenes are introduced into
the human neural stem cells, the transgenes may be controlled by one or more promoters. In
some embodiments, the promoter or promoters can be a U6 RNA polymerase III promoter, a
transcriptional control element, enhancer, 16 termination sequence, one or more nuclear

localization signals, etc.

{0115] In some embodiments, the transgene cassette described herein is inserted into the

safe harbor locus such that the transgene is operably linked to an endogenous promoter.

[0116] In some embodiments, the transgene and the DNA nuclease or a nucleotide
sequence encoding the DNA nuclease are introduced simultaneously. In some embodiments,
the transgene and the DNA nuclease or a nucleotide sequence encoding the DNA nuclease

are introduced sequentially.

{0117] In some embodiments, the nuclease system is TALEN system. In some
embodiments, the TALEN system comprises a plasmid-based TALEN. In some

embodiments, the TALEN system comprises a RNA-based TALEN.

[0118] In some embodiments, the nuclease system is a CRISPR/Cas9 system. In some
embodiments, the CRISPR/Cas® system comprises a plasmid-based Cas9. In some
embodiments, the CRISPR/Cas9 system comprises a RNA-based Cas9. In some
embodiments, the CRISPR/Cas9 system comprises a Cas? mRNA and sgRNA. In some
embodiments, the CRISPR/Cas9 system comprises a protein/RNA complex, or a
plasmid/RNA complex, or a protein/plasmid complex. In some embodiments, there are
provided methods for generating genetically modified neural stem cells, which comprises
introducing into said isolated neural stem cells a transgene and a DNA nuclease system,
wherein the transgene is inserted into a safe harbor locus, and wherein the DNA nuclease
system comprises a Cas9 mRNA and a locus-specific sgRNA. In some embodiments, the
Cas9 mRNA is modified betore introduced into the neural stem cells. In some embodiments,

the sgRNA is modified before introduced into the neural stem cells.

{0115] In some embodiments, at least 1%% of the resulting genetically moditied neural stem

cells express the transgene. In some embodiments, at least 0.5%, 1.5%, 2%, 2.5%, 3%, 3.5%,
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4%, 4.5%, 5%, 5.5%, 6%, 6.5%, 7%, 7.5%, 8%, 8.5%, 9%, 9.5%, or 10% of the resulting

genetically modified neural stem cells express the said transgene.

{0128] The genetically modified human neural stem cells obtained by methods described
herein exhibit one or more advantageous properties, including maintaining of the “stemness”
of the neural stem cells. This is particularly significant given the fact that the cells are
cultured {sometimes extensively) and subjected to multiple steps of manipulations in the
process of preparing genetically modified human neural stem cells. In some embodiments,
the resulting genetically modified neural stem cells are able to express SOX2. In some
embodiments, the resulting genetically modified neural stem cells are able to engraft, or
migrate when transplanted into the brain of an animal model. In some embodiments, the
resulting genetically modified neural stem cells are able to differentiate 1nto
oligodendrocytes, neurons, ot astrocytes. In some embodiments, the resulting genetically
modified neural stem cells are able to differentiate into neuronal lineage in the olfactory bulb.
In some embodiments, the resulting genetically modified neural stem cells are able to self-
renew while differentiating into neuron, astrocyte and oligodendrocyte lineages in fong-term.
In some embodiments, the resulting genetically modified neural stem cells have at least one
of the above characteristics over at least 1, 2, 3, 4, 5, 6, 7, 8,9, 10, 11, or 12 cell culture
passages. In some embodiments, the resulting genetically modified neural stem cells have at
least two or more of the above characteristics. In some embodiments, the resulting genetically
modified neural stem cells have at least two or more of the above characteristics over at least

1,2,3,4,5,6,7,8 9,10, 11, or 12 cell culture passages.

{0121] In some embodiments, the resulting genetically modified neural stem cells are able
to stably express the transgene at least after 3 passages. In some embodiments, the resulting
genetically moditied neural stem cells are able to stably express the transgene over at least 1,
2, 4,5, 6, or 7 cell culture passages. In some embodiments, at least 1%6, 5%, 10%, 20%, 30%,
40%, 50%, S55%, 60%, 65%, 70%, 75%, 80%., 85%, 90%, 95% of the resulting genetically

modified neural stem cell population express the transgene.

{0122] The methods described herein in some embodiments make use of selectable
markers. In some embodiments, the selectable marker 1s a protein not normally expressed on
a cell of the central nervous system. In some embodiments, the selectable marker is not
expressed on the cell surface (for example GFP). In some embodiments, the selectable

marker 1s a cell surface marker.
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{0123} In some embodiments, the cell surface marker is CD§, CD19, CD20, or truncated
fragments thereof. In some embodiments, the cell surface marker is a CD8 alpha cell surface
marker. In some embodiments, the cell surface marker 1s a CD20 cell surface marker. In
some embodiments, the cell surface marker is a truncated CID8 cell surface marker. In some
embodiments, the cell surface marker is a truncated CD19 cell surface marker. In some
embodiments, the cell surface marker is a truncated CD20 cell surface marker. In some
embodiments, the two or more cell surface markers are used to facilitate selection of the

genetically modified neural stem cells.

{0124] In some embodiments, the cell surface marker is a chemokine receptor. In some
embodiments, the cell surface marker i1s a cytokine receptor. In some embodiments, the cell
surface marker is a cell surface enzyme (such as isomethy protease, metalloproteinase or

neprilysin) and chemokine receptors.

{0125] In some embodiments, the neural stem cells are cultured as self-adherent complexes
of cells, {e.g by forming clusters known as neurospheres). In some embodiments, the neural
stem cells are cultured in adherent cultures, such as monolayer cultures. In some
embodiments, the neural stem cells are cultured on substrate-coated tissue culture plates. In
some embodiments, the neural stem cells are cultured in suspension culture. In some
embodiments, the neural stem cells are cultured in a condition with at least one of the
supplements selected from the group consisting of N2, heparin, N-acetylcysteine, fibroblast

growth factor 2, epidermal growth factor, and leukemia inhibitory factor.

[0126] In some embodiments, the neural stem cells are cultured for a period of time (such
as 30 days) before the said neural stem cells are introduced the donor template and/or the
DNA nuclease (or the nucleotide sequence encoding the DNA nuclease). In some
embodiments, the culturing period is at least 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65,
70, 75, 80, 85, 90, 95, or 100 days before the donor template and/or the DNA nuclease {or the
nucleotide sequence encoding the DNA nuclease) being introduced into said neural stem

cells.

{0127] In some embodiments, the culturing time period 1s long enough for the donor
template to be diluted out of the proliferating neural stem cells. In some embodiments, the
neural stem cells are cultured for least about 5. 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65,
70, 75, 80, 85, 90, 95, or 100 days after the donor template and/or the DNA nuclease {or the

nucleotide sequence encoding the DNA nuclease) is introduced into said neural stem cells. In
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some embodiments, the neural stem cells are cultured for at least about 1, 2, 3, 4,5, 6,7.8,9,
10, 11, or 12 cell culture passages after the donor template and/or the DNA nuclease (or the

nucleotide sequence encoding the DNA nuclease} is introduced into the neural stem cells.

{06128] In some embodiments, the neural stem cells are derived from human brain or brains.
In some embodiments, the neural stem cells are derived from somatic stem cells or
pluripotent stem cells, or are derived by direct reprogramming from a somatic cell population
or populations. In some embodiments, the neural stem cells are human neural stem cells. In
some embodiments, the neural stem cells are derived from second trimester human fetal
brain. In some embodiments, the neural stem cells are isolated based on the expression of a
combination of markers, such as 133 and CD24. In some embodiments, the neural stem
cells are derived from CDI33 positive CD24 negative to low human brain cells. In some
embodiments, the neural stem cells are isolated based on the expression of a combination of
two or more markers selected from the group consisting CD133, CD24, CD49f, CD29, and
CD1s.

[0129] Also provided herein are genetically modified neural stem cells made by any one or
more methods described herein. The genetically modified human neural stem cells are

further described below in more detail.

{0130] Another aspect of the present application provides a population of genetically
modified human neural stem cells comprising a transgene, wherein the transgene is inserted

into a safe harbor locus.

f0131] In some embodiments, the genetically modified human neural stem cells are derived
from a somatic stem cell or a pluripotent stem cell, or are derived by direct reprogramming
from a somatic cell population. In some embodiments the genetically modified neural stem
cells are derived from human brain or human brains. In some embodiments, the genetically
moditied neural stem cells are isolated based on the expression of a combination of markers,
for example, CD133 positive (124 negative to low cells. In some embodiments, the neural
stem cells are i1solated based on the expression of a combination of two or more markers

selected from the group consisting CD 133, CD24, CD49f, CD29, and CD15S.

{0132] In some embodiments, the genetically modified neural stem cells express SOX2
over at least 1,2,3,4,5,6,7, 8,9, 10, 11, or {2 cell culture passages. In some embodiments,
the genetically modified neural stem cells are able to differentiate into oligodendrocytes. In

some embodiments, the genetically modified neural stem cells are able to differentiate into
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myelin-producing oligodendrocytes. In some embodiments, the genetically modified neural
stem cells are able to differentiate into neurons. In some embodiments, the genetically
modified neural stem cells are able to difterentiate into astrocytes. In some embodiments, the
genetically modified neural stem cells are able to differentiate into two or more neural cell
types such as neurons, astrocytes, and oligodendrocytes. In some embodiments, the
genetically modified neural stem cells are able to engraft when transplanted into the brain of
an animal model. In some embodiments, the genetically modified neural stem cells are able to
migrate when transplanted into the brain of an animal model. In some embodiments, the
genetically modified neural stem cells are able to differentiate into neuronal lineage in the
olfactory bulb. In some embodiments, the resulting genetically modified neural stem cells are
able to self-renew while differentiating into neuron, astrocyte and oligodendrocyte lineages in
long-term. In some embodiments, the genetically modified neural stem cells have two or
more characteristics as discussed above, for example, expressing SOX2 over at least I, 2, 3,
4,5,6,7,8,9,10, 11, or 12 cell culture passages, and exhibiting at [east one of the functions
which comprise migrating or engrafting when transplanted into the brain of an animal model,
or differentiating into at least one neural cell types such as neurons, astrocytes, and

oligodendrocytes.

{0133] In some embodiments, at least 1%, 5%, 10%, 20%, 30%, 40%, 50%, 55%, 60%,
65%, T70%, 75%, 80%, 853%, 90%, 95% of the genetically modified neural stem cell
population express the transgene. In some embodiments, the genetically moditied neural stem
cells are able to stably express the transgene over at least 1, 2, 3, 4, S, 6, 7 cell culture

passages.

{0134] In some embodiments, the genetically modified neural stem cells further express a
selectable marker. In some embodiments, the selectable marker comprises a marker that is
not expressed on a cell of the central nervous system. in some embodiments, the selectable

marker is not expressed on the cell surface (i.e. GFP).

{0135] In some embodiments, the genetically modified neural stem cells express a cell
surtace marker, wherein the cell surface marker can be used as a selectable marker. In some
embodiments, the genetically modified neural stem cells express a CD8 cell surface marker.
In some embodiments, the genetically modified neural stem cells express a CD8 alpha cell
surface marker. In some embodiments, the genetically modified neural stem cells express a

CD19 cell surface marker. In some embodiments, the genetically modified neural stem cells
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express a CDZO cell surface marker. In some embodiments, the genetically modified neural
stem cells express a truncated CID8 cell surface marker. In some embodiments, the
genetically modified neural stem cells express a truncated CD19 cell surface marker. In some
embodiments, the genetically moditied neural stem cells express a truncated CD20 cell
surface marker. In some embodiments, the genetically moditied neural stem cells express two

ot more cell surface markers.

{0136] In some embodiments, the genetically modified neural stem cells express a cell
surface marker, wherein the cell surface marker is a chemokine receptor. In some
embodiments, the genetically modified neural stem cells express a cell surface marker,
wherein the cell surface marker is a cytokine receptor. In some embodiments, the genetically
modified neural stem cells express a cell surface marker, wherein the cell surface marker is a
cell surface enzyme (such as isomethy protease, or metalloproteinase or neprilysin) and

chemokine receptors.

[0137] In some embodiments, the sate harbor gene is IL2Ry. In some embodiments, the
safe harbor gene i1s CCR5. In some embodiments, the safe harbor gene is HBB. In some
embodiments, two or more safe harbor genes are used to insert one or more transgenes. In
some embodiments, two or more safe harbor genes are selected from the group consisting

[L2Ry, CCRS, and HBB.

[0138] In some embodiments, the transgene comprises a promoter sequence. In some
embodiments, transgene comprises a heterologous promoter. In some embodiments, the
heterologous promoter is operably linked to a transgene. In some embodiments, the
heterologous promoter is operably linked to a transgene, wherein the heterologous promoter
and the transgene are located in the same safe harbor gene. In some embodiments, the
heterologous promoter is operably linked to a transgene, wherein the heterologous promoter
and the transgene are located in different safe harbor genes. In some embodiments, the
heterologous promoter of the donor template comprises an inducible promoter system. In
some embodiments, the heterologous promoter of the donor template comprises a cell-
specific promoter. In some embodiments, the genetically modified neural stem cells comprise
one or more transgenes that comprise one or more promoters. In some embodiments, the
promoter or promoters can be a U6 RNA polymerase 1II promoter, a transcriptional control

element, enhancer, U6 termination sequence, one or more nuclear localization signals, etc.
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{0139] In some embodiments, the transgene cassette described herein is inserted into the

safe harbor locus such that the transgene is operably linked to an endogenous promoter.

{0146] In some embodiments, the genetically modified neural stem cells express a
transgene, wherein the transgene encodes a protein associated with a genetic disorder of the
central nervous system. In some embodiments, the genetically modified neural stem cells
express a transgene selected from the group consisting of GALC (Krabbe disease), ABCD1
(adrenoleukodystrophy), GFAP (Alexander disease), CYP27A1 (cerebrotendineous
xanthomatosis), ARSA (metachromatic leukodystrophy), PLP1 (Pelizaeus-Merzbacher
disease), ASPA (Canavan disease), EIF-ZB (leukoencephalopathy with vanishing white
matter), PHYH (Refsum disease 1), PEX7 (Refsum disease 2), PPT1 (infantile neuronal
ceroid lipotuscinosis (NCL)), TPP1 (late infantile NCL), CLN3 (juvenile NCL), CLNG6 (adult
NCL), CILN5S (Finnish late infantile variant NCL), CLN6 (late infantile variant NCL),
MSFD8 (ceroid lipofuscinosis, neuronal, 7), CLN8 (ceroid lipofuscinosis, neuronal, 8),
CTSD (ceroid lipofuscinosis, neuronal, 10), UBE3A (Angelman syndrome), POLG (Alpers’
Disease), TAZ (Barth Syndrome), GLA (Fabry disease), SLC20A2 (Fahr’s syndrome), PDE
(retinitis pigmentosa), SMN] (spinal muscular atrophy), HKCBKAP (familial dysautonomia),
MeCP2 (Rett syndrome), CACNAIC (Timothy syndrome), ATXN3 (Machado-Joseph
disease), and RPE®GS (Leber congenital amaurosis), USH2A (retinitis pigmentosa), RPGR
(retinitis pigmentosa), RP2(retinitis pigmentosa), ABCA4 (Stargardt), RS-1 (X-linked
retinoschisis). In some embodiments, the protein is secreted by the genetically modified

human neural stem cell.

{0141] In some embodiments, the genetically modified neural stem cells express a
transgene encoding a neuroprotective or neuroregenerative protein, a variant thereof, a
fragment thereof, or a peptide mimetic thereof. In some embodiments, the genetically
modified neural stem cells express a transgene encoding a neuroprotective or
neurodegenerative protein which is selected from the group consisting of brain-derived
neurotrophic factor (BDNF), glial-derived neurotrophic factor (GDNF), insulin-like growth
factor 1 (IGF1), insulin-like growth factor 2 (IGF2), nerve growth factor (NGF),
neurotrophin-2 (NT-2), neurotrophin-3 (NT-3) neurotrophin-4/5 (NT-4/5), neurotrophin-6,
conserved dopamine neurotrophic factor (CDNF), ciliary neurotrophic factor (CNTF),
epidermal growth factor (EGKF), a fibroblast growth factor (FGF), a bone morphogenetic
protein (BMP), vascular endothelial growth tactor (VEGF), granulocyte colony-stimulating

factor ((5-CSF), colony-stimulating factor (CSF), interteron-p (IFN-j3), tumor necrosis factor-
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o. (TNFo), tissue plasminogen activator (tPA), neurturin, persephin, artemin, neuropeptide Y
(NPY), an ephrin, a semaphorin, other neuropoettic factors, other neurotrophic factors, and a
combination thereof. In some embodiments, the genetically modified neural stem cells
express a transgene encoding a neuroprotective or neurodegenerative protein, wherein the
neuroprotective or neuroregenerative protein is a secreted protein. In some embodiments, the
transgene encodes Bel-2. In some embodiments, the transgene encodes a telomerase. In some
embodiments, the transgene encodes a protein that can improve survival or rejuvenate the

neural stem cell to tacilitate long-term survival and/or discovery of therapeutic molecules.

{0142] In some embodiments, the genetically modified neural stem cells express two or
more transgenes. In some embodiments, the genetically modified neural stem cells produce a
RNA that 1s produced from a transgene. In some embodiments, the genetically modified
neural stem cells produce an siRNA that is produced from a transgene. In some embodiments,
the genetically modified neural stem cells produce a RNA that is produced from one
transgene, and express another transgene as a protein. In some embodiments, the genetically
modified neural stem cells produce an siRNA that is produced from one transgene, and

express another transgene as a protein.

{0143] In some embodiments, the genetically modified neuronal stem cells can be
administered 1nto a human subject to prevent or alleviate one or more symptoms of the
neurodegenerative disease or the neurological injury. In some embodiments, the genetically
moditfied neuronal stem cells can be administered to the human subject to prevent or alleviate
one or more symptoms of the neurodegenerative disease, wherein the neurodegenerative
disease is selected from the group consisting of a leukodystrophy, neuronal ceroid
lipotuscinosis, age-related macular degeneration, Alzheimer’s disease, Parkinson’s disease,

Huntington’s disease, amyotrophic lateral sclerosis, and retinal degenerative disease.

In some embodiments, the genetically modified human neural stem cells have two or more

(for example, 3, 4, 5, 6, 7, or more) characteristics discussed above.
A. Nuclease-Mediated Genome Editing

{0144] The present invention includes using a DNA nuclease such as an engineered (e.g.,
programmable or targetable) DNA nuclease to induce genome editing of a target DNA
sequence such as a sate harbor gene. Any suitable DNA nuclease can be used including, but

not limited to, CRISPR-associated protein (Cas) nucleases, zinc finger nucleases (ZFINs),
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transcription activator-like effector nucleases (TALENS), meganucleases, other endo- or exo-

nucleases, variants thereof, fragments thereof, and combinations thereof.

[0145] In some embodiments, a nucleotide sequence encoding the DNA nuclease is present
in a recombinant expression vector. In certain instances, the recombinant expression vector
1s a viral construct, e.g., a recombinant adeno-associated virus construct, a recombinant
adenoviral construct, a recombinant lentiviral construct, ezc. For example, viral vectors can
be based on vaccinita virus, poliovirus, adenovirus, adeno-associated virus, SV40, herpes
simplex virus, human immunodeticiency virus, and the like. A retroviral vector can be based
on Murine Leukemia Virus, spleen necrosis virus, and vectors derived from retroviruses such
as Rous Sarcoma Virus, Harvey Sarcoma Virus, avian leukosis virus, a lentivirus, human
immunodeficiency virus, myeloproliferative sarcoma virus, mammary tumor virus, and the
like. Useful expression vectors are known to those of skill in the art, and many are
commercially available. The following vectors are provided by way of example for
eukaryotic host cells: pXT1, pSGS, pSVK3, pBPV, pMSG, and pSVLSV40. However, any
other vector may be used if it is compatible with the host cell. For example, useful
expression vectors containing a nucleotide sequence encoding a Cas® polypeptide are

commercially available from, e.g., Addgene, Life Technologies, Sigma-Aldrich, and Origene.

{0146] Depending on the target cell/expression system used, any of a number of
transcription and translation control elements, including promoter, transcription enhancers,
transcription terminators, and the like, may be used in the expression vector. Useful
promoters can be derived from viruses, or any organism, e.g., prokaryotic or eukaryotic
organisms. Suitable promoters include, but are not limited to, the SV40 early promoter,
mouse mammary tumor virus long terminal repeat (LTR) promoter; adenovirus major late
promoter (Ad MLP); a herpes simplex virus (HSV) promoter, a cytomegalovirus (CMV)
promoter such as the CMV immediate early promoter region (CMVIE), a rous sarcoma virus
(RSV) promoter, a human U6 small nuclear promoter (U6), an enhanced U6 promoter, a

human H1 promoter (H1), etc.

[0147] In other embodiments, a nucleotide sequence encoding the DNA nuclease is present
as an RNA (e.g, mRNA). The RNA can be produced by any method known to one of
ordinary skill in the art. As non-limiting examples, the RNA can be chemically synthesized
or in vitro transcribed. In certain embodiments, the RINA comprises an mRNA encoding a

(Cas nuclease such as a Cas9 polypeptide or a variant thereof. For example, the Cas® mRNA
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can be generated through in vifro transcription of a template DNA sequence such as a
linearized plasmid containing a Cas9 open reading frame (ORF). The Cas9 ORF can be
codon optimized for expression in mammalian systems. In some instances, the Cas9 mRNA
encodes a Cas9 polypeptide with an N- and/or C-terruinal nuclear localization signal (NLS).
In other instances, the Cas9 mRNA encodes a C-terminal HA epitope tag. In yet other
instances, the Cas9 mRNA s capped, polyvadenylated, and/or modified with 35-

Sigma-Aldrich, and Thermo Fisher Scientific.

1. CRISPR/Cas system

[0148] The CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)/Cas
(CRISPR-associated protein) nuclease system is an engineered nuclease system based on a
bacterial system that can be used for genome engineering. It is based on part of the adaptive
immune response of many bacteria and archaea. When a virus or plasmid invades a
bacterium, segments of the invader’s DNA are converted into CRISPR RNAs (crRNA) by the
“immune”  response. The crRNA then associates, through a region of partial
complementarity, with another type of RNA called tracrRNA to guide the Cas (e.g., Cas9)
nuclease to a region homologous to the crRNA in the target DNA called a “protospacer.”
The Cas (e.g., Cas9) nuclease cleaves the DNA to generate blunt ends at the double-strand
break at sites specified by a 20-nucleotide guide sequence contained within the crRNA
transcript. The Cas {e.g., Cas9) nuclease can require both the crRNA and the tracrRNA for
site-specific DNA recognition and cleavage. This system has now been engineered such that
the crRNA and tracrRNA can be combined into one molecule (the “single guide RNA™ or
“sgRNA™), and the crRNA equivalent portion of the single guide RNA can be engineered to
guide the Cas (e.g., Cas9) nuclease to target any desired sequence (see, e.g., Jinek ef al.
(2012) Science 337:816-821; Jinek ef al (2013) eLife 2:e00471; Segal (2013) eLite
2:¢00563). Thus, the CRISPR/Cas system can be engineered {o create a double-strand break
at a desired target in a genome of a cell, and harness the cell’s endogenous mechanisms to
repair the induced break by homology-directed repair (HDR) or nonhomologous end-joining

(NHEJ).

{6149] In some embodiments, the Cas nuclease has DNA cleavage activity. The Cas

nuclease can direct cleavage of one or both strands at a location in a target DNA sequence.
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For example, the Cas nuclease can be a nickase having one or more 1nactivated catalytic

domains that cleaves a single strand of a target BNA sequence.

[0150] Non-limiting examples of Cas nucleases include Casl, CasiB, Cas2, Cas3, Cas4,
Cas5, Cas6, Cas7, Cas8, Cas9 (also known as Csnl and Csx12), Casi0, Csyl, Csy2, Csy3,
Csel, Cse2, Cscl, Csc2, Csa5, Csn2, Csm2, Csm3, Csm4, CsmS, Csm6, Cmrl, Crar3, Cmird,
Cmr5, Cmr6, Csbl, Csb2, Csb3, Csx17, Csx14, Csx10, Csx16, CsaX, Csx3, Csx1, Csx15,
Csfl, Cst2, Csf3, Csf4, homologs thereof, variants thereof, mutants thereof, and derivatives
thereof. There are three main types of Cas nucleases {type I, type II, and type IiI), and 10
subtypes including 5 type I, 3 type 1L, and 2 type HI proteins (see, e.g.,, Hochstrasser and
BDoudna, 7rends Biochem Sci, 2015:40(1):58-66). Tvpe [I Cas nucleases include Cas1, Cas2,
Csn2, and Cas9. These Cas nucleases are known to those skilled in the art. For exarmple, the
amino acid sequence of the Strepiococcus pyogenes wild-type Cas® polypeptide is set forth,
e.g., in NBCI Ref. Seq. No. NP 269215, and the amino acid sequence of Strepiococcus
thermophilus wild-type Cas9 polypeptide is set forth, eg. in NBCI Ref. Seq. No.
WP 011681470, CRISPR-related endonucleases that are useful in the present invention are
disclosed, e.g,, in U.S. Application Publication Nos. 2014/0068797, 2014/0302563, and

2014/0356959.

[0151] Cas nucleases, e.g., Cas9 polypeptides, can be derived from a variety of bacterial
species including, but not limited to, Veillonella atypical, Fusobacterium nucleatum,
Filifactor alocis, Solobacterium moorei, Coprococcus catus, Treponema denticola,
Pepioniphilus duerdenii, Catenibacterium mitsuokai, Strepiococcus muians, Listeria innocua,
Staphylococcus  pseudintermedius, Acidaminococcus intestine, (Olsenella uli, Oenococcus
kitaharae, Bifidobacterium bifidum, Lactobacillus rhamnosus, Lactobacillus gasseri,
Finegoldia magna, Mycoplasma mobile, Mycoplasma — gallisepticum, Mycoplasma
ovipneumoniae, Mycoplasma  canis, Mycoplasma — synoviae,  Fubacterium  rectale,
Strepiacoccus  thermophilus, fubacteriuim  dolichum, Lactobacillies coryniformis subsp.
Torquens, Ilyobacter polytropus, Ruminococcus albus, Akkermansia muciniphila,
Acidotherimus — cellulolyticus,  Bifidobacterium  longum,  Bifidobacterivin  dentium,
Corynebacterium  diphtheria,  Flusimicrobium — minutum,  Nitratifractor  salsuginis,
Sphaerochaeia globus, Fibrobacter succinogenes subsp. Succinogenes, Bacteroides fragilis,
Capnocytophaga ochracea, Rhodopseudomonas palustris, Prevotella micans, Prevorella
ruminicola, Flavobacterium columnare, Aminomonas paucivorans, Rhodospirilfum rubrum,

Candidatus  Funiceispirilhan  marimon, Verminephrobacter eiseniae, RKalsionia syzygii,
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Dinoroseobacter  shibae, Azospirillum, Nitrobacter — hamburgensis,  Bradyrhizobium,
Wolinella succinogenes, Campylobacter jejuni subsp. Jejuni, Helicobacter mustelae, Bacilius
cereus, Acidovorax ebreus, Clostridium perfringens, Parvibaculum lavamentivorans,
Roseburia intestinalis, Neisseria meningitidis, FPasteurella multocida subsp. Multocida,
Sutrerella  wadsworthensis, proteobacterium, Legionella pneumophila, Parasutterella

excrementihominis, Wolinella succinogenes, and francisella novicida.

[01582] “Cas9” refers to an RNA-guided double-stranded DNA-binding nuclease protein or
nickase protein. Wild-type Cas9 nuclease has two functional domains, e.g., RuvC and HNH,
that cut different DNA strands. Cas9 can induce double-strand breaks in genomic DNA
(target DNA}) when both functional domains are active. The Cas9 enzyme can comprise one
or more catalytic domains of a Cas9 protein derived from bacteria belonging to the group
consisting of Corynebacter, Sutterella, legionella, Treponema, Filifactor, fubacterium,
Streptococcus, Lactobacillus, Mycoplasma, Bacteroides, Flaviivola, Flavobacterium,
Sphaerochaeta, Azospirillum, Gluconaceiobacter, Neisseria, Roseburia, Parvibaculum,
Staphylococcus, Nitratifractor, and Campylobacter. In some embodiments, the Cas9 is a

fusion protein, e.g., the two catalytic domains are derived from different bacteria species.

{01583] Usetul variants of the Cas9 nuclease can include a single inactive catalytic domain,
such as a RuvC™ or HNH' enzyme or a nickase. A Cas9 nickase has only one active
functional domain and can cut only one strand of the target DNA, thereby creating a single
strand break or nick. In some embodiments, the mutant Cas9 nuclease having at least a
D10A mutation is a Cas9 nickase. In other embodiments, the mutant Cas9 nuclease having at
least a H840A mutation is a Cas9 nickase. Other examples of mutations present in a Cas9
nickase include, without limitation, N854A and N8G3A. A double-strand break can be
introduced using a Cas9 nickase if at least two DNA-targeting RNAs that target opposite
DINA strands are used. A double-nicked induced double-strand break can be repaired by
NHEJ or HDR (Ran ef a/,, 2013, Cell, 154:1380-1389). This gene editing strategy favors
HDR and decreases the frequency of indel mutations at oft-target DNA sites. Non-limiting
examples of Cas9 nucleases or nickases are described in, for example, U.S. Patent No.
8,895,308, 8,889,418, and 8,865,406 and U.S. Application Publication Nos. 2014/0356959,
2014/0273226 and 2014/0186919. The Cas9 nuclease or nickase can be codon-optimized for

the target cell or target organism.
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{0154} In some embodiments, the Cas nuclease can be a Cas9 polypeptide that contains two
sifencing mutations of the RuvC1 and HNH nuclease domains (D10A and H840A), which is
referred to as dCas9 (Jinek ef a/., Science, 2012, 337:816-821; Q1 et al., Cell, 152(5):1173-
1183). In one embodiment, the dCas9 polypeptide from Strepiococcus pyogenes comprises at
least one mutation at position D10, G12, G17, E762, H840, N854, N863, H982, H983, A984,
D986, A987 or any combination thereof. Descriptions of such dCas9 polypeptides and
variants thereof are provided in, for example, International Patent Publication No. WO
2013/176772. The dCas9 enzyme can contain a mutation at D10, E762, H983 or D986, as
well as a mutation at H840 or N863. In some instances, the dCas9 enzyme contains a D10A
or DION mutation. Also, the dCas9 enzyme can include a H840A, H840Y, or H840N. In
some embodiments, the dCas9 enzyme of the present invention comprises D10A and H840A,;
DI10A and H840Y; D10A and H840N; D1ON and H840A; D10ON and H840Y; or D10ON and
H840N substitutions. The substitutions can be conservative or non-conservative substitutions

to render the Cas9 polypeptide catalytically inactive and able to bind to target DNA.

[0155] For genome editing methods, the Cas nuclease can be a Cas9 fusion protein such as
a polypeptide comprising the catalytic domain of the type IS restriction enzyme, Fokl, linked
to dCas9. The Fokl-dCas9 fusion protein {fCas9) can use two guide RINAs to bind to a single

strand of target DNA to generate a double-strand break.

[0156] In some embodiments, the Cas nuclease can be a high-fidelity or enhanced
specificity Cas9 polypeptide variant with reduced off-target effects and robust on-target
cleavage. Non-limiting examples of Cas9 polypeptide variants with improved on-target
specificity include the SpCas9 (K855A}), SpCas9 (K810A/K1003A/R1060A) {also referred to
as eSpCas9(1.0)], and SpCas9 (K848 A/K1003A/R1060A) [also referred to as eSpCas9(1.1)]
variants described in Slaymaker ef al., Science, 351{6268):84-8 (2016), and the SpCas9
variants described in Kleinstiver e al., Nature, S29(7587):490-5 (2016) containing one, two,
three, or four of the following mutations: N497A, R661A, QG695A, and Q920A (e.g.,

SpCas9-HF1 contains all four mutations).
2. Zinc finger nucleases (ZFNs}

[0157] “Zinc finger nucleases” or “ZFNs” are a fusion between the cleavage domain of
Fokl and a DNA recognition domain containing 3 or more zinc finger motifs. The
heterodimerization at a particular position in the DNA of twe individual ZFNs in precise

orientation and spacing leads to a double-strand break in the DNA. In some cases, ZFNs fuse
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a cleavage domain to the C-terminus of each zinc finger domain. In order to allow the two
cleavage domains to dimerize and cleave DNA, the two individual ZFNs bind opposite
strands of DNA with their C-termini at a certain distance apart. In some cases, linker
sequences between the zinc finger domain and the cleavage domain requires the 5° edge of
each binding site to be separated by about 5-7 bp. Exemplary ZFNs that are useful in the
present invention include, but are not limited to, those described in Urmnov ef af, Nature
Reviews Genetics, 2010, 11:636-646; Gaj et al., Nat Methods, 2012, 9(8):805-7; U.S. Patent
Nos. 6,534,261; 6,607.882: 6,746.838: 6,794.136: 6.824,978: 6,.866,997: 6.933.113:
6,979,539, 7,013,219, 7,030,215, 7,220,719, 7,241,573, 7,241,574, 7,585,849, 7,595,376,
6,903,185; 6,479,626; and U.S. Application Publication Nos. 2003/0232410 and
2009/0203140.

{0158] ZFNs can generate a double-strand break in a target DNA, resulting in DNA break
repair which allows for the introduction of gene modification. DNA break repair can occur
via non-homologous end joining (NHEJ) or homology-directed repair (HDR). In HDR, a
donor BNA repair template that contains homology arms flanking sites of the target DNA can

be provided.

[0159] In some embodiments, a ZFN is a zinc finger nickase which can be an engineered
ZEN that induces site-specific single-strand DNA breaks or nicks, thus resulting in HDR.
Descriptions of zinc finger nickases are found, e.g., in Ramirez ef a/., Nuc/ Acids Res, 2012,

40(12):5560-8; Kim et al., Genome Res, 2012, 22(7):1327-33.
3. TALENs

[0166] “TALENs” or “TAL-effector nucleases™ are engineered transcription activator-like
effector nucleases that contain a central domain of DNA-binding tandem repeats, a nuclear
localization signal, and a C-terminal transcriptional activation domain. In some instances, a
DNA-binding tandem repeat comprises 33-35 amino acids in length and contains two
hypervariable amino acid residues at positions 12 and 13 that can recognize one or more
specific DNA base pairs. TALENs can be produced by fusing a TAL eftector DNA binding
domain to a DNA cleavage domain. For instance, a TALE protein may be fused to a
nuclease such as a wild-type or mutated Fokl endonuclease or the catalytic domain of Fokl
Several mutations to Fokl have been made for its use in TALENs, which, for example,
improve cleavage specificity or activity. Such TALENSs can be engineered to bind any

desired DNA sequence.
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{0161] TALENSs can be used to generate gene modifications by creating a double-strand
break in a target DNA sequence, which in turn, undergoes NHEJ or HDR. In some cases, a

single-stranded donor DNA repair template is provided to promote HDR.

[0162] Detailed descriptions of TALENSs and their uses for gene editing are found, ¢.g., in
U.S. Patent Nos. 8,440,431, 8.440,432; 8,450,471, 8,586,363; and 8,697,853, Scharenberg ef
al., Curr Gene Ther, 2013, 13(4):291-303; Gaj et al., Nat Methods, 2012, 9(8):805-7;
Beurdeley et al., Nat Comnum, 2013, 4:1762; and Joung and Sander, Nar Kev Mol Cell Biol,
2013, 14(1):49-55.

4. Meganucleases

[0163] “Meganucleases” are rare-cutting endonucleases or homing endonucleases that can
be highly specitic, recognizing DNA target sites ranging from at [east 12 base pairs in length,
e.g., from 12 to 40 base pairs or 12 to 60 base pairs in length. Meganucleases can be modular
DNA-binding nucleases such as any fusion protein comprising at least one catalytic domain
of an endonuclease and at least one DNA binding domain or protein specifying a nucleic acid
target sequence. The DNA-binding domain can contain at least one motif that recognizes

single- or double-stranded DNA. The meganuc]ease can be monomeric or dimeric.

{0164] In some instances, the meganuclease is naturally-occurring (found in nature) or
wild-type, and in other instances, the meganuclease is non-natural, artificial, engineered,
synthetic, rationally designed, or man-made. In certain embodiments, the meganuclease of
the present invention includes an I-Crel meganuclease, I-Ceul meganuclease, I-Msol
meganuclease, [-Scel meganuclease, variants thereof, mutants thereof, and derivatives

thereof.

[0168] Detailed descriptions of useful meganucleases and their application in gene editing
are found, e.g., in Silva ef al., Curr Gene Ther, 2011, 11(1):11-27, Zaslavoskiy et al., BMC
Bioinformatics, 2014, 15:191; Takeuchi et al., Proc Natl Acad Sci US4, 2014, 111(11:4061-
4066, and U.S. Patent Nos. 7.842.489; 7897372, 8 021,867, 8,163,514, 8,133,697,
8,021,867; 8,119,361, 8,119,381, 8,124,36; and 8,129,134.

B. Donor Template for HDR

{0166] Provided herein i1s a donor template (e.g., a recombinant donor repair template)
comprising: (i) a transgene cassette comprising a transgene (for example, a transgene

operably linked to a promoter, for example, a heterologous promoter); and (i1) two homology
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arms that flank the transgene cassette and are homologous to portions of a safe harbor gene at
either side of a DNA nuclease {e.g., Cas9 nuclease) cleavage site. The donor template can

further comprise a seiectable marker, a detectable marker, and/or a purification marker.

[0167] In some embodiments, the homology arms are the same length. In other
embodiments, the homology arms are different lengths. The homology arms can be at least
about 10 base pairs (bp), e.g., at least about 10 bp, 15 bp, 20 bp, 25 bp, 30 bp, 35 bp, 45 bp,
55 bp, 65 bp, 75 bp, 85 bp, 95 bp, 100 bp, 150 bp, 200 bp, 250 bp, 300 bp, 350 bp, 400 bp,
450 bp, 500 bp, 550 bp, 600 bp, 650 bp, 700 bp, 750 bp, 800 bp, 850 bp, 300 bp, 950 bp,
1000 bp, 1.1 kilobases (kb}, 1.2 kb, 1.3 kb, 1.4 kb, {.5 kb, 1.6 kb, 1.7 kb, 1.8 kb, 1.9 kb, 2.0
kb, 2.1 kb, 2.2 kb, 2.3 kb, 2.4 kb, 2.5 kb, 2.6 kb, 2.7 kb, 2.8 kb, 2.9 kb, 3.0 kb, 3.1 kb, 3.2 kb,
3.3 kb, 3.4 kb, 3.5 kb, 3.6 kb, 3.7 kb, 3.8 kb, 39 kb, 4.0 kb, or longer. The homology arms
can be about 10 bp to about 4 kb, e.g., about 10 bp to about 20 bp, about 10 bp to about 50
bp, about 10 bp to about 100 bp, about 10 bp to about 200 bp, about 10 bp to about 500 bp,
about 10 bp to about 1 kb, about 10 bp to about 2 kb, about 10 bp to about 4 kb, about 100 bp
to about 200 bp, about 100 bp to about 500 bp, about 100 bp to about 1 kb, about 100 bp to
about 2 kb, about 100 bp to about 4 kb, about 500 bp to about 1 kb, about 500 bp to about 2
kb, about 500 bp to about 4 kb, about 1 kb to about 2 kb, about 1 kb to about 2 kb, about 1 kb
to about 4 kb, or about 2 kb to about 4 kb.

[0168] The donor template can be cloned into an expression vector. Conventional viral and

non-viral based expression vectors known to those of ordinary skill in the art can be used.
C. DNA-targeting RNA

{0169] In some embodiments, the methods of the present invention further comprise
introducing into a human neural stem cell a guide nucleic acid, e.g., DNA-targeting RNA
(e.g., a single guide RNA (sgRNA) or a double guide nucleic acid) or a nucleotide sequence

encoding the guide nucleic acid (¢.g., DNA-targeting RNA).

[0170] The DNA-targeting RNA (¢.g.. sgRNA) can comprise a first nucleotide sequence
that 1s complementary to a specific sequence within a target DNA (e.g., a guide sequence)
and a second nucleotide sequence comprising a protein-binding sequence that interacts with a
DNA nuclease (e.g., Cas9 nuclease) or a variant thereof (e.g., a scaffold sequence or
tractrRNA). The guide sequence (“first nucleotide sequence”) of a DNA-targeting RNA can
comprise about 10 to about 2000 nucleic acids, for example, about 10 to about 100 nucleic

acids, about 10 to about 500 nucleic acids, about 10 to about 1000 nucleic acids, about 10 to
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about 1500 nucleic acids, about 10 to about 2000 nucleic acids, about 50 to about 100
nucleic acids, about 50 to about 500 nucleic acids, about 50 to about 1000 nucleic acids,
about 50 to about 1500 nucleic acids, about 50 to about 2000 nucleic acids, about 100 to
about 500 nucleic acids, about 100 to about 1000 nucleic acids, about 100 to about 1500
nucleic acids, about 100 to about 2000 nucleic acids, about 500 to about 1000 nucleic acids,
about 500 to about 1500 nucleic acids, about 500 to about 2000 nucleic acids, about 1000 to
about 1500 nucleic acids, about 1000 to about 2000 nucleic acids, or about 1500 to about
2000 nucleic acids at the 5” end that can direct the DNA nuclease (e.g., Cas9 nuclease) to the
target DNA site {e.g., sate harbor gene sequence) using RNA-DNA complementarity base
pairing. In some embodiments, the guide sequence of a DNA-targeting RNA comprises
about 100 nucleic acids at the 57 end that can direct the DNA nuclease {e.g., Cas® nuclease)
to the target DNA site (e.g., sate harbor gene sequence) using RNA-DNA complementarity
base pairing. In some embodiments, the guide sequence comprises 20 nucleic acids at the 5’
end that can direct the DNA nuclease {(e.g., Cas9 nuclease} to the target DNA site (e.g., safe
harbor gene sequence) using RINA-DNA complementarity base pairing.  In other
embodiments, the guide sequence comprises less than 20, e.g., 19, 18, 17, 16, 15 or less,
nucleic acids that are complementary to the target DNA site {e.g., safe harbor gene sequence).
The guide sequence can include 17 nucleic acids that can direct the DNA nuclease (e.g., Cas9
nuclease) to the target DNA site {e¢.g., safe harbor gene sequence). In some instances, the
guide sequence contains about I to about 10 nucleic acid mismatches in the complementarity
region at the 5° end of the targeting region. In other instances, the guide sequence contains
no mismatches in the complementarity region at the last about 5 to about 12 nucleic acids at

the 3 end of the targeting region.

{86171] The protein-binding scaffold sequence (“second nucleotide sequence”) of the DNA-
targeting RNA can comprise two complementary stretches of nucleotides that hybridize to
one another to form a double-stranded RNA duplex (dsRNA duplex). The protein-binding
scaffold sequence can be between about 30 nucleic acids to about 200 nucleic acids, e.g.,
about 40 nucleic acids to about 200 nucleic acids, about 50 nucleic acids to about 200 nucleic
acids, about 60 nucleic acids to about 200 nucleic acids, about 70 nucleic acids to about 200
nucleic acids, about 80 nucleic acids to about 200 nucleic acids, about 90 nucleic acids to
about 200 nucleic acids, about 100 nucleic acids to about 200 nucleic acids, about 110
nucleic acids to about 200 nucleic acids, about 120 nucleic acids to about 200 nucleic acids,

about 130 nucleic acids to about 200 nucleic acids, about 140 nucleic acids to about 200
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nucleic acids, about 150 nucleic acids to about 200 nucleic acids, about 160 nucleic acids to
about 200 nucleic acids, about 170 nucleic acids to about 200 nucleic acids, about 180
nucleic acids to about 200 nucleic acids, or about 190 nucleic acids to about 200 nucleic
acids. In certain aspects, the protein-binding sequence can be between about 30 nucleic acids
to about 190 nucleic acids, ¢.g., about 30 nucleic acids to about 180 nucleic acids, about 30
nucleic acids to about 170 nucleic actds, about 30 nucleic acids to about 160 nucleic acids,
about 30 nucleic acids to about 150 nucleic acids, about 30 nucleic acids to about 140 nucleic
acids, about 30 nucleic acids to about 130 nucleic acids, about 30 nucleic acids to about 120
nucleic acids, about 30 nucleic acids to about 110 nucleic acids, about 30 nucleic acids to
about 100 nucleic acids, about 30 nucleic acids to about 90 nucleic acids, about 30 nucleic
acids to about 80 nucletc acids, about 30 nucleic actds to about 70 nucleic acids, about 30
nucleic acids to about 60 nucleic acids, about 30 nucleic acids to about 50 nucleic acids, or

about 30 nucleic acids to about 40 nucleic acids.

{6172} To some embodiments, the DNA-targeting RNA (e.g., sgRNA) is a truncated form
thereof comprising a guide sequence having a shorter region of complementarity to a target
DNA sequence {(e.g., less than 20 nucleotides in length). Tn certain instances, the truncated
DNA-targeting RNA (e.g., sgRNA) provides improved DNA nuclease (¢.g., Cas9 nuclease)
specificity by reducing off-target effects. For example, a truncated sgRNA can comprise a
guide sequence having 17, 18, or 19 complementary nucleotides to a target DNA sequence
(e.g, 17-18, 17-19, or 18-19 complementary nucleotides). See, e¢.g, Fu et al., Nat.
Biotechnol.| 32(3). 279-284 (2014).

[0173] The DNA-targeting RNA can be selected using any of the web-based software
described above. As a non-limiting example, considerations for selecting a DNA-targeting
RNA can include the PAM sequence for the Cas9 nuclease to be used, and strategies for
minimizing off-target modifications. Tools, such as the CRISPR Design Tool, can provide
sequences for preparing the DNA-targeting RNA, for assessing target modification

effictency, and/or assessing cleavage at off-target sites.

{0174] The DNA-targeting RNA can be produced by any method known to one of ordinary
skill in the art. In some embodiments, a nucleotide sequence encoding the DNA-targeting
RNA is cloned into an expression cassette or an expression vector. In certain embodiments,
the nucleotide sequence i1s produced by PCR and contained in an expression cassette. For

instance, the nucleotide sequence encoding the BNA-targeting RNA can be PCR amplitied
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and appended to a promoter sequence, e.g., a U6 RNA polymerase III promoter sequence. In
other embodiments, the nucleotide sequence encoding the DNA-targeting RNA is cloned into
an expression vector that contains a promoter, e.g., a U6 RNA polymerase I{f promoter, and a
transcriptional control element, enhancer, U6 termination sequence, one or more nuclear
localization signals, ezc. In some embodiments, the expression vector is multicistronic or
bicistronic and can also include a nucleotide sequence encoding a fluorescent protein, an
epitope tag and/or an antibiotic resistance marker. In certain instances of the bicistronic
expression vector, the first nucleotide sequence encoding, for example, a fluorescent protein,
1s linked to a second nucleotide sequence encoding, for example, an antibiotic resistance
marker using the sequence encoding a self-cleaving peptide, such as a viral 2A peptide. Viral
2A peptides including foot-and-mouth disease virus 2A (F2A); equine rhinitis A virus 2A
(E2A); porcine teschovirus-1 2A (P2A) and 7hoseaasigna virus ZA (T2A) have high
cleavage efficiency such that two proteins can be expressed simultaneously vyet separately

trom the same RNA transcript.

{01758] Suitable expression vectors for expressing the DNA-targeting RNA are
commercially avatlable from Addgene, Sigma-Aldrich, and Life Technologies. The
expression vector can be pLQ1651 {Addgene Catalog No. 51024) which includes the
fluorescent protein mCherry. Non-limiting examples of other expression vectors include
pXx330, pSpCas9, pSpCasOn, pSplas9-2A-Puro, pSplas9-2A-GFP, pSplasOn-2A-Puro, the
GeneArt” CRISPR Nuclease OFP vector, the GeneArt” CRISPR Nuclease OFP vector, and
the like.

[0176] In certain embodiments, the DNA-targeting RNA (e.g., sgRNA) 1s chemically
synthesized. DNA-targeting RNAs can be synthesized using 2’-O-thionocarbamate-protected
nucieoside phosphoramidites. Methods are described in, e.g., Dellinger et al., J. American
Chemical Society 133, 11540-11556 (2011);, Threlfall er o/, Organic & Biomolecular
Chemistry 10, 746-754 (2012); and Dellinger et a/., J. American Chemical Society 125, 940-
950 (2003).

{0177] In particular embodiments, the DNA-targeting RNA (e.g, sgRNA) is chemically
modified. As a non-limiting example, the DNA-targeting RNA is a modified sgRNA
comprising a first nucleotide sequence complementary to a portion of a safe harbor gene
sequence (e.g., a guide sequence or crRNA) and a second nucleotide sequence that interacts

with a Cas polypeptide (e.£., a scatfold sequence or tracrRNA).

57



WO 2017/180926 PCT/US2017/027504

{0178] Without being bound by any particular theory, sgRNAs containing one or more
chemical modifications can increase the activity, stability, and speciticity and/or decrease the
toxicity of the modified sgRNA compared to a corresponding unmodified sgRNA when used
for CRISPR-based genome editing, e.g., homologous recombination.  Non-limiting
advantages of moditied s¢RNAs include greater ease of delivery into target cells, increased
stability, increased duration of activity, and reduced toxicity. The modified sgRNAs
described herein as part of a CRISPR/Cas? system provide higher frequencies of on-target
¢enome editing {¢.g., homologous recombination}, improved activity, and/or specificity

compared to their unmodified sequence equivalents.

{0179] One or more nucleotides of the guide sequence and/or one or more nucleotides of
the scaffold sequence can be a modified nucleotide. For instance, a guide sequence that is
about 20 nucleotides in length may have 1 or more, e.g., 1,2,3,4,5,6,7,8,9, 10, 11, 12, 13,
14, 15, 16, 17, 18 19, or 20 moditied nucleotides. In some cases, the guide sequence
includes at least 2, 3, 4, 5, 6, 7, 8, 9, 10, or more modified nucleotides. In other cases, the
guide sequence includes at least 2, 3, 4,5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 19, 20, or
more modified nucleotides. The modified nucleotide can be located at any nucleic acid
position of the guide sequence. In other words, the modified nucleotides can be at or near the
first and/or last nucleotide of the guide sequence, and/or at any position in between. For
example, for a guide sequence that is 20 nucleotides in length, the one or more modified
nucleotides can be located at nucleic acid position 1, position 2, position 3, position 4,
position 5, position 6, position 7, position 8, position 9, position 10, position 11, position 12,
position 13, position 14, position 15, position 16, position 17, position 18, position 19, and/or
position 20 of the guide sequence. In certain instances, tfrom about 10% to about 30%, e.g.,
about 10% to about 25%, about 10% to about 20%, about 10% to about 5%, about 15% to
about 30%, about 20% to about 30%, or about 25% to about 30% of the guide sequence can
comprise modified nucleotides. In other instances, from about 10% to about 30%, e.g., about
10%, about 11%, about 12%, about 13%, about 14%, about 15%, about 16%, about 17%,
about 18%. about 19%, about 20%, about 21%, about 22%, about 23%. about 24%, about
25%, about 26%, about 27%, about 28%, about 29%, or about 30% of the guide sequence can

comprise modified nucleotides.

{0180] In certain embodiments, the modified nucleotides are located at the 5’-end (e.g., the

terminal nucleotide at the 5’-end) or near the 5’-end (e.g., within 1, 2, 3, 4, or 5 nucleotides of
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the terminal nucleotide at the 5’-end) of the guide sequence and/or at internal positions within

the guide sequence.

{0181] In some embodiments, the scatfold sequence of the moditied sgRINA contains one
or more modified nucleotides. For example, a scaffold sequence that 1s about 80 nucleotides
in length may have 1 or more, e.g., 1,2, 3,4,5,6,7.8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18,
19,20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 76, 77, 78, 79,
or 80 modified nucleotides. In some instances, the scaftold sequence includes at least 2, 3, 4,
S, 6,7, 8,9, 10, or more modified nucleotides. In other instances, the scatfold sequence
includes at least 2, 3,4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 19, 20, or more modified
nucleotides. The modified nucleotides can be located at any nucleic acid position of the
scaffold sequence. For example, the modified nucleotides can be at or near the first and/or
last nucleotide of the scaffold sequence, and/or at any position in between. For example, for
a scaffold sequence that 1s about 80 nucleotides in length, the one or more modified
nucleotides can be located at nucleic acid position 1, position 2, position 3, position 4,
position 5, position 6, position 7, position &, position 9, position 10, position 11, position 12,
position 13, position 14, position 15, position 16, position 17, position 18, position 19,
position 20, position 21, position 22, position 23, position 24, position 235, position 20,
position 27, position 28, position 29, position 30, position 31, position 32, position 33,
position 34, posttion 35, position 36, position 37, position 38, position 39, position 40,
position position 42, position 43, position 44, position 45, position 46, position 47,

position position 49, position 50, position 31, position 52, position 53, position 34,

Vg

position 335, position 36, position 37, position 38, position 39, position 60, position 61,

[=))
N
N

position 62, position 63, position 64, position 65, position 66, position 67, position 68,
position 69, position 70, position 71, position 72, position 73, position 74, position 7S5,
position 76, position 77, position 78, position 79, and/or position 80 of the sequence. In some
instances, from about 1% to about 10%, e.g., about 1% to about 8%6, about 1% to about 3%,
about 5% to about 10%, or about 3% to about 7% of the scaffold sequence can comprise
modified nucleotides. In other instances, from about 1% to about 10%, e.g., about 1%, about
2%, about 3%, about 4%, about 5%, about 6%, about 7%, about 8%, about 9%, or about 10%

of the scaffold sequence can comprise modified nucleotides.

{0182] In certain embodiments, the modified nucleotides are located at the 3’-end (e.g., the
terminal nucleotide at the 3’-end) or near the 3’-end (e.g., within 1, 2, 3, 4, or 3 nucleotides of

the 3’-end) of the scaffold sequence and/or at internal positions within the scaffold sequence.
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[0183] In some embodiments, the modified sgRNA comprises one, two, or three
consecutive or non-consecutive modified nucleotides starting at the 5’-end (e.g., the terminal
nucleotide at the 5’-end) or near the 5’-end {e.g., within 1, 2, 3, 4, or 5 nucleotides of the
terminal nucleotide at the $’-end) of the guide sequence and one, two, or three consecutive or
non-consecutive modified nucleotides starting at the 37-end (e.g., the terminal nucleotide at
the 3’-end) or near the 37-end (e.g., within 1, 2, 3, 4, or S nucleotides of the 3’-end) of the

scaffold sequence.

[0184] In some instances, the modified sgRNA comprises one modified nucleotide at the
5’-end {e.g., the terminal nucleotide at the 5’-end) or near the 5’-end {(e.g., within 1, 2, 3, 4, or
S nucleotides of the terminal nucleotide at the 5’-end) of the guide sequence and one
modified nucleotide at the 3’-end (e.g., the terminal nucleotide at the 3’-end) or near the 3’-

end (e.g., within 1, 2, 3, 4, or 5 nucleotides of the 3’-end) of the scaffold sequence.

[0185] In other instances, the modified sgRNA comprises two consecutive or non-
consecutive modified nucleotides starting at the 5'-end {(e.g., the terminal nucleotide at the 5°-
end) or near the 5’-end (e.g., within 1, 2, 3, 4, or 5 nucleotides of the terminal nucleotide at
the 5’-end) of the guide sequence and two consecutive or non-consecutive modified
nucleotides starting at the 3’-end (e.g, the terminal nucleotide at the 3’-end) or near the 3’-

end (e.g., within 1, 2, 3, 4, or 5 nucleotides of the 3 -end} of the scaffold sequence.

{0186] In yet other instances, the modified sgRNA comprises three consecutive or non-
consecutive modified nucleotides starting at the 5’-end (e.g., the terminal nucleotide at the 5'-
end) or near the 5’-end (e.g., within 1, 2, 3, 4, or 5 nucleotides of the terminal nucleotide at
the 5’-end) of the guide sequence and three consecutive or non-consecutive modified
nucleotides starting at the 37-end (e.g., the terminal nucleotide at the 37-end) or near the 3°-

end (e.g., within 1, 2, 3, 4, or 5 nucleotides of the 3 -end) of the scattold sequence.

{0187] In particular embodiments, the modified sgRNA comprises three consecutive
modified nucleotides at the S’-end of the guide sequence and three consecutive modified

nucleotides at the 3’-end of the scattold sequence.

[0188] The modified nucleotides of the sgRNA can include a modification in the ribose
(e.g.. sugar) group, phosphate group, nucleobase, or any combination thereof. In some
embodiments, the modification in the ribose group comprises a modification at the 2’ position

of the ribose.
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[0189] In some embodiments, the moditied nucleotide includes a 2’ fluoro-arabino nucleic
acid, tricycle-DNA (tc-DNA), peptide nucleic acid, cyclohexene nucleic acid (CeNA), locked
nucleic acid (LNA), ethylene-bridged nucleic acid (ENA), a phosphodiamidate morpholino,

or a combination thereof.

[0190] Modified nucleotides or nucleotide analogues can include sugar- and/or backbone-
modified ribonucleotides (7.¢., include modifications to the phosphate-sugar backbone). For
example, the phosphodiester linkages of a native or natural RNA may be modified to include
at least one of a nitrogen or sultur heteroatom. In some backbone-modified ribonucleotides,
the phosphoester group connecting to adjacent ribonucleotides may be replaced by a modified
group, e.g., a phosphothioate group. In preferred sugar-modified ribonucleotides, the 2’
moiety 1s a group selected from H, OR, R, halo, SH, SR, NH,, NHR, NR; or ON, wherein R

=4

is (}-Cs alkyl, alkenyl or alkynyl and halo1s F, C1, Bror L

[01%91] In some embodiments, the moditied nucleotide contains a sugar modification. Non-
limiting examples of sugar modifications include 2'-deoxy-2'-fluoro-oligortbonucleotide (2'-
tfluoro-2'-deoxycytidine-5'-triphosphate, 2'-fluoro-2'-deoxyusidine-5'-triphosphate), 2'-deoxy-
2'-deamine oligoribonucleotide (2'-amino-2'-deoxycytidine-5'-triphosphate, 2'-amino-2'-
deoxyuridine-5'-triphosphate), 27-0-alkyl oligoribonucleotide, 2'-deoxy-2'-C-alkyl
oligoribonucleotide (2'-O-methyicytidine-5'-triphosphate, 2'-methyluridine-5'-triphosphate),
2'-C-alkyl oligoribonucleotide, and isomers thereof (2'-aracytidine-5'-triphosphate, 2'-
arauridine-5'-triphosphate), azidotriphosphate (2'-azido-2'-deoxycytidine-5'-triphosphate, 2'-

azido-2'-deoxyuridine-5'-triphosphate), and combinations thereof.

[0192] In some embodiments, the modified sgRNA contains one or more 2'-fluoro, 2'-
amino and/or 2'-thio modifications. In some instances, the modification is a 2'-fluoro-
cytidine, 2'-fluoro-uridine, 2'-fluoro-adenosine, 2'-fluoro-guanosine, 2'-amino-cytidine, 2'-
amino-uridine, 2'-amino-adenosine, 2'-amino-guanosine, 2,6-diaminopurine, 4-thio-uridine,
S-amino-allyl-uridine, 5-bromo-uridine, 5-iodo-uridine, 5-methyl-cytidine, ribo-thymidine, 2-

aminopurine, 2'-amino-butyryl-pyrene-uridine, S-tfluoro-cytidine, and/or S-fluoro-uridine.

[0193] There are more than 96 naturally occurring nucleoside modifications found on
mammalian RNA.  See, e.g., Limbach ez al., Nucleic Acids Research, 22(12):2183-2196
(1994). The preparation of nucleotides and modified nucleotides and nucleosides are well-
known in the art, e.g., from U.S. Pat. Nos. 4,373,071, 4,458,006, 4,500,707, 4,668,777,
4,973,679, 5,047,524, 5,132,418, 5,153,319, 5,262,530, and 5,700,642, Numerous modified
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nucleosides and modified nucleotides that are suitable for use as described herein are
commercially available. The nucleoside can be an analogue of a naturally occurring
nucleoside. In some cases, the analogue 1s dihydrouridine, methyladenosine, methylcytidine,

methyluridine, methylpseudouridine, thiouridine, deoxycytodine, and deoxyuridine.

{0194] In some cases, the modified sgRNA described herein includes a nucleobase-
modified ribonucleotide, 7.e., a ribonucleotide containing at least one non-naturally occurring
nucleobase instead of a naturally occurring nucleobase. Non-limiting examples of moditied
nucleobases which can be incorporated into modified nucleosides and modified nucleotides
include m5C (5-methyleytidine), mSU (S-methyluridine), m6A (N6-methyladenosine), s2U
(2-thiouridine), Um  (2'-O-methyluridine), mlA (I-methyl adenosine), m2A (2-
methyladenosine), Am (2-1-O-methyladenosine), ms2mGA (2-methylthio-N6-
methyladenosine), 16A  (No-isopentenyl adenosine), ms2i6A (2-methyithio-
Noéisopentenyladenosine), 106A (N6-(cis-hydroxyisopentenyl) adenosine), ms2io6A (2-
methylthio-N6-(cis-hydroxyisopentenyi)adenosine), gbA (N6-glycinylcatbamoyladenosine),
tOA (N6-threonyi carbamoyladenosine), ms2t6A (2-methyithio-N6-threonyl
carbamoyladenosine), mot6A  (N6-methyl-N6-threonylcarbamoyladenosineg),  hn6A(N6.-
hydroxynorvalylcarbamoyl  adenosine), ms2hn6A  (2-methylthio-N6-hydroxynorvalyl
carbamoyladenosine), Ar(p) (2'-O-ribosyladenosine(phosphate)), 1 (inosine), mli (1-
methylinosine), m'lm (1,2-O-dimethylinosine}, m3C (3-methylcytidine), Cm (2T-O-
methylcytidine), s2C (2-thiocytidine), ac4C (N4-acetylcytidine), fSC (S-fonnylcytidine),
m5Cm (5,2-O-dimethylcytidine), ac4Cm (N4acetyl2TOmethyleytidine), k2C (lysidine), miG
(1-methylguanosine), m2G (N2-methylguanosine), m7G (7-methylguanosine), Gm (2'-O-
methylguanosine), m22G (N2 N2-dimethylguanosine), m2Gm (N2,2°-O-dimethylguanosine),
m22Gm  (N2N2,2-O-trimethylguanosine), Gr(p) (2'-O-ribosylguanosine(phosphate)), yW
(wybutosine), 02yW  (peroxywybutosine), OHyW  (hydroxywybutosine), OHyW*
(undermodified hydroxywybutosine}, 1m{  (wyosine), mimG (methylguanosine), O
(queuosine), 0oQ (epoxyqueuosine), galQ} (galtactosyl-queuosine), manQ (mannosyl-
queuosine), preQQo (7-cyano-7-deazaguanosine}, preQi (7-aminomethyl-7-deazaguanosine), G
(archaeosine), D (dihydrouridine), m5Um (5,2"-O-dimethyluridine), s4U (4-thiouridine),
m5s2U (5-methyl-2-thiouridine), s2Um (2-thio-2'-O-methyluridine), acp3U (3-(3-amino-3-
carboxypropyl)uridine), ho5U (5-hydroxyuridine), mo5U (5-methoxyuridine), cmoSU
(uridine S-oxyacetic acid), mcmoSU (uridine S-oxyacetic actd methyl ester), chmSU (5-

(carboxyhydroxymethyl)uridine)), mechmSU (5-(carboxyhydroxymethyl)uridine methyl
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ester), memSU (5-methoxycarbonyl methyluridine), mecm5Um (S-methoxycarbonylmethyl-2-
O-methyluridine), mcmS5s2U  (5-methoxycarbonylmethyl-2-thiouridine), nmSs2U  (5-
aminomethyl-2-thiouridine), mnm5U (5-methylaminomethyluridine), mnm5s2U (5~
methylaminomethyl-2-thiouridine), mnmSse2U (S-methylaminomethyl-2-selenouridine),
ncmSU (S-carbamoylmethyl uridine), ncmSUm (5-carbamoylmethyl-2'-O-methyluridine),
cmnmSU (S-carboxymethylaminomethyluridine), cnmm5Um (S-carboxymethylaminomethyl-
2-L.-Omethyluridine), cemnmSs2U  (S5-carboxymethylaminomethyl-2-thiouridine), mo62A
(N6,N6-dimethyladenosine), Tm (2'-O-methylinosine), m4C (N4-methylcytidine), m4Cm
(N4,2-O-dimethyleytiding), hmSC  (S-hydroxymethyleytidine), m3U  (3-methyluridine),
cm5U (5-carboxymethyluridine), m6Am (N6, T-O-dimethyladenosine), m62Am (N6,N6,O-2-
trimethyladenosine), m2'7G (N2,7-dimethylguanosine), m2'2'7G (N2, N2,7-
trimethylguanosine), m3Um (3,2T-O-dimethyluridine), mSD  (5-methyldihydrouridine),
fSCm  (S-formyl-2'-O-methylcytidine), m1Gm (1,2'-O-dimethylguanosine), m'Am (1,2-0-
dimethyl adenosine)irinomethyluridine), tm5s2Ui (S-taurinomethyl-2-thiouridine)), imG-14
(4-demethyl guanosine), imG2 (isoguanosine), or acbA (No6-acetyladenosine), hypoxanthine,
inosine, 8-oxo-adenine, 7-substituted derivatives thereof, dihydrouracil, pseudouracil, 2-
thiouracil, 4-thiouracil, 5-aminouracil, 5-(C-Ce)-alkyluracil, S-methyluracil, 5-(C,-Cq¢)-
alkenvluracil,  5-(C;-Cs)-alkynyluracil,  S-(hydroxymethyijuracil,  S-chlorouracit,  S-
tluorouracil, S-bromouracil, 5-hydroxycytosine, 5-(C;-Cg)-alkyleytosine, 5-methylcytosine,
5-(Cr-Cg)-alkenylcytosine, S-(Cy-Ce)-alkynylcytosine, S-chlorocytosine, S-fluorocytosine, 5-
bromocytosine, N’-dimethylgnanine, 7-deazaguanine, 8-azaguanine, 7-deaza-7-substituted
guanine, 7-deaza-7-(C2-Co6)alkynylguanine, 7-deaza-8-substituted  guanine, 8-
hydroxyguanine, 6-thioguanine, 8-oxoguanine, 2-aminopurine, 2-amino-6-chloropurine, 2,4-
diaminopurine, 2,6-diaminopurine, 8-azapurine, substituted 7-deazapurine, 7-deaza-7-

substituted purine, 7-deaza-8-substituted purine, and combinations thereof.

{0195] In some embodiments, the phosphate backbone of the moditied sgRINA is altered.
The modified sgRNA can include one or more phosphorothioate, phosphoramidate (e.g., N3’-
P5’-phosphoramidate (NP)), 2’-O-methoxy-ethyl (2’MOE), 2’-O-methyl-ethy]l (2’ME),
and/or methylphosphonate linkages. In certain instances, the phosphate group 1s changed to a
phosphothioate, 2’-O-methoxy-ethyl (2’MOE), 2’-O-methyl-ethyl (2’ME), N3’-P5’-
phosphoramidate (NP), and the like.
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{0196] In particular embodiments, the modified nucleotide comprises a 2’-O-methyl
nucleotide (M), a 2’-O-methyl, 3’-phosphorothioate nucleotide (MS), a 2’-O-methyl,

3’thioPACE nucleotide (M SP), or a combination thereof.

[0197] In some instances, the moditied sgRNA includes one or more MS nucleotides. In
other instances, the modified sgRNA includes one or more MSP nucleotides. In yet other
instances, the modified sgRNA includes one or more MS nucleotides and one or more MSP
nucleotides. In further instances, the modified sgRNA does not include M nucleotides. In
certain instances, the modified sgRNA includes one or more MS nucleotides and/or one or
more MSP nucleotides, and further includes one or more M nucleotides. In certain other
instances, MS nucleotides and/or MSP nucleotides are the only modified nucleotides present

in the modified sgRNA.

{0198] It should be noted that any of the modifications described herein may be combined

and incorporated in the guide sequence and/or the scaffold sequence of the modified sgRNA.

[6199] In some cases, the moditied sgRNAs also include a structural modification such as a

stem loop, e.g., M2 stem loop or tetraloop.

[0200] The chemically moditied sgRNAs can be used with any CRISPR-associated or
RNA-guided technology. As described herein, the modified sgRNAs can serve as a guide for
any Cas9 polypeptide or variant thereof, including any engineered or man-made Cas9
polypeptide. The modified sgRNAs can target DNA and/or RNA molecules in isolated cells

or in vivo {e.g., 1n an animal).
D. Transgene Cassettes for Producing Gene Modified Neural Stem Cells

[0201] Transgene cassettes for producing gene modified neural stem cells can be as
described herein in respect of any aspect of the invention. The cassette may contain one or
more of a promoter, e.g., a U6 RNA polymerase IIl promoter, a transcriptional control
element, enhancer, U6 termination sequence, one or more nuclear localization signals, efc. In
some embodiments, the cassette 1s multicistronic or bicistronic and can also include a
nucleotide sequence encoding a fluorescent protein, an epitope tag, and/or an antibiotic
resistance marker. In certain instances of the bicistronic cassette, the first nucleotide
sequence encoding, for example, a fluorescent protein, is linked to a second nucleotide
sequence encoding, for example, an antibiotic resistance marker using a sequence encoding a

self-cleaving peptide, such as a viral 2A peptide. Viral 2A peptides including foot-and-
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mouth disease virus 2A (F2A):; equine rhinitis A virus 2A (E2A); porcine teschovirus-1 2A
(P2A)Y and Thoseaasigna virus 2A {T2A) have high cleavage efficiency such that two
proteins can be expressed simultaneously yet separately from the same RNA transcript.
Exemplary casseties include a reporter cassette containing the ubiquitin C promoter driving
GFP expression. Alternatively, bicistronic cassette constructs separated by a self-cleaving
2A peptide have been generated, thereby providing high cleavage efficiency between the two
transgenes located upstream and downstream of the 2A peptide. These constructs include:
(1) UbC-GFP-2A-CD8 (CDS8 alpha cell surface marker for purification of genetically
modified human neural stem cells); (2) UbC-GFP-2A-tCD19 (truncated cell surface marker
for purification of genetically modified human neural stem cells);, (3) UbC-GalC-2A-tCD19
(therapeutic enzyme construct for Krabbe disease with truncated CD19) or UbC-GalC-2A-
eGFP; and (4) UbC-TPP1-2A-CD8 (therapeutic enzyme construct for LINCL with CD8
alpha).

E. Methods for Isolating and Purifving Gene Modified Neural Stem Celis

[0202] Selectable markers, detectable markers, cell surface markers, and purification
markers, alone or in combination, can be used to isolate and/or purify gene modified human
neural stem cells of the invention. For example, expression of a selectable marker gene
encoding an antibiotic resistance factor provides for preferential survival of gene modified
cells in the presence of the corresponding antibiotic, whereas other cells present in the culture
will be selectively killed. Alternatively, expression of a fluorescent protein such as GFP or
expression of a cell surface marker not normally expressed on neural stem cells may permit
gene modified neural stem cells to be identified, purified or isolated by fluorescence-
activated cell sorting (FACS), magnetic-activated cell sorting (MACS), or analogous
methods. Suitable cell surface markers used in the following example are CD8, truncated
CD8, CD19, and truncated CD19, although other cell surface markers can also fulfill the

same function.

{0203] Methods for isolating or purifying the genetically modified cells are described
herein and are known in the art. In specific examples, FACS or MACS methods were used to

human neural stem cells expressing the cell surface markers CD8 or CD19.

[0204] Methods for culturing or expanding the genetically modified cells are known in the
art. Methods for culturing neural stem cells and their progeny are known, and suitable

culture media, supplements, growth factors, and the like are both known and commercially
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available. Typically human neural stem cells are maintained and expanded in serum-free
conditions. One suitable medium is Ex Vivo 15 (BioWhittaker) with N2 supplement
(GIBCO), fibroblast growth factor (20 ng/ml), epidermal growth factor (20 ng/ml),
lymphocyte inhibitory factor (10 ng/ml), neural survival factor-1 (Clonetics, San Diego) and
N-acetylcysteine (60 ug/ml; Sigma). Alternative media, supplements and growth factors
and/or alternative concentrations can readily be determined by the skilled person and are

extensively described in the literature.

[0205] In some embodiments, the isolated or purified genetically modified cells can be

expanded 77 vitro according to standard methods known to those of ordinary skill in the art.

F. Introducing Components of Nuclease-Mediated Genome Editing into

Cells

[0206] Methods for introducing polypeptides and nucleic acids into a target cell (host cell)
are known in the art, and any known method can be used to introduce a nuclease or a nucleic
acid (e.g., a nucleotide sequence encoding the nuclease, a DNA-targeting RNA (e.g., single
guide RNA), a donor template for homology-directed repair (HDR), efc.) into a human neural
stem cell.  Non-limiting examples of suitable methods include electroporation (e.g.,
nucleofection), viral or bacteriophage infection, transfection, conjugation, protoplast fusion,
lipofection, calcium phosphate precipitation, polyethyleneimine (PEI)-mediated transfection,
DEAE-dextran mediated transfection, liposome-mediated transfection, particle gun
technology, calcium phosphate precipitation, direct microinjection, nanoparticle-mediated

nucleic acid delivery, and the like.

[0207] In some embodiments, a DNA nuclease system (such as CRISPR or TALEN) is
introduced into neural stem cells. fn some embodiments, the CRISPR/Cas9 system comprises
a plasmid-based Cas9. In some embodiments, the CRISPR/Cas9 system comprises a Cas9
mRNA and sgRNA. In some embodiments, the Cas® mRNA, or sgRNA, or both Cas9 mRNA
and sgRNA 1s modified before introduced into the neural stem cells. In some embodiments,
the nuclease system 1s TALEN system. In some embodiments, the TALEN system comprises
a plasmid-based TALEN. In some embodiments, the TALEN system comprises a RNA-based

TALEN.

[0208] In some embodiments, the components of nuclease-mediated genome editing can be
introduced into a target cell using a delivery system. In certain instances, the delivery system

comprises a nanoparticle, a microparticle (e.g., a polymer micropolymer), a liposome, a
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micelle, a virosome, a viral particle, a nucleic acid complex, a transfection agent, an
electroporation agent {e.g., using a NEON transfection system), a nucleofection agent, a
lipofection agent, and/or a buffer system that includes a nuclease component (as a
polypeptide or encoded by an expression construct) and one or more nucleic acid components
such as a DNA-targeting RNA and/or a donor template. For instance, the components can be
mixed with a lipofection agent such that they are encapsulated or packaged into cationic
submicron oil-in-water emulsions. Alternatively, the components can be delivered without a

delivery system, e.g., as an aqueous solution.

{0209] Methods of preparing liposomes and encapsulating polypeptides and nucleic acids
in liposomes are described in, e.g., Methods and Protocols, Volume 1: Pharmaceutical
Nanocarriers: Methods and Protocols. {(ed. Weissig). Humana Press, 2009 and Heves ef a/.
(2005) J Comwroiled Release 107:276-87.  Methods of preparing microparticles and
encapsulating polypeptides and nucleic acids are described in, ¢.g., Functional Polymer
Colloids and Microparticles volume 4 (Microspheres, microcapsules & liposomes). {eds.
Arshady & Guyot). Citus Books, 2002 and Microparticulate Systems for the Delivery of

FProteins and Vaccines. (eds. Cohen & Bernstein). CRC Press, 1996.

G. Human Neural Stem Cells

{0210] Human neural stem cells may be neural stem cells directly isolated from human
brain tissue using a method described in Uchida er al., Froc Natl Acad Sci USA, 2000,
97(26):14720-14725 in which cell surface markers were used to isolate CDD133+ CD24-/lo
NS8Cs. Other markers can also be used including CD49f, CD29 and CD15. Human neural
stem cells may be derived from second trimester human fetal brain. In principle any marker
specifically expressed on human neural stem cells, or any combination of markers
characteristic of human neural stem cells, may be used in the isolation of human neural stem

cells.

{0211} Human neural stem cells may be derived from human embryonic, fetal or adult
sources, or may be derived using known technigues from other cell types, including
embryonic stem {ES) cells and induced pluripotent stem (iPS) cells. Human neural stem cells
may also be derived by direct reprogramming from a somatic cell population, for example
fibroblasts. In some embodiments, human neural stem cells are derived from a somatic stem
cell or a pluripotent stem cell. Human neural stem cells include cells derived trom the human

central nervous system, including fetal spinal cord and fetal brain tissues. The use of primary
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neural stem cells obtained from a donor may be preterred in order to provide cells
immediately suited for the treatment of CNS disorders and directly transplantable to the CNS

of a patient.

{6212] Human neural stem cells of the invention may be autologous or allogeneic human
neural stem cells. Autologous stem cells are derived from the patient to be treated and thus
would not be expected to provoke an immune response from the patient. However,
autologous stem cells might need to be genetically modified or corrected to eliminate an
inherent disease or disorder in addition to any further modification according to the present
invention. In contrast, allogeneic, i.e., donor-derived, cells from a healthy subject can be
1solated, and purified to be ready for use without modification other than the modification
provided by the present invention. Such allogeneic human neural stem cells can be
genetically modified according to the invention and expanded using large-scale culture
methods to provide a validated, safe and consistent product that can be used off-the-shelf
without costly de novo derivation, modification and expansion of cells on an individual basis.
Such allogeneic cells can be prepared and banked, e.g., using standard cryopreservation

methods, to provide a resource ready for use upon identification of a suitable patient.

{0213] Neural stem cells (NSCs) can be derived directly from embryos, from adult tissue,
from fetal tissue, from multipotent stem cells, or from pluripotent stem cells including
embryonic stem cells (ESCs) or induced pluripotent stem cells (iIPSCs). In some cases, the

pluripotent stem cells are either wild-type or genetically modified.

{6214] In some embodiments, the NSCs are obtained or derived from tissue of the nervous
system of a subject, ¢.£., a human subject and cultured i» vitro. The nervous tissue can be
normal or diseased. In some embodiments, the nervous tissue is obtained from an individual
with a genetic disorder of the central nervous system. In other embodiments, the nervous
tissue 1s from an individual with or suspected of having a neurodegenerative disease. In yet
other embodiments, the nervous tissue 1s from an individual with or suspected of having a

neurological injury.

[0215] In other cases, the NSCs of the present invention are from a population of

symmetrically dividing neural stem cells that has previously been maintained in culture.
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H. Transgenes for Treating a Genetic Disorder of the CNS,

Neurodegenerative Disease or Neural Injury

[0216] In some embodiments, the transgene of the donor template encodes a protein
associated with a genetic disorder of the central nervous system. The genetic disorder can be
an autosomal recessive genetic disorder than may be treated by expressing a wild-type
(normal) allele of the corresponding mutant gene as a transgene. The genetic disorder 1s
caused by a mutant gene and the transgene described herein can be used to treat the disorder.
In some embodiments, the NSCs carrying the mutant gene can be genetically modified to
express a wild-type allele of the mutant gene via the transgene. The transgene will typically
belong to one of three categories: (1) secreted proteins; (2} cell surface enzymes, for example,
a metallo-endopeptidase (¢.g., Neprilysin) to cleave or digest unwanted protein and/or scar

tissue; and (3) intracellular proteins such as regulatable BC1.2.

[0217] Exemplary transgenes for use herein include GALC (Krabbe disease), ABCD/
(adrenoleukodystrophy), GFAP (Alexander disease), (CYF2747 (cerebrotendineous
xanthomatosis), ARSA4 (metachromatic leukodystrophy), F£LFI1 (Pelizaeus-Merzbacher
disease), ASPA (Canavan disease), //F-2B (leukoencephalopathy with vanishing white
matter), PHYH (Refsum disease 1), #LX7 (Refsum disease 2), 777 (infantile neuronal
ceroid lipofuscinosis {(INCL)), 7PF/ (late infantile NCL), CZN3 (juvenile NCL), CLN6 (adult
NCL), CLNS (Finmish late infantile varant NCL), CLN6 (late infantile variant NCL), MSFDS
(ceroid lipofuscinosis, neuronal, 7), CLN& (ceroid lipofuscinosis, neuronal, 8}, (75D {ceroid
lipofuscinosis, neuronal, 10), UBL3A4 (Angelman syndrome), POLG (Alpers’ Disease), {47
(Barth Syndrome), G714 (Fabry disease), SLC2042 (Faht’s syndrome), FDF (retinitis
pigmentosa), SAIN/ (spinal muscular atrophy), /K5KAFP (familial dysautonomia), AMeCF2
(Rett syndrome), CACNAIC (Timothy syndrome), 47XN3 (Machado-Joseph disease), and
RPE65 (Leber congenital amaurosis), USH2A (retinitis pigmentosa), RPGR (retinitis
pigmentosa), RP2(retinitis pigmentosa), ABCA4 (Stargardt), RS-1 (X-linked retinoschisis).
In some embodiments, the protein 1s secreted by the genetically modified human neural stem

cell.

i Genetic Diseases of the Central Nervous Sysiem, Neurodegenerative

Diseases, Neurological Injury, and retinal degenerative disease.

{0218] The diseases, disorders, and conditions described herein include those affecting

astrocytes, oligodendrocytes, glial cells, neurons, motor neurons, interneurons, retinal cells,
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efc.  Such neurological diseases, disorders, and conditions that can be treated using the
compositions, kits, and methods described herein include Parkinson’s disease, Huntington’s
disease, Alzheimer’s disease, memory disorders, epilepsies, macular degeneration {e.g., age-
related macular degeneration), retinitis pigmentosa, Leber's congenital armaurosis,
retinopathies, optic neuropathies, amyotrophic lateral sclerosis, spinal muscular atrophy,
myelin disease, multiple sclerosis, stroke, cerebral palsies, hereditary pediatric
leukodystrophies including Pelizaeus-Merbacher disease, neuronal ceroid lipofuscinosis and
Krabbe disease, metachromatic leukodystrophy, Tay-Sachs disease, spinal cord injury or
trauma. The diseases, disorders, and conditions described herein also include traumatic brain
injury, acute inflammation of the central nervous system (CNS), chronic inflammation of the
CNS, ischemia, and stroke. The diseases, disorders, and conditions described herein also

include retinal degenerative disease.

5. Methods for using GM-NSCs

[0215] The GM-NSCs described herein are useful for treating diseases. In some
embodiments, there is provided a method of treating neurodegenerative diseases comprising
administering to a subject a plurality of genetically modified neural stem cells comprising a
transgene, wherein the transgene is inserted into a safe harbor locus (such as any of the GM-

NSC cells described herein).

[0228] The GM-NSCs described herein are useful for preventing diseases. In some
embodiments, there is provided a method of preventing neurodegenerative diseases
comprising administering to a subject a plurality of genetically modified neural stem cells
comprising a transgene, wherein the transgene is inserted into a safe harbor locus (such as

any of the GM-NSC cells described herein).

[0221] The genetically modified human neural stem cells can be administered into a human
subject to prevent or alleviate one or more symptoms of the neurodegenerative disease or the
neurological injury. In some embodiments, the generated genetically modified neuronal stem
cells can be administered to the human subject to prevent or alleviate one or more symptoms
of the neurodegenerative disease, wherein the neurodegenerative disease is selected from the
group consisting of a leukodystrophy, neuronal ceroid lipofuscinosis, age-related macular
degeneration, Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, amyotrophic

lateral sclerosis, and retinal degenerative disease.
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[0222] The neurodegenerative diseases or neurological injury described herein include
those affecting astrocytes, oligodendrocytes, glial cells, neurons, motor neurons,
interneurons, retinal cells, etc. Such neurodegenerative diseases or neurological injury
include Parkinson’s disease, Huntington’s disease, Alzheimer’s disease, memory disorders,
eptlepsies, macular degeneration (e.g, age-related macular degeneration), retinitis
pigmentosa, Leber’s congenital amaurosis, retinopathies, optic neuropathies, amyotrophic
lateral sclerosis, spinal muscular atrophy, myelin disease, multiple sclerosis, stroke, cerebral
palsies, hereditary pediatric leukodystrophies including Pelizaeus-Merbacher disease,
neuronal ceroid lipofuscinosis and Krabbe disease, metachromatic leukodystrophy, Tay-
Sachs disease, spinal cord injury or trauma. The neurodegenerative diseases or neurological
injury described herein also include traumatic brain injury, acute inflammation of the central
nervous system (CNS), chronic inflammation of the CNS, ischemia, and stroke. The
neurodegenerative diseases or neurological injury described herein also include retinal

degenerative disease.

[0223] In some embodiments, the transgene encodes a neuroprotective or
neurodegenerative protein which is selected from the group consisting of brain-derived
neurotrophic factor (BDNF), glial-derived neurotrophic factor (GDNF), insulin-like growth
factor 1 (IGF1), insulin-like growth factor 2 (IGF2), nerve growth factor (NGF),
neurotrophin-2 (NT-2), neurotrophin-3 (NT-3) neurotrophin-4/5 (NT-4/5), neurotrophin-6,
conserved dopamine neurotrophic factor (CDNF), ciliary neurotrophic factor (CNTF),
epidermal growth factor (EGF), a fibroblast growth factor (FGF), a bone morphogenetic
protein (BMP), vascular endothelial growth factor (VEGF), granulocyte colony-stimulating
factor (G-CSF), colony-stimulating factor (CSF), interferon-p (IFN-f), tumor necrosis factor-
a (TNFg), tissue plasminogen activator (tPA), neurturin, persephin, artemin, neuropeptide Y
(NPY), an ephrin, a semaphorin, other neuropoeitic factors, other neurotrophic factors, and a
combination thereof. In some embodiments, the transgene encodes a neuroprotective or
neurodegenerative protein, wherein the neuroprotective or neuroregenerative protein 1s a
secreted protein. In some embodiments, the transgene encodes Bcel-2. In some embodiments,
the transgene encodes a telomerase. In some embodiments, the transgene encodes a protein
that can improve survival or rejuvenate the neural stem cell to facilitate long-term survival

and/or discovery of therapeutic molecules.

{0224] In some embodiments, the genetically modified neural stem cells are derived from

the same subject to be treated or administered. In some embodiments. the genetically
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modified neural stem cells are derived from another subject or subjects. For example,
allogeneic, 1.e,, donor-derived, cells from a healthy subject or subjects can be genetically

modified and administered into a patient subject.

{0225] In some embodiments, there is provided a method of treating neurodegenerative
diseases comprising 1) isolating allogeneic human neural stem cells from multiple subjects;
2) genetically modifying isolated human neural stem cells by inserting a transgene into a safe
harbor locus; 3) expanding genetically modified isolated human neural stem cells, 4)
administering to a subject a plurality of said genetically modified neural stem cells. In some
embodiments, such allogeneic human neural stem cells can be genetically modified according
to the invention and expanded using large-scale culture methods to provide a validated, safe
and consistent product that can be used off-the-shelf without costly de novo derivation,
modification and expansion of cells on an individual basis. In some embodiments, such
allogeneic cells can be prepared and banked, e g., using standard cryopreservation methods,

to provide a resource ready for use upon identification of a suitable patient.

[0226] In some embodiments, there is provided a method of treating neurodegenerative
diseases comprising 1) isolating human neural stem cells from a patient; 2) genetically
modifying 1solated human neural stem cells by inserting a transgene into a safe harbor locus;
3) administering to said patient a plurality of said genetically modified neural stem cells. In
some embodiments, the method tfurther comprises expanding genetically modified isolated

human neural stem cells before administering into said patient.

[0227] The number of the genetically modified neural stem cells administered, and the
route of administration varies depending on different disease targets. For example, to treat
neuronal ceroid lipofuscinosis (NCL), typically 500-1000 million neural stem cells are
administered with direct injection into brain {i.e., subcortical sites or lateral ventricles). See
Selden et al, ./ Neurosurg Pediatr. 2013 Jun;11(6):643-52 for additional details. For another
example, to treat Pelizaeus-Merzbacher disease (PMD), 300 million neural stem cells are
administered with direct injection into the brain. See Gupta et al, Sci {rans! Med. 2012 Oct
10:4¢155):155rai37 for more details. For another example, to treat NCL or PMD, 20-40
million neural stem cells are directly injected into spinal cord. For another example, to treat
age-related macular degeneration, 0.1-2 million neural stem cells are administered via

subretinal injection or intravitreal injection.
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[0228] Methods of administration typically involve transplantation of gene modified
human neural stem cells of the invention into an immune suppressed subject. Immune
suppression to avoid an immune response to transplanted cells, tissues or organs is well-
known in the f{ields of transplant surgery and cell therapy and suitable agents and methods are
widely available. Immunosuppressive drugs may include glucocorticoids such as prednisone
and prednisolone, cytostatics such as methotrexate, azathioprine and mercaptopurine,
antibodies such as anti-1L-2 receptor antibodies basiliximab and daclizumab, drugs acting on
immunophilins such as ciclosporin and other drugs including opioids, TINF binding proteins
and mycophenolate. Gene modified human neural stem cells are then administered to a site
appropriate to the disease or condition to be treated, typically a pre-determined region of the

brain or the spinal cord.

{0229] Pharmaceutical compositions are provided comprising a neural stem cell according

to the invention and a pharmaceutical carrier.

{0230] Pharmaceutically acceptable carriers suitable in the context of the invention are
known and include substance that aids the administration of an active agent to a cell, an
organism, or a subject. “Pharmaceutically acceptable carrier” refers to a carrier or excipient
that can be included in the compositions of the invention and that causes no significant
adverse toxicological effect on the patient. Non-limiting examples of pharmaceutically
acceptable carrier include water, NaCl, normal saline solutions, lactated Ringer’s, normal

sucrose, normal glucose, cell culture media, and the like.

[0231] Neural stem cells of the invention and pharmaceutical compositions comprising
such cells may be administered as a single dose or as multiple doses, for example two doses
administered at an interval of about one month, about two months, about three months, about
six months or about 12 months. Other suitable dosage schedules can be determined by a

medical practitioner.

{6232] Also provided herein are methods of using GM-NSC produced by the methods
described herein to identity or develop a potential therapeutic molecule. For example, in
some embodiments, there 1s provided a method of identifying a therapeutic molecule having
an effect on the GM-NSC comprising contacting the GM-NSCs with the therapeutic molecule
and determining effects of the therapeutic moelecule on the GM-NSCs. A therapeutic
molecule can be, for example, a drug to enhance self-renewal, migration, or myelination. A

therapeutic molecule can also be a drug to treat psychiatric or neurodegeneration as well as
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retinal degeneration. Non-limiting examples of therapeutic molecules include retinoic acid,
sodium butyrate, amitriptyline, fluoxetine, sertraline, carbamazepine, valproate, KHS101,
oxadiazol compounds, phosphoserine, P7(C3, atorvastatin, metformin. The methods may also
comprise the screening of a small molecules or biological molecules to identify a potential
therapeutic molecule that involve in specific signal pathways. Non-limiting examples of

signal pathways include self-renewal, migration, myelination, and differentiation.
K. Kits

{0233] The present invention also provides a kit comprising: (a) a donor template
comprising: (1) a transgene cassette comprising a transgene (for example, a transgene
operably linked to a promoter, for example, a heterologous promoter); and (i1) two nucleotide
sequences comprising two non-overlapping, homologous portions of a safe harbor gene,
wherein the nucleotide sequences are located at the 57 and 3° ends of the transgene cassette;
(b) a DNA nuclease or a nucleotide sequence encoding the DNA nuclease; and (c} an isolated
human neural stem cell. The isolated neural stem cell may be a NSC directly isolated from
human brain tissue using a method described in Uchida ef al., Proc Nati Acad Sci USA, 2000,
97(26):14720-14725, in which cell surtace markers were used to isolate CD133+ CD24-/lo
NSCs.

{0234] The DNA nuclease is as defined herein in respect of other aspects of the invention,

i.e., the methods, cells, and/or pharmaceutical compositions of the invention.

{0235] Electroporation agents or other agents for introducing components of nuclease-
mediated genome editing into cells may also be included in the kits of the invention. Suitable
agents are known in the art and are widely available commercially. Methods for delivery of

the components to cells, e.g., electroporation, are described herein and are widely known.

i. EXEMPLARY EMBODIMENTS

{0236] One aspect of the present application provides a method for generating a geneticaily
modified human neural stem cell, the method comprising: introducing into an isolated human
neural stem cell: {a) a donor template comprising: (i) a transgene casseite comprising a
transgene; and (i1} two nucleotide sequences comprising two non-overlapping, homologous
portions of a safe harbor locus, wherein the nucleotide sequences are located at the 5” and 3’
ends of the transgene cassette; and (b) a DNA nuclease or a nucleotide sequence encoding the

DNA nuclease, wherein the DNA nuclease 1s capable of creating a double-strand break in the
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safe harbor locus to induce insertion of the transgene into the safe harbor locus, thereby

generating a genetically modified human neural stem cell.

{0237] In some embodiments according to the method described above, the DNA nuclease
1s selected from the group consisting of a CRISPR-associated protein {Cas) polypeptide, a
zinc finger nuclease (ZFN), a transcription activator-like effector nuclease (TALEN), a

meganuclease, a variant thereof, a fragment thereof, and a combination thereof.

{0238] In some embodiments according to any one of the methods described above, the

isolated human neural stem cell comprises a primary neural stern cell.

{023%] In some embodiments according to any one of the methods described above, the
1solated human neural stem cell 1s derived from a somatic stem cell or a pluripotent stem cell,

or is derived by direct reprogramming from a somatic cell population.

{0240] In some embodiments according to any one of the methods described above, the
transgene encodes a protein associated with a genetic disorder of the central nervous system.
In some embodiments, the protein is encoded by a gene selected from the group consisting of
GALC (Krabbe disease), ABCD! (adrenoleukodystrophy), GFAP (Alexander disease),
CYP27A1 (cerebrotendineous xanthomatosis), ARSA (metachromatic leukodystrophy),
PLP1  (Pelizaeus-Merzbacher  disease), = ASPA  (Canavan  disease), EIF-2B
(leukoencephalopathy with vanishing white matter), PHYH (Refsum disease 1), PEX7
(Refsum disease 2), PPT1 (infantife neuronal ceroid lipofuscinosis (NCL)), TPP1 (late
infantile NCL), CLN3 (juvenile NCL), CLN6 (adult NCL), CLN5 (Finnish late infantile
variant NCL), CLN6 (late infantile variant NCL), MSFDS8 (ceroid lipofuscinosis, neuronal,
7), CLNS8 (ceroid lipofuscinosis, neuronal, &), CTSD (ceroid lipofuscinosis, neuronal, 10},
UBE3A (Angelman syndrome), POLG (Alpers’ Disease), TAZ (Barth Syndrome), GLA
(Fabry disease), SLC20A2 (Fahr’s syndrome), PDE (retinitis pigmentosa), SMN1 (spinal
muscular atrophy), IKBK AP (familial dysautonomia), MeCP2 (Rett syndrome), CACNAIC
(Timothy syndrome), ATXN3 (Machado-Joseph disease), and RPE6GS (Leber congenital
amaurosis), USH2A (retinitis pigmentosa), RPGR (retinitis pigmentosa), RP2(retinitis
pigmentosa), ABCA4 (Stargardt), RS-1 (X-linked retinoschisis). In some embodiments, the

protein is secreted by the genetically modified human neural stem cell.

{0241] In some embodiments according to any one of the methods described above, the
transgene encodes a neuroprotective or neuroregenerative protein, a variant thereof, a

fragment thereof, or a peptide mimetic thereof. In some embodiments, the neuroprotective or
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neuroregenerative protein is selected from the group consisting of brain-derived neurotrophic
factor (BDNF), insulin-like growth factor 1 (1GF-1), insulin-like growth factor 2 (1GF-2),
glial-derived neurotrophic factor (GDNF), nerve growth factor (NGF), neurotrophin-2 (NT-
2), neurotrophin-3 (NT-3) neurotrophin-4/5 (NT-4/5), neurotrophin-6, conserved dopamine
neurotrophic factor (CDNF), ciliary neurotrophic factor (CNTF), epidermal growth factor
(EGF), a fibroblast growth factor (FGF), a bone morphogenetic protein (BMP), vascular
endothelial growth factor (VEGF), granulocyte colony-stimulating factor (G-CSF), colony-
stimulating factor (CSF), interferon- (IFN-f), tumor necrosis factor-a (TNFa), tissue
plasminogen activator (tPA), neurturin, persephin, artemin, neuropeptide Y (NPY), an ephrin,
a semaphorin, other neuropoeitic factors, other neurotrophic factors, and a combination
thereof. In some embodiments, the neuroprotective or neuroregenerative protein is a secreted
protein. In some embodiments, the transgene encodes Bcl-2. In some embodiments, the
transgene encodes a telomerase. In some embodiments, the transgene encodes a protein that
can improve survival or rejuvenate the neural stem cell to facilitate long-term survival and/or

discovery of therapeutic molecules.

{0242} In some embodiments according to any one of the methods described above, the
donor template comprises a heterologous promoter. In some embodiments, the heterologous

promoter of the donor template comprises an inducible promoter or a cell-specific promoter.

[0243] In some embodiments according to any one of the methods described above, the

nucleotide sequence encoding the DNA nuclease comprises RNA.

{0244] In some embodiments according to any one of the methods described above, the
method further comprising introducing into the human neural stem cell a DNA-targeting
RNA, a truncated DNA-targeting RNA, or a nucleotide sequence encoding the DNA-
targeting RNA or truncated DNA-targeting RNA. In some embodiments, the DNA nuclease
comprises a Cas polypeptide or a nucleotide sequence encoding the Cas polypeptide, and
wherein the DNA-targeting RNA comprises a single guide RNA (sgRNA) or a truncated
sgRNA comprising a first nucleotide sequence complementary to a portion of the sate harbor
locus and a second nucleotide sequence that interacts with the Cas polypeptide. In some
embodiments, the Cas polypeptide comprises a Cas9 polypeptide, a variant thereot, or a
fragment thereof. In some embodiments, the Cas polypeptide variant comprises a high-
tidelity or enhanced specificity Cas9 polypeptide variant. In some embodiments, the sgRNA

or truncated sgRNA comprises one or more modified nucleotides. In some embodiments, the
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one or more modified nucleotides comprise a modification in the ribose group, phosphate
group, nucleobase, or a combination thereof. In some embodiments, the modification in the
ribose group comprises a modification at the 2" position of the ribose group. In some
embodiments, the modification at the 2’ position of the ribose group is selected from the
group consisting of 2’-O-methyl, 2’-fluoro, 2’-deoxy, 2’-O-(2-methoxyvethyl), and a
combination thereof In some embodiments, the modification in the phosphate group
comprises a phosphorothioate modification. In some embodiments, the one or more modified
nucleotides are selected from the group consisting of a 2’-O-methyl nucleotide (M), a 2°-O-
methyl, 3’-phosphorothioate nucleotide (MS), a 2’-O-methyl, 3’-thioPACE nucleotide
(MSP), and a combination thereof. In some embodiments, at least two, three, four, five, six,
seven, eight, nine, ten, or more of the nucleotides in the first nucleotide sequence are
modified nucleotides and/or at feast two, three, four, five, six, seven, eight, nine, ten, or more
of the nucleotides in the second nucleotide sequence are modified nucleotides. In some
embodiments, from about 10% to about 30% of the nucleotides in the first nucleotide
sequence are moditied nucleotides and/or from about 1% to about 10% of the nucleotides in

the second nucleotide sequence are modified nucleotides.

{0245] In some embodiments according to any one of the methods described above, the

safe harbor locus comprises the IL2Ry, CCRS, or HBB gene.

[0246] In some embodiments according to any one of the methods described above,

introducing comprises electroporation.

{0247] In some embodiments according to any one of the methods described above, the
donor template further comprises a selectable marker. In some embodiments, the selectable
marker comprises a marker that is not expressed on a cell of the central nervous system. In
some embodiments, the selectable marker is a cell surface protein. In some embodiments, the
cell surface protein is selected from the group consisting of CD1, (D2, CD4, CD8«, CD10,
CD19, D20, a variant thereof, a fragment thereof, a derivative thereof, and a combination

thereof.

[0248] In some embodiments according to any one of the methods described above, the
method further comprises purifying the genetically modified human neural stem cell based on
expression of the selectable marker by the genetically moditied human neural stem cell. In
some embodiments, the method further comprises expanding the purified genetically

modified human neural stem cell.
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{0249] Another aspect of the present application provides a genetically modified human

neural stem cell produced by the methods described above.

[6250] Another aspect of the present application provides a pharmaceutical composition
comprising the genetically modified human neural stem cells described above and a

pharmaceutically acceptable carrier.

[0251] Another aspect of the present application provides a method for preventing or
treating a neurodegenerative disease or a neurological injury in a human subject in need
thereof, the method comprising: administering to the human subject an effective amount of

the pharmaceutical composition described above.

{0252] In some embodiments according to the method for preventing or treating a
neurodegenerative disease or a neurological injury in a human subject described above, the
methaod 1s for treatment of a neurodegenerative disease selected from the group consisting of
a leukodystrophy, neuronal cerotd lipofuscinosis, age-related macular degeneration,
Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, amyotrophic lateral sclerosts,
and retinal degenerative disease. In some embodiments, the method is for treatment of a
leukodystrophy selected from the group consisting of Krabbe disease, Pelizaeus-Merzbacher
disease, adrenomyeloneuropathy, Alexander disease, cerebrotendineous xanthomatosis,
metachromatic leukodystrophy, Canavan disease, leukoencephalopathy with vanishing white
matter, adrenoleukodystrophy, Refsum disease, and xenobefantosis. In some embodiments,
the method is for treatment of a neurological injury selected from the group consisting of
spinal cord injury, traumatic brain injury, acute inflammation of the central nervous system

(CNS), chronic inflamimation of the CNS, ischemia, and stroke.

[0253] In some embodiments according to any one of the methods for preventing or
treating a neurodegenerative disease or a neurological injury in a human subject described
above, the genetically modified human neural stem cell 1s autologous to the subject. In some

embodiments, the genetically modified human neural stem cell is allogeneic to the subject.

[0254] In some embodiments according to any cne of the methods for preventing or
treating a neurodegenerative disease or a neurological injury in a human subject described

above, administering comprises administering by injection or surgical transplantation.

[0255] Another aspect of the present application provides a kit comprising: (a) a donor

template comprising: (i} a transgene cassette comprising a transgene; and (i1} two nucleotide
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sequences comprising two non-overlapping, homologous portions of a safe harbor locus,
wherein the nucleotide sequences are located at the 5™ and 37 ends of the transgene cassette,
(b a DNA nuclease or a nucleotide sequence encoding the DNA nuclease; and {(c} an isolated

human neural stem cell.

[0256] In some embodiments according to the kit described above, the DNA nuclease is
selected from the group consisting of a CRISPR-associated protein (Cas) polypeptide, a zinc
finger nuclease (ZFN), a transcription activator-like effector nuclease (TALEN), a

meganuclease, a variant thereof, a fragment thereof, and a combination thereof.

{0257} In some embodiments according to any one of the kits described above, the isolated

human neural stem cell comprises a primary neural stem cell.

[0258] In some embodiments according to any one of the kits described above, the 1solated
human neural stem cell is derived from a somatic stem cell or a pluripotent stem cell, or is

derived by direct reprogramming from a somatic cell population.

{0259] In some embodiments according to any one of the kits described above, the
transgene encodes a protein assoctated with a genetic disorder of the central nervous system.
In some embodiments, the transgene comprises a gene encoding a neuroprotective or

neuroregenerative protein, a variant thereof, a fragment thereof, or a peptide mimetic thereof.

{0260] In some embodiments according to any one of the kits described above, the

nucleotide sequence encoding the DNA nuclease comprises RNA.

{0261] In some embodiments according to any one of the kits described above, the kit
further comprises a DNA-targeting RNA, a truncated DNA-targeting RNA, or a nucleotide
sequence encoding the DNA-targeting RNA or truncated DNA-targeting RNA. In some
embodiments, the DNA nuclease comprises a Cas polypeptide or a nucleotide sequence
encoding the Cas polypeptide, and wherein the DNA-targeting RNA comprises a single guide
RNA (sgRNA) or a truncated sgRNA comprising a first nucleotide sequence complementary
to a portion of the safe harbor locus and a second nucleotide sequence that interacts with the
Cas polypeptide. In some embodiments, the Cas polypeptide comprises a Cas® polypeptide, a
variant thereof, or a fragment thereof. In some embodiments, the Cas polypeptide variant
comprises a high-fidelity or enhanced specificity Cas® polypeptide variant. In some
embodiments, the sgRNA or truncated sgRNA comprises one or more modified nucleotides.

In some embodiments, the one or more modified nucleotides are selected from the group
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consisting of a 2’-O-methyl nucleotide (M), a 2’-O-methyl, 3’-phosphorothioate nucleotide

(MS), a 2"-O-methyl, 3’-thioPACE nucleotide (MSP), and a combination thereof.

{0262] In some embodiments according to any one of the kits described above, the safe

harbor locus comprises the IL2Ry, CCRS, or HBB gene.

[0263] In some embodiments according to any one of the kits described above, the donor

template further comprises a selectable marker.

[0264] In some embodiments according to any one of the kits described above, the kit

further comprises instructions for generating a genetically modified human neural stem cell.

{0265] Another aspect of the present application provides a genetically modified human
neural stem cell comprising a transgene cassette comprising a transgene, wherein the

transgene cassette is located within a safe harbor locus.

[0266] Another aspect of the present application provides use of any one of the genetically
modified human neural stem cell described above or the genetically modified human neural
stem cell produced by any one of the methods described above in a method of 1dentifying or
developing a potential therapeutic molecule. In some embodiments, the potential therapeutic
molecule is a molecule that promotes the proliferation and/or viability of a human neural

stem cell and/or the differentiated progeny of a human neural stem cell.

[0267] Another aspect of the present application provides use of any one of the genetically
modified human neural stem cell described above or the genetically modified human neural

stem cell produced by any one of the methods described above in research.
Y. Examples

{0268] The following examples are offered to illustrate, but not to limit, the claimed

invention.

[0269] These examples show the generation of genetically modified human neural stem
cells (GM-NSCs) using engineered nucleases such as TALENs and CRISPR/Cas9. Using
homologous recombination into a sate harbor locus, an exogenous transgene containing a
marker(s) for cell purification and a gene of interest was introduced into the neural stem cells.
This example describes methods for generating GM-NSCs and methods for purifying the
engineered cells. These examples also show that the puritied GM-NSCs engrafted, migrated,

and differentiated into neural cell types when transplanted into the brain of an animal model.
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[0276] Three human gene loci were chosen for homologous recombination (HR) for sate
harbors in HuCNS-SC (human neural stem cells grown as neurospheres). These loci have
been extensively characterized for hematologic disorder for HR using TALEN or
CRISPR/Cas 9 systems: (1) /L.2R(, can harbor mutations responsible for severe combined
immunodeficiency (SCID)-X1, (1) ABB can harbor mutations responstble for sickle cell
anemia and thalassemia, and (i11) CCR35 encodes a co-receptor of HIV and is currently being
investigated as a target for therapeutic gene editing in anti-HIV clinical trials. These loci can
serve as “safe-harbors” permitting stable gene expression of exogenous transgenes into the

genome of HuCNS-SC™ cells without adverse effects.
A. Methods

[0271] To construct the TALEN-mediated genome editing assembly, IL2RG TALENs
were synthesized {GenScript) using the Al152 N-terminal domain and the +63 C-terminal
domain as previously described (Miller ¢z al., Nature Biotechnology, 2011, 29:143-148 ) and
fused to the FoklI nuclease domain and cloned into pcDNA3.1 (Invitrogen) as described

Hendel et al., Cell Report, 2014, dx.doi.org/10.1016/] celrep.2014.02.040).
7 24 i I

[0272] To construct the CRISPR/Cas9-mediated genome editing assembly, sgRNA
expression vectors were constructed by cloning of 20 bp oligonucleotide target sequences
into px330 (Addgene plasmid #42230) containing a human codon-optimized SpCas9
expression cassette and a human U6 promoter driving the expression of the chimeric sgRNA.
sgRNA synthesis for the CRISPR/Cas9 system 1s described in detail in described Hendel et

al., Cell Report, 2014, dx.doi.org/10.1016/j.celrep.2014.02.040.

[0273] For the targeting vectors, three plasmid targeting vectors carrying about 2 » 800 bp
arms of homology were generated by PCR amplification of the corresponding ltoci using
genomic DNA isolated from K562 cells. The homology arms were then cloned into an about
2,900 base pair vector based on pBluescript SK™ using standard cloning methods. See,
Hendel er al, supra, and Hendel er al., Nature Biotechnology, 2015, 33:985-989 for
additional details. Between the homology arms, the donor template included a reporter
cassette containing the ubiquitin C promoter driving GFP  expression (FIG. 2A).
Alternatively, bicistronic cassette constructs separated by a selt-cleaving 2A peptide were
generated, thereby providing high cleavage eftficiency between the two transgenes located
upstream and downstream of the 2A peptide (FIG. 8). The constructs included: (1) UbC-
GFP-2A-CD8 (CD8 alpha cell surface marker for purification of GM-HuCNS-SC cells; FIG.
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1A and 13A); (2) UbC-GFP-2A-tCD19 (truncated cell surtace marker for purification of
GM-HuCNS-SC cells);, (3) UbC-GalC-2A-tCD19 (therapeutic enzyme construct for Krabbe
disease with truncated CDB19; FIG. 12A) or UbC-GalC-2A-eGFP (FIG. 9A); and (4) UbC-
TPP1-2A-CD8 (therapeutic enzyme construct for LINCL with CD8 alpha).

[0274] HuCNS-SC¥ cells were directly isolated from human brain tissue using a method
described in Uchida e# al., Proc Natl Acad Sci /54, 2000, 97(26):14720-14725. HuCNS-
SC¥ cells were generated under non-GMP conditions. Cells were cultured at a density of
1x10° per ml in X-VIVO 15 medium (Lonza) supplemented with N2, heparin, N-
acetylcysteine, fibroblast growth factor 2, epidermal growth factor (20 ng/ml), and leukemia
inhibitory factor (10 ng/ml). Neurospheres were passaged by liberase or benzyme, i.e.,
highly purified collagenase (Roche) treatment and replated in the same medium. Cell surface

markers were used to isolate CI 133+ CD24-/1o0 HUCNS-SC* cells.

[6275] The gene targeting donor templates were introduced into the isolated HuCNS-$C*s
using nucleofection. Single suspension of 5x10° HUCNS-SC" cells were transfected with 1
ug TALEN-encoding plasmids and 1-2 ug donor plasmid (unless otherwise indicated) by
nucleofection (Lonza) with an Amaxa 4D Nucleofector (program CA137) with the P3
Primary Cell Nucleofector Kit (V4XP-3032) with and following by 20 ul. [6-well
Nucleocuvette strip with manufacturer’s instructions. After nucleofection, HuCNS-SC” cells
were placed into tlasks and continue to culture for multiple passages. In some cases, the
cultured HUCNS-SC" cells were used for genome editing upon dissociation with collagenase

described in Uchida et al., supra.

{8276] An Afll] restriction enzyme site was introduced between the 800bp homology arms,
thereby creating a Restriction Fragment Length Polymorphism (RFLP) homologous
recombination donor. Cas9 (under the CMV promoter) and sgRNA (under the U6 promoter)
were delivered in a px330 plasmid construct {1 ug). TALEN pairs were constructed with the
golden gate system and delivered via plasmid construct (0.5 pg of each). 500,000 neural
stem cells were nucleofected with either 1 pg of the HR donor template or 1 pg of the HR
donor and an engineered nuclease. Cells were allowed to grow in culture for 7 days.
Genomic DNA was harvested, and In-Out PCR was performed. PCR products were 1solated,
and digested with AtlHI overnight. The digestion products were run on 109 PAGE gels and
visualized for band intensities. RFLP analysis confirmed insertion of the GFP transgene of

the donor template into the H.2Ry locus.
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[0277] Flow cytometry was used to monitor homologous recombination. HuiCNS-SC™ cells
were analyzed at each passage after nucleofection. GFP expression was measured on an
Accuri Co6 flow cytometer (BD Biosciences, San Jose, CA, USA). In some cases, expression
of transgene CD8 or CD19 was assessed by flow cytometry at each passage. At passage,
neurospheres were dissoctated as described above and single cell suspension were
immunostained with antu-CD§-APC or anti-CD19-APC (Miltneyi Biotec) with following

manufacture’s instruction.

{0278] To purify GM-HuCNS-SC cells carrying a GFP transgene insertion, fluorescence
activated cell sorting (FACS) was used. Neurospheres were dissociated as described above

and GFP+ cells were sorted on a FACS Aria 11 (BD Bioscience).

{0279] GM-HuCNS-SCs were also purified by magnetic activated cell sorting {MACS).
To purify GM-HuCNS-SC cells expressing either a CD8 or CD19 transgene cell surface
marker, either human CD8§ Microbeads or CD19 MicroBeads (Milenyi Biotech) were used

according to the manutacturer's instructions.

[0280] To test for engraftment, migration, neuroprotection and retinal preservation of
purified GM-HuCNS-SC cells, the cells were transplanted into various immunodeficient
mice. A suspension of HuCNS-SC™ cells (1x10° cells in 1 gL per site) was prepared and
transplanted bilaterally into the corpus callosum, SVZ or cerebellar white matter of neonatal

or juvenile shiverer-immunodeficient {Shi-id ) mice.
B. IL2RG eDNA-UBC-GEFP donor template

[0281] FIG. 2A shows a schematic of the IL2RG cDNA-UbC-GFP homologous
recombination donor template that homologously recombined into the IL2RG locus. Each
flanking arm included about 800 bps of exon 1 of the IL2RG gene. HuCNS-SC® cells were
nucleofected with 1 ug HR donor or with T ug HR donor and a nuclease. Cells were grown
for 70 days and FACS every ~10 days until episomal HR donor diluted out of proliterating
cells to confirm stable expression of integrated GFP cassette into IL2RG locus. The data
confirms that IL2RG is a suitable locus for HR using engineered nucleases in HuCNS-SC*

cells.

[0282] CRISPR/Cas® stimulated higher frequencies of gene editing at the IL2Ry locus.
FIGS. 1A and 1B show that that both CRISPR/Cas9 and TALEN systems mediated
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homologous recombination (HR) at a frequency of about 1-6%. The CRISPR/Cas9 system

mediated 2-fold more HR events than the TALEN system.

{0283] The level of long-term stabie GFP expression (2-4% GFP) was consistent with the
percentage of homologous recombination determined in the RFLP analysis (1.7-3% HR
frequency) (FIGS. 2B and 2C). An image of GFP™ HuCNS-SC” cells that were gene edited
using CRISPR/Cas9 technology is provided in FIG. 3.

[0284] FIG. 4A shows that HuCNS-SC® cells carrying the IL2RG ¢DNA-UbC-GFP donor
template engrafted into the brain of shiverer mice after transplantation. FIG. 4B shows that

the GFP-positive HuUCNS-SC™ cells developed into myelin producing GM-oligodendrocytes.

C. Increasing homologous recombination frequency using RNA-based

CRISPR/Cas9 system

[0285] The gene editing efficiency of HUCNS-SC* cells using a plasmid-based versus
RNA-based CRISPR/Cas9 systems was compared. Cas9 was delivered as an mRNA and
included  chemical  modifications  comprising  2'-O-methyl (M),  2-0-methyl
3'phosphorothioate (MS), or 2'-(-methyl 3'thioPACE (MSP) incorporated at three terminal
nucleotides at both the 5" and 3" ends. HuCNS-SCs were nucleofected with the plasmid-
based and RINA-based nucleases. After 7 days in culture, genomic DNA was harvested and
PCR was perforrued to amplify the targeted region. FIG. S shows that the RNA based
CRISPR/Cas9 system induced more double stranded breaks (INIDELS) compared to the

plasmid based system.

HR frequency was also assessed by FACS. HuCNS-SC* cells were nucleofected with the
HR donor alone or the HR donor plus engineered nuclease (plasmid (FIG. 6A) or MS
modified RNA or MSP MS modified RNA (FIG. 6B)). Cells were analyzed every 10 days
for a total of 30 days via FACS to allow episomal HR donor to dilute out. The data also
shows that the MSP-modified RNA based CRISPR/Cas? increased HR frequency by about 2-
fold compared to plasmid delivery of Cas9. The MS modification did not enhance HR

activity even though it did increase INDEL efficiencies.
. HL2RG cDNA-UbC-GalC-2A-GFP donor template

[0286] FIG. 7 shows a schematic of an exemplary IL2RG cDNA-UbC-GalC-2A-GFP
donor template. An engineered nuclease can induce a double-strand break (IDSB) that can be

repaired by homology-directed repair via a donor template. By co-delivering the nuclease

84



WO 2017/180926 PCT/US2017/027504

with the donor template {(ubiquitin C promoter-galactosylceramidase transgene-2A-GFP
transgene) having locus-specific homology arms (IL2RG-specific flanking arms), the donor

template can be inserted into the IL2RG locus.

[0287] In this experiment, isolated HUCNS-SCs were nucleofected with 1 pg of IL2RG
cDNA-UbC-GalC-2A-GFP donor template alone, or a combination of 1 ug of HL.2ZRG cDNA-
UbC-GalC-2A-GFP donor template and an engineered nuclease (CRISPR/Cas9 or TALEN).
Cells were grown for 70 days and FACS every about 10 days until the episomal donor
template was diluted out of the proliferating cells and stable expression of the integrated GFP
cassette into the IL2RG locus was confirmed. Cells were cultured for 56 days and then

sorted to select GFP positive cells. These cells were then sorted for an additional 140 days.

[0288] FIG. 8 shows that the transgenes were stably expressed in the purified GM-HuCNS-
SC cells and that GalC and GFP expression was maintained in long-term cultures (about 168
days post nucleofection). The data confirms that after 30 days to allow the episomal HR
donor template to dilute out, sorting of GFP-positive cells enriches a pure population of gene

edited HUCNS-SC” cells.

[0289] PCR analysis was performed to confirm targeted integration of the GalC gene into
the IL2RG locus. The forward primer is situated in the GalC transgene and the reverse
primer is located outside the 3° homology arm and is not present in the donor template. As
such, PCR should only amplity the targeted integration and generated an expected amplicon
of 2355 bases in length. Isolated HUCNS-SC cells were nucleotected with 1 pg of HL2RG
cDNA-UbC-GalC-2A-GFP donor template and either a TALEN or CRISPR/Cas9 nuclease.
The cells were cultured for 7 days and genomic DNA was harvested. In-Out PCR was
performed and the PCR products were run on a 1% agarose gel. FIG. SB confirms

engineered nuclease-mediated homology-directed repair with the GalC donor.

[0290] GFP" cells were purified by flow cytometry and passaged for long-term
culturing/expansion (over 160 days). Upon purification, GFP expression and Sox2
expression were monitored. For the CRISPR/Cas9 engineered cells, FIG. 10A shows that
GEFP expression was stable after expansion and that the sorted and expanded cells were Sox2

positive. FIG. 10B shows similar results for the TALEN engineered cells.
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E. H2RG cBNA-UbC-GalC-2A-CD8 and IL2RG cDBNA-UbC-GalC-2A-
tCD19 donor templates

{0291] The GFP transgene described above was replaced with either a CD8 or CD19 (or
truncated CD19) cell surface marker. Cells expressing these markers can be selectively
purified using, for example CD8 or CD>19 selection microbeads. FIG. T1A and 13A show
schematics of an exemplary IL2RG cDNA-UbC-GalC-2A-CD8 donor template. FIG. 12:
shows a schematic of an exemplary IL2RG cDNA-UbC-GalC-2A-CD8 donor template.

{0292] Isolated HUCNS-SCs were nucleofected with 1 ug of IL2RG ¢cDNA-UbC-GalC-2A-
CD8 donor template or IL2RG ¢DNA-UbC-GalC-2A-tCD19 donor template, and either a
TALEN or CRISPR/Cas9 nuclease.

[0293] Flow cytometry analysis of cells expressing the H.2RG cDNA-UbC-GALC-2A-
CD8 transgene i1s shown in FIGS. 11B (pre-MACS selection) and 11C (post-MACS
selection). The differential potential of the GM-HuCNS-SC cells was evaluated. For the in
vitro neuronal differentiation assay, the GM-HuCNS-SC cells were cultured without mitogen
and supplemented with BDNF and GDNF for 10 days. The GM-HuCNS-SCs were
multipotent and capable of differentiating 1nto neuronal (doublecortin), astrocyte (GFAP) and

oligodendrocyte (O4, day 14; FIG. 11D) lincages.

{0294] Another population of cells expressing the IL2ZRG cDNA-UbC-GalC-2A-CDS8
transgene was analyzed tor expression of the cell surface marker CD8 and GFP. FIGS. 13B
(pre-MACS selection) and 13C (post-MACS selection) shows an increase in CD8”,GFP"
cells after selection. FIG. 13D shows that cells that passed through the CD8 selection column
were CD8 GFP" cells. FIG. I3E shows that a high percentage of the CDS selected cells are
also GFP+. The GM-HuCNS-SC cells were expanded and GFP was stable in these cells
(FIG. 13F). Single cell suspensions were prepared for transplantation into neonatal shiverer
mice. 12 weeks post transplantation, brain sections of the mice were analyzed. Robust

engraftment and migration of the GM-HuUCNS-SC cells was observed (FIGS. 14B and 14C).

[0295] Flow cytometry analysis of cells expressing the [L2RG c¢cDNA-UbC-GALC-2A-
{CD19 transgene is shown in FIGS. 12C (pre-MACS selection) and 12D (post-MACS
selection). Upon purification, the GM-HuCNS-SC cells retained transgene expression during

long-term culturing/expansion (FIG. 12B).
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F. ILZRG eDNA-UbC-GalC-2A-tCD1Y donor tempiate with RNA-based
CRISPR/Cas9 system

[0296] In this experiment, 1solated HuCUNS-SC cells were nucleofected with 1 ug of IL2RG
cDNA-UbC-GalC-2A-tCD19 donor template and either a plasmid-based sgRNA/Cas9
nuclease or a MSP-modified sgRNA with (Cas® mRNA. The cells were purified using the
cell surface marker tCD19, and the selected cells were further expanded. Using the
purification strategy, a pure population of CDI9 positive cells was generated.  After
expanstion, the purified population maintained cell surface expression of CD19. The data
shows that MSP modification increased HDR frequency compared to using a plasmid-based

Cas9. See, FIGS. 15A-15F.

G. TALEN or CRISPR/Cas9-mediated homologous recombination (HR} in
NSCs

[0297] We first compared genome-editing efficiencies at the NSCs “sate harbor” locus,
interleukin-2 receptor gamma chain {(/L2R), in NSCs using //.2R)-specific TALEN pairs and
the CRISPR/Cas9 system. Neural stem cell cell-specific safe harbors for gene addition were
classified on two criteria: 1) no known or reported biological function(s) in NSCs and 2)
sufticient gene expression in the endogenous locus with an exogenous promoter, both of
which are true for /L2Ry in NSCs. To characterize the frequency of DSBs induced, we
electroporated plasmids encoding either optimized //.2/¢y-specitic TALEN pairs or CRISPR
components {Cas9 and sgRNA), cultured cells for 7 days, isolated genomic DNA (gDNA)
and then analyzed INDEL frequencies. The CRISPR system generated an average of 15%
INDELs compared to 5% using the TALEN (FIG. 33A). We next compared mRNA delivery
of /L.2Ry TALEN pairs to mRNA delivery of Cas® along with chemically modified sgRNAs
(“All RNA”). Electroporating NSCs with the All RNA CRISPR system induced 5 fold more
INDELs than mRNA delivery of TALENs (FIG. 33B). Since both engineered nuclease
systems were inducing P3SBs (albeit at different f{requencies), we targeted NSCs for HR with
a plasmid encoding a homologous /L2Ry ¢cDNA-UbC-GFP donor cassette (FIG. 16), or a
plasmid that introduced single nucleotide changes. Targeted NSCs were cultured for at least
30 days to allow episomal donor expression to dilute out to allow GFP FACS analysis of HR
of stably integrated cassettes. While plasmid-based delivery of both engineered nuclease
platforms mediated stable GFP expression in an average of 3.5% of NSCs (FIG. 33C), the

CRISPR system consistency moditied more /Z.2Ry alleles (FIG. 33D). These data suggested
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that the CRISPR system was superior to TALENS, and therefore, was the nuclease used for

the remainder of the studies described herein.

{0298] We next tested whether the CRISPR system could edit two other NSCs “safe
harbor” loci, the chemokine (C-C motif) receptor 5 (('C’R5) and B-globin (//8B) genes, which
neither have been reported to function during human neurogenesis {and that is why we
consider them be safe loci to target in NSCs). Plasmids encoding Cas9 and sgRNAs specific
to [L.2Ry, HBB, and CCK5 were electroporated into NSCs and 7 days later, gDNA was
extracted and alleles were analyzed for INDEL frequencies. The CRISPR-Cas9 system
induced an average of 12%, 6%, and 36% INDELs at the /2Ry, HBB, and ('C'R5 loci,
respectively (FIG. 18). Consistent with our previous reports, delivery of Cas9 as mRNA and
chemically modified sgRNAs induced more INDELSs than plasmid delivery at all three loci
tested (FIG. 18). To see if DSB formation promoted HR at all 3 loci, NSCs were co-
electroporated with homnologous DNA donor templates encoding GFP, and corresponding
CRISPR components delivered as plasmid or All RNA. Our results showed that all 3 loci
were amenable to HR in NSCs using plasmid or All RNA delivery of CRISPR-CasS
components (FIG. 19 and FIGS. 17A-17B). Targeting NSCs at /.2Ry, HBB, and CCR5 loci
with plasmid delivery of CRISPR, resulted in an average of 2.8%, 4.1%, and 2 4% GFP”
NSCs after at least 30 days in culture, respectively (FIG. 20). Interestingly, ALL RNA
delivery of 7Z.2Ry CRISPR resulted in 2-fold more GFP™ NSCs than plasmid delivery. To
deterruine if HR occurred at the intended loci, gDNA was analyzed for on-target integration
of the donor construct by In-Out PCR {(where one primer binds outside the homology arm of
the donor construct and the other primer binds inside the donor cassette), thus only on-target
integration events can be amplified. While PCR amplification was not detected with mock or
donor only samples, on-target integration was evident when NSCs were co-electroporated
with CRISPR and a homologous donor, confirming HR at the intended locus (FIG. 21).
Because Cas9 can create DSBs at unintended genomic locations, we investigated oft-target
DSB activity at 3 predicted /L.2Ry off-target sites that we have previously assayed by next
generation sequencing (NGS) in K562 cells. While we detected 28% DSB activity at /L2y,
less than (.7% cleavage was seen at any of the off-target sites investigated (Table 1}.
Collectively, these studies demonstrated that CRISPR-Cas9 can mediate on-target HR at

multiple “safe harbor” loci in NSCs with minimal off-target cleavage.
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Table I: Low off-target activity of IL2ZRy CRISPR/Cas9 system in human NSCs.
Targeted deep sequencing of /Z.2Ry alleles and three previously predicted off-target sites was
pertormed on unedited NSCs and GM-NSCs. Fach column represents an independent
targeting experiment from GM-NSCs that were unselected, CD8 selected, or tCD19 selected.

All numbers are subtracted from background INDEL frequencies in an unedited NSCS

sample.
Unselected CD8 Selected CD8 Selected tCD 19 Selected
IL2Ry 28.35 7585 5911 71.27
Off Target i 0 0 0.01 0
Off Target 2 0 028 0.07 0
Off Target 3 0 0 0 0.62

Methods

[0299] Three human gene loci were chosen for homologous recombination (HR) for safe
harbors in NSCs (human neural stem cells grown as neurospheres). These loci have been
extensively characterized for hematologic disorder for HR using TALEN or CRISPR/Cas 9
systems: (1) /Z.2Ry, can harbor mutations responsible for severe combined immunodeficiency
(SCID)-X1, (11) HBAB can harbor mutations responsible for sickle cell anemia and thalassemia,
and (111) CCRS encodes a co-receptor of HIV and is currently being investigated as a target
for therapeutic gene editing in anti-HIV clinical trials. These loci can serve as “sate-harbors™
permitting stable gene expression of exogenous transgenes into the genome of NSCs cells

without adverse etfects.

[0300] To construct the TALEN-mediated genome editing assembly, IL2RG TALENs
were synthesized (GenScript) using the A152 N-terminal domain and the +63 C-terminal
domain as previously described (Miller ¢t af., Nature Biotechnology, 2011, 29:143-148 ) and
fused to the Fokl nuclease domain and cloned into pcBNA3.1 (Invitrogen) as described

(Hendel et af., Cell Report, 2014, dx.doi.org/10.1016/j.celrep.2014.02.040).

[0301] To construct the CRISPR/Cas9-mediated genome editing assembly, sgRNA
expression vectors were constructed by cloning of 20 bp oligonucleotide target sequences
into px330 (Addgene plasmid #42230) containing a human codon-optimized SpCas9

expression cassette and a human U6 promoter driving the expression of the chimeric sgRNA.
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sgRNA synthesis for the CRISPR/Cas9 system is described in detail in described Hendel et
al., Cell Report, 2014, dx.doi.org/10.1016/} celrep.2014.02.040.

{0302] To chemically modify sgRNAs, Cas® was delivered as an mRNA and the chemical
modifications comprising 2'-O-methyl (M), 2'-O-methyl 3'phosphorothioate (MS), or 2'-O-
methyl 3'thioPACE (MSP) were incorporated at three terminal nucleotides at both the S’ _and
3" ends, and thus represents the “All RNA” delivery of the CRISPR system.

{0303] For the targeting vectors, three plasmid targeting vectors (such as CCR5 and IL2RG
plasmid targeting vectors) carrying about 2 » 800 bp arms ot homology were generated by
PCR amplification of the corresponding loci using genomic DNA isolated from K562 cells.
HBB had homology arms of 540bp and 420bp. The homology arms were then cloned into an
about 2,900 base pair vector based on pBluescript SK™ using standard cloning methods. See,
Hendel et al., supra; and Hendel er al., Nature Biotechnology, 2015, 33:985-989 for
additional details. Between the homology arms, the donor template included a reporter
cassette containing the ubiquitin C promoter driving GFP expression (FIG. 2A)
Alternatively, bicistronic cassette constructs separated by a self-cleaving 2A peptide were
generated, thereby providing high cleavage efficiency between the two transgenes located
upstream and downstream of the 2A peptide (FIG. 8). The constructs included: (1) UbC-
GFP-2A-CD8 (CD8 alpha cell surface marker for purification of GM-NSCs; FIG. 11A and
13A); (2) UbC-GFP-2A-tCD19 (truncated cell surface marker for purification of GM-NSCs);
(3) UbC-GalC-2A-tCID19 (therapeutic enzyme construct for Krabbe disease with truncated
CD19; FIG. 12A) or UbC-GalC-ZA-eGFP (FIG. 9A), and (4) UbC-TPP1-2A-CDS8

(therapeutic enzyme construct for LINCL with CD8 alpha).

{0304] NSCs were directly i1solated from human brain tissue using a method described in
Uchida er al., Proc Nail Acad Sci UUSA, 2000, 97(26):14720-14725. NSCs were generated
under non-GMP conditions. Cells were cultured at a density of 1x10” per ml in X-VIVQ 15
medium (Lonza) supplemented with N2, heparin, N-acetylcysteine, fibroblast growth factor
2. epidermal growth factor (20 ng/ml), and leukemia inhibitory factor (10 ng/ml).
Neurospheres were passaged by liberase or benzyme, 1.e., highly puritied collagenase
(Roche) treatment and replated in the same medium. Cell surface markers were used to

isolate CD133+ CD24-/to NSCs.

{0305] The gene targeting donor templates were introduced into the isolated NSCs using

nucleofection. Single suspension of 5x10" NSCs cells were transfected with 1 ug TALEN-
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encoding plasmids and 1-2 pg donor plasmid (unless otherwise indicated) by nucleofection
(L.onza) with an Amaxa 4D Nucleofector (program CAI137) with the P3 Primary Cell
Nucleofector Kit (V4XP-3032) with and following by 20 ul. 16-well Nucleocuvette strip
with manufacturer’s instructions.  Alternatively, 2.5E6 GM-NSCs were transtected with S g
TALEN-encoding plasmids and 5-10 pg donor plasmid (unless otherwise indicated) by
nucleofection (Lonza) with an Amaxa 4D Nucleofector (program CA137) with the P3
Primary Cell Nucleofector Kit (V4XP-3024} by 100 microl. Nucelocuvette with following
manufacturer’s instructions. After nucleofection, NSCs were placed into flasks and continue
to culture for multiple passages. In some cases, the cultured NSCs were used for genome

editing upon dissociation with collagenase described in Uchida et al , supra.

{0306] An Afl restriction enzyme site was introduced between the 800bp homology arms,
thereby creating a Restriction Fragment Length Polymorphism (RFLP) homologous
recombination donor. Cas9 (under the CMV promoter) and sgRNA (under the U6 promoter)
were delivered in a px330 plasmid construct (1 ug). TALEN pairs were constructed with the
golden gate system and delivered via plasmid construct (0.5 pg of each). 500,000 neural
stem cells were nucleofected with either 1 pg of the HR donor template or 1 ug of the HR
donor and an engineered nuclease. Cells were allowed to grow in culture for 7 days.
Genomic DNA was harvested, and In-Out PCR was performed. PCR products were isolated,
and digested with AflII overnight. The digestion products were run on 10% PAGE gels and
visualized for band intensities. RFLP analysis confirmed insertion of the GFP transgene of
the donor teraplate into the [L2Ry locus. The amount of modified IL2RG alleles was
quantitied by dividing the density of cut alleles (800bp) by total alleles (unmodified (1.6kb)
and modified).

[0307] Targeted amplicon library generation for MiSeq runsIL2RG (ON) and the top three
in sifico predicted off target (OFF1-3) Cas9-sgRNA amplicons were PCR-amplified with
sequencing primers utilized in deep sequencing MiSeq runs as previously reported.
Amplicons were gel purified and then subjected to a second round of PCR to add adapters
and unique 8bp barcodes to distinguish experiments. Barcoded amplicons were then purified
and pooled in equimolar concentrations. The purified library was sequenced on an illumina
MiSeq DNA sequencer at 2 x 200 cycles with indexing at the Protein and Nucleic Acid
(PAN) Stanford Core Facility. Sequences were aligned to the human genome and INDELSs

were calculated as described below.
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[0308] MiSeq analyses of in silico predicted ILZRG sgRNA off-target sites

{0309] IL2RG (ON) and top three in silico predicted OFF-target Cas9-sgRNA sites were
quantitied by mapping reads from each samples to the four amplicon sequence target regions
(ILZRG, OFF1-3) and measuring number of mapped reads with a gap in the neighborhood of
the cut site. Specifically, each read was first assigned to one of the target regions by finding a
pertect match between the first 70 bases of each read and the amplicon sequence. If the first
70 base pairs of a read do not perfectly map to any amplicon sequence the read 1s discarded.
Each read was then aligned with its corresponding target amplicon sequence using EMBOSS
version 6.5.7.0 needle with default parameters. To quantify the number of reads with
INDELSs, each read was marked as modified if at least one insestion or deletion (a “-* in the
alignment of either read or the amplicon) occurs within 5bp up or downstream of the CRISPR
cut site (between bases 17 and 18 of the guide RNA sequence). The overall INDEL
percentage at a given target site was reported as the number of reads mapped to the locus that
are modified over the total number of reads mapped to the locus, minus the background

INDEL percentage in an non-electroporated sample.

H. Enrichment of genctically modified NSUs by magnetic activated cell sorting

(MACLS) selection

{6316] Ennchment and expansion of GM-NSCs to clinically relevant transplantable cell
numbers would greatly increase their translatable potential. We devised an enrichment
paradigm by establishing alpha chain of CD8 (CD8w) cell surface marker expression
tollowing successful HR at /Z.2R(G coupled with a one-step magnetic activated cell sorting
(MACS) enrichment. CDB8a complex requires dimerization of alpha and beta chains to
transduce intercellular signals in cytotoxic T cells. Of note, CD8a has not been reported to be
expressed or functional and expression of alpha chain alone should influence in NSCs,
thereby solely serving as a selection transgene. We created an /2.2R(: HR donor construct
({L2RG cDNA-UbC-GFP-T2A- CD8a) that upon successful targeting, would express a
multigene mRNA, but two distinct GFP and CD8a proteins. NSCs were electroporated with a
plasmid encoding Cas® and sgRNA specific to /L2R(> and also the CD8a HR donor cassette
described above.  Six cell passages post electroporation, 4.67% of NSCs were stably
expressing GFP (FIG. 22A, left), similar to what we found with the GFP construct (FIG. 19).
Then NSCs were subjected to a one-step CD8o magnetic bead enrichment protocol that

resulted in >90% of cells expressing GFP (FIG. 22A, right), and these cells were shown to
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expand and continually express GFP for multiple passages post-selection, contirming they

were a population of GM-NSCs (FIG. 22B).

[0311] In addition to CD8a, we also evaluated CD19 cell surface protein for our MACS-
based enrichment protocol. Unlike CD8 complex, CD19 is a single chain molecule to
transduce signal (ret). Therefore we created a truncated form of the CD19 cell surface
protein, where the intracellular signaling domain 1s removed, thus making CD19 solely serve
the purpose of selection. Again, CD19 has no known role in neurogenesis or gliogenesis.
We therefore created an //.2R(; HR donor construct (/Z.2R(: cDNA-UbC-GFP-T2A-tCD 19},
and targeted NSCs for HR at the /L2R(7 locus. At passage four-post electroporation, 3.78%
of NSCs were stably expressing GFP and cells were then subjected to MACS-based
enrichment of tCD19 (FIG. 23A, left). tCD19 selection resulted in enrichment and expansion
of >90% of GM-NSCs, similar to CD8 selection of GM-NSCs (FIG. 22B, FIG. 23B, and
FIG. 24). Because we are enriching cells with HR, we next wanted to investigate whether we
were also selecting GM-NSCs with a higher frequency off-target INDELs. While we
observed a 3-fold enrichment of /L2R(; INDELs (because cells are female with 2 x
chromosomes), off-target INDELs were all less than 1% 1n CDR8 and tCD19 selected GM-
NSCs (Table 1).

[0312] To determine if GM-NSCs maintained their NSCS characteristics, we enriched
{L2RG targeted NSCs to over 953% (FIG. 24) via the tCD19 selection scheme and then
analyzed the expression of the two quintessential NSCs markers: the cell surface gene CD133
(FIG. 25A), and the intracellular NSCS-maintaining transcription factor, SOX2 (FIG. 25B).
Following 4 weeks of expansion post-enrichment, greater than 95% of NSCs were
CD133/CD19/GFP/SOX2 positive, highlighting that targeted neurospheres may fully possess
NSC potential. These data detail a simplitied one-step MACS-based protocol for enriching

and then expanding >90% of GM-NSCs for transplantation.
Methods

{0313] Flow cytometry was used to monitor homologous recombination. NSCs cells were
analyzed at each passage after nucleofection. GFP expression was measured on an Accuri C6
flow cytometer (BD Biosciences, San Jose, CA, USA). In some cases, expression of
transgene CD§ or CD19 was assessed by flow cytometry at each passage. At passage,

neurospheres were dissoctated as described above and single cell suspension were
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immunostained with antu-CD8-APC or anti-CD19-APC (Miltney1 Biotec) with following

manufacture’s instruction.

{0314] To purify GM-NSCs carrying a GFP transgene insertion, fluorescence activated cell
sorting (FACS) was used. Neurospheres were dissociated as described above and GFP+ cells

were sorted on a FACS Aria IT (BD Bioscience).

[0315] GM-NSCs were also purified by magnetic activated cell sorting (MACS).  To
purify GM-NSCs expressing either a CD8 or CDI19 transgene cell surface marker, either
human CD8 Microbeads or CD19 MicroBeads (Milenyi Biotech) were used according to the

manufacturer's instructions.

. GM-NS{Cs migrate and differentiate inte neursns, astrocytes and

oligodendrocytes iz vivo

[0316] While we have shown that we can target NSCs for HR using the CRISPR/Cas®
system, we also investigated if GM-NSCs still retain their NSC biological activity as
previously shown for non-edited NSCs. Specifically, we targeted the /L2RG tocus in NSCs
with a GFP cassette (FIG. 16), expanded GM-NSCs and then transplanted them into
immunodeficient mice. CD8a -purified GM-NSCs were transplanted bilaterally into the
subventricular zone (SVZ) of neonatal Shi-id mice and then after 12 weeks, sibling forebrain
sections from same animal were analyzed for engraftment of human modified cells by
immunohistochemistry (FIGS. 14B-14C). Immunoperoxidase staining with the human-
specific mAb SCI21 (FIG. [4B) and GFP (FIG. 14C) detected engraftment of GM-NSCs in
the cortex, corpus collusum and importantly, showed migration of cells from the SVZ to the
olfactory bulb along the rostral migratory stream (RMS) (FIGS. 14B-14C}). It is important to
note that transgene GFP expression is very similar to human cells engraftment detected by
SC121. Hence, GM-NSCs can engraft and migrate in the SVZ/Olfactory system, comparable

to non-edited NSCs we reported previously.

[0317] The hallmark function of human NSCs 1s their ability to self-renew while
differentiating into neuron, astrocyte and oligodendrocyte lineages in long-term. Twenty four
weeks after transplant into Shi/+ heterozygous-id mice, GFP+ cells were detected in the
hippocampus, suggesting that GM-NSCs maintain robust migratory capacity in long-term. In
addition, some of these cells expressed GM-NSC transcription factor SOX2 in the
subgranular layer of dentate gyrus of the hippocampus, which is neurogenic site in adult

rodent besides SVZ (FIG. 26A arrows). These data suggests that GM-NSCs migrated into the

94



WO 2017/180926 PCT/US2017/027504

neurogenic site and maintain NSC self-renewal potentials after expansion iz vivo. To
confirm GM-NSCs were able to differentiate into astrocytic or neuronal lineages /n vivo, we
performed confocal microscopy on brain sections for the astrocytic, neuronal markers, glial
fibrillary acidic protein (GFAP) and doublecortin (DCX), respectively. We observed GFP
positive cells costained with GFAP in the corpus collasum or white matter bundle of the
striatum (FIG. 26B). Furthermore, GM-NSCs migrated into the RMS and differentiated into
DCX + neuronal lineage in the olfactory bulb (FIG. 26B), revealing that migration and

differentiation of GM-NSC into astrocytic and neuronal lineages in site-appropriate manner.

{0318] Differentiation potential of GM-NSC into oligodendrocytes was evaluated
oligodendrocyte mutant shiverer-immunodeficient mice (shi/shi-id) as described previously
(Uchida STM). The shi/shi-id mouse has deletion in major basic protein (MBP) and mAb
against MBP does not stain shi/shi mouse brains (ref). Eight weeks post transplantation, GM-
NSCs migrated extensively within the white matter tract of the cerebellum (FIG. 27A) and
express transgene GFP (FIG. 27B). Immunofluorescence staining reveals that the engrafted
white matter display co-expression of GFP and MBP (FIG. 27C). In a higher magnification
of a different mouse brain, we observed human GFP+ cells extended their processes and
MBP expression was localized at the tip of their process, indicative of mature myvelinating
oligodendroctyes (FIG. 4B). To put all together, GM-NSCs maintain potential to engratt,
migrate, self-renew and differentiate into 3 CNS lineages in site appropriate manner,
comparable to unedited NSCs as previous reported. In addition progeny of GM-NSCs persist
to express transgene mediated by Crispr/Cas®, including mature myelinating

oligodendrocytes.
Methods

[0315] To test for engraftment, migration, neuroprotection and retinal preservation of
purified GM-NSCs, the cells were transplanted into various immunodeficient mice. A
suspension of NSCs (1x10° cells in 1 uL per site) was prepared and transplanted bilaterally
into the corpus callosum, SVZ or cerebellar white matter of neonatal or juvenile shiverer-

immunodeficient (Shi-id ) mice.

J. GALC lysosomal enzyme overexpressing NSCs engraft and produce myelin

in vivo

{632¢] Lysosomal storage disorders (1.SDs) are a group of more than fifty inherited

monogenic metabolic disorders that result from the lysosomal inefficiencies. Among them,
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Globoid cell leukodystrophy, or Krabbe disease, is a type of LSD that mainly manifests in the
central and peripheral nervous systems due to the loss of galactosylceramidase (G.471.C),
which cause death of myelin producing, oligodendrocytes and Schwann cells, respectively.
NSCs have been transplanted into brains of NCL. patients to deliver missing enzyme and into
Pelizaeus Merzbacher Disease (PMD) patients to provide myelin-producing cells. Since we
show that GM-NSCs produced myelin comparable to unedited NSCs, we believed that GM-
NSCs overexpressing (GA47L.C would be superior in terms of producing enough GALC to
enable “cross-correction” of damaged myelin-producing cells moreover, these cells could
also replace already lost oligodendrocytes with ‘normal” GAILC expressing oligodendrocytes.
Therefore, we created a HR donor to knock-in GALC (/L2RG cDNA-UbC-GALC-T2A-
{CD19) into the /12K locus and also a tCD19 selection cassette to enable robust MACS-
based enrichment (FIG. 28). NSCs were electroporated with the “All RNA” /L2RG
CRISPR/Cas9 platform and the GALC HR donor with 5.17% CD19 positive NSCs after
eptsomal donor DNA was diluted out at least four passages post-targeting (FIG. 29A).
Consistently, tCD19 MACS beads enriched >95% of GM-NSCs (FIG. 29B) and ‘In-Out’
PCR confirmed on-target integration of the GA/L(C cassette into the /.2RG locus (FIG. 30).
To confirm that GALC NSCs were overexpressing functional enzyme, we performed an i
vitro GALC enzyme assay. Accordingly, GM-NSCs expressed 3-5 fold more GalC enzyme
than unedited NSCs and 10 fold more than fibroblasts from a Krabbe disease patient (FIG.
31). We next tested if GALC GM-NSCs retained their NSCS biological characteristics,
therefore, we transplanted G472 GM-NSCs into the cerebellum of juvenile Shi-id mice.
Immunohistochemical analyses showed engrafiment and myelin production of GALC GM-
NSCs (FIGS. 32A-32B). These data highly suggest that .42 GM-NSCs retain their NSCS
biological characteristics and have high therapeutic potential for the treatment of Krabbe

disease and other demyelinating central nervous system disorders.
Methods

{0321] GALC enzyme assay was performed (Wiederschain et al. Clin Chim Acta 1992) as
described in R&D System (https://www rndsystems com/products/recombinant-human-
galactosylceramidase-galc-protein-cf 7310-gh). Briefly, protein extractions from unedited
NSC, fibroblasts from Krabbe patient (GM4372 Fibroblast, heterozygous for a 30 kb deletion
beginning near the middle of intron 10 in the GALC gene, Coriell) and two different GE-
NSCs modified with IL2ZRG cDNA-UbC-GALC-T2A-tCD19 donor template (Expl) or
IL2RG cDNA-UbC-GALC-T2A-GFP (Exp2). To performi GALC enzyme assays, protein
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extracts from these cells were prepared by harvesting cells, wash once with PBS, and treat
with M-PER protein extraction reagent (Thermo Scientific) according manufacture’s
instruction.  Protein concentration was measured by Bradtord assay kit with BSA standard

curve, ranging 0.25-2.0 mg/ml (Thermo Scientific).

{6322] The GALC assay was performed by missing 250 ug or 500 ug protein extract (50
ul} with 50 ul of 1 mM 4-methylumbelliferyl-beta -D-galactopyranoside substrate (Sigma)
resuspended in 50 mM Sodium Citrate, 125 mM NaCl, 0.1% Triton® X-100,pH 4.5.
Reactions were incubated 20 min at 37 °C and then stopped with 0.5 M Glycine, 0.3 M
NaOH pH 10.0. Fluorescence of GALC enzyme cleavage was measured by BioTek with
GenS5 software at excitation and emission wavelengths of 365 nm and 445 nm (top read),
respectively, in endpoint mode. Standard curve for GALC enzyme assay was established by
recombinant human (alactosylceramidase (thGALC) (R&D Systems, # 7310-GH), ranging
from 0.0375 ng-1.2 ng of thGALC per reaction with linear range. All assays were done in
triplicate using three independent samples. GALC enzyme activity were normalized with

unedited NSCs.

{6323] Although the foregoing invention has been described in some detail by way of
llustration and example for purposes of clarity of understanding, one of skill in the art will
appreciate that certain changes and modifications may be practiced within the scope of the
appended claims. In addition, each reference provided herein is incorporated by reference in

its entirety to the same extent as if each reference was individually incorporated by reference.
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WHAT IS CLAIMED IS:

I A method for generating a genetically modified human neural stem
cell, the method comprising:

introducing into an isofated human neural stem cell:

(a) a donor template comprising: (1) a transgene cassette comprising a
transgene; and (i) two nucleotide sequences comprising two non-overiapping, homologous
portions of a safe harbor locus, wherein the nucleotide sequences are focated at the 5° and 3’
ends of the transgene cassette; and

(b) a BDNA nuclease or a nucleotide sequence encoding the DNA nuclease,
wherein the DNA nuclease i1s capable of creating a double-strand break in the safe harbor
locus to induce insertion of the transgene into the safe harbor locus, thereby generating a
genetically modified human neural stem cell.

2. The method of claim 1, wherein the DNA nuclease 1s selecied from the
group consisting of a CRISPR-associated protein (Cas) polypeptide, a zinc finger nuclease
(ZFN), a transcription activator-like effector nuclease (TALEN), a meganuclease, a variant
thereof, a fragment thereof, and a combination thereof.

3 The method of claim 1 or 2, wherein the isolated human neural stem
cell comprises a primary neural stem celi.

4 The method of claim 1 or 2, wherein the i1solated human neural stem
cell 1s derived from a somatic stem cell or a pluripotent stem cell, or 1s derived by direct
reprogramming from a somatic cell population.

5. The method of any one of claims 1 to 4, wherein the transgene encodes
a protein associated with a genetic disorder of the central nervous system.

0. The method of claim 5, wherein the protein is encoded by a gene
selected from the group consisting of (ALC (Krabbe disease), ABCH/
(adrenoleukodystrophy), G#A4P (Alexander disease), (YP2747 (cerebrotendineous
xanthomatosis), 4RSA (metachromatic leukodystrophy), PLPI (Pelizaeus-Merzbacher
disease), ASPA (Canavan disease), F7F-28 (leukoencephalopathy with vanishing white
matter), PHYH (Refsum disease 1), PEX7 (Refsum disease 2), PF7/ (infantile neuronal
ceroid lipofuscinosis {NCL}), 7PP/ {late infantile NCL), /N3 (juvenile NCL), CLN6 (adult
NCL), CLNS (Finnish late infantile variant NCL), CLN6 (late infantile variant NCL), AJSFDS
(cerord lipofuscinosis, neuronal, 7), C/N& (ceroid lipofuscinosis, neuronal, 8), C7S5/ (ceroid
lipofuscinosis, neuronal, 10), UBE3A (Angelman syndrome), POL{G (Alpers’ Disease), TAZ
(Barth Syndrome), ;1.4 (Fabry disease), SL.C20A42 (Fahr’s syndrome), FDFE (retinitis
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pigmentosa), SAMN/ (spinal muscular atrophy), /KBKAP (familial dysautonomia), AMeCP2
(Rett syndrome), CACNAIC (Timothy syndrome), A7XN3 (Machado-Joseph disease), and
RPE65 (Leber congenital amaurosis).

7 The method of claim 5 or 6, wherein the protein is secreted by the
genetically modified human neural stem cell.

8. The method of any one of claims 1 to 4, wherein the transgene encodes
a neuroprotective or neuroregenerative protein, a variant thereof, a fragment thereot, or a
peptide mimetic thereof.

9. The method of claim 8, wherein the neuroprotective or
neuroregenerative protein is selected from the group consisting of brain-derived neurotrophic
factor (BDNF), insulin-like growth tfactor 1 (IGF-1), insulin-like growth tfactor 2 (IGF-2),
glial-derived neurotrophic factor (GDNF), nerve growth factor (NGF), neurotrophin-2 (NT-
2), neurotrophin-3 (NT-3) neurotrophin-4/5 (NT-4/5), neurotrophin-6, conserved dopamine
neurotrophic factor (CDNF), ciliary neurotrophic factor (CNTF), epidermal growth factor
(EGF), a fibroblast growth factor (FGF), a bone morphogenetic protein {BMP), vascular
stimulating factor (CSF), interferon- (IFN-f), tumor necrosis factor-a (TNFa), tissue
plasminogen activator (tPA), neurturin, persephin, artemin, neuropeptide Y (NPY), an ephrin,
a semaphorin, other neuropoeitic factors, other neurotrophic factors, and a combination
thereof.

10. The method of claim 8, wherein the neuroprotective or
neuroregenerative protein is a secreted protein.

11, The method of any one of claims 1 to 10, wherein the donor template
comprises a heterologous promoter.

12, The method of claim 11, wherein the heterologous promoter of the
donor template comprises an inducible promoter or a cell-specific promoter.

13. The method of any one of claims 1 to [2, wherein the nucleotide
sequence encoding the DNA nuclease comprises RINA.

14, The method of any one of claims 1 to 13, further comprising
introducing into the human neural stem cell a DNA-targeting RNA, a truncated DNA-
targeting RNA, or a nucleotide sequence encoding the DNA-targeting RNA or truncated
DNA-targeting RNA.

15. The method of claim 14, wherein the DNA nuclease comprises a Cas

polypeptide or a nucleotide sequence encoding the (Cas polypeptide, and wherein the DNA-
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targeting RINA comprises a single guide RNA (sgRNA) or a truncated sgRNA comprising a
first nucleotide sequence complementary to a portion of the safe harbor locus and a second
nucleotide sequence that interacts with the Cas polypeptide.

16, The method of claim 15, wherein the Cas polypeptide comprises a
Cas9 polypeptide, a variant thereof, or a fragment thereof.

7. The method of claim 16, wherein the Cas polypeptide variant
comprises a high-fidelity or enhanced specificity Cas9 polypeptide variant.

I8. The method of any one of claims 15 to 17, wherein the sgRNA or
truncated sgRNA comprises one or more modified nucleotides.

19. The method of claim 18, wherein the one or more modified nucleotides
comprise a modification in the ribose group, phosphate group, nucleobase, or a combination
thereof.

20. The method of claim 19, wherein the moditication in the ribose group
comprises a moditication at the 2’ position of the ribose group.

21 The method of claim 20, wherein the modification at the 2” position of
the ribose group is selected from the group consisting of 2°-O-methyl, 27-fluoro, 2’-deoxy,
2°-0-(2-methoxyethyl), and a combination thereof.

22. The method of claim 19, wherein the modification in the phosphate
group comprises a phosphorothioate modification.

23. The method of claim 18, wherein the one or more moditied nucleotides
are selected from the group consisting of a 2°-O-methyl nucleotide (M}, a 2'-O-methyl, 3°-
phosphorothioate nucleotide (MS), a 2’-O-methyl, 3’-thioPACE nucleotide (MSP), and a
combination thereof.

24. The method of any one of claims 18 to 23, wherein at ieast two, three,
four, five, six, seven, eight, nine, ten, or more of the nucleotides in the first nucleotide
sequence are moditied nucleotides and/or at least two, three, four, five, six, seven, eight, nine,
ten, or more of the nucleotides in the second nucleotide sequence are modified nucleotides.

25. The method of any one of claims 18 to 24, wherein from about 10% to
about 30% of the nucleotides in the first nucleotide sequence are modified nucleotides and/or
from about 1% to about 10% of the nucleotides in the second nucleotide sequence are
modified nucleotides.

26.  The method of any one of claims 1 to 25, wherein the safe harbor [ocus

comprises the IL2Ry, CCRS, or HBB gene.
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27. The method of any one of claims 1 to 26, wherein introducing
comprises electroporation,

28.  The method of any one of claims | to 27, wherein the donor template
further comprises a selectable marker.

29. The method of claim 28, wherein the selectable marker comprises a
marker that is not expressed on a cell of the central nervous system.

30. The method of claim 28 or 29, wherein the selectable marker is a cell
surface protein.

31 The method of claim 30, wherein the cell surface protein is selected
from the group consisting of CD1, CD2, CD4, CD8x, CD10, CD19, CD20, a variant thereof,
a fragment thereof, a derivative thereof, and a combination thereof.

32. The method of any one of claims 28 to 31, further comprising
purifying the genetically modified human neural stem cell based on expression of the
selectable marker by the genetically modified human neural stem cell,

33.  The method of claim 32, further comprising expanding the purified
genetically modified human neural stem cell.

34, A genetically modified human neural stem cell produced by the
method of any one of claims | to 33.

35. A pharmaceutical composition comprising the genetically modified
human neural stem cell of claim 34 and a pharmaceutically acceptable carrier.

36. A method for preventing or treating a neurodegenerative disease or a
neurological injury in a human subject in need thereof, the method comprising:

administering to the human subject an effective amount of the pharmaceutical
composition of claim 35.

37. The method of claim 36, wherein the method is for treatment of a
neurodegenerative disease selected from the group consisting of a leukodystrophy, neuronal
ceroid lipofuscinosis, age-related macular degeneration, Alzheimer’s disease, Parkinson’s
disease, Huntington’s disease, amyotrophic lateral sclerosis, and retinal degenerative disease.

38. The method of claim 37, wherein the method is for treatment of a
leukodystrophy selected from the group consisting of Krabbe disease, Pelizaeus-Merzbacher
disease, adrenomyeloneuropathy, Alexander disease, cerebrotendineous xanthomatosis,
metachromatic leukodystrophy, Canavan disease, leukoencephalopathy with vanishing white

matter, adrenoleukodystrophy, Refsum disease, and xenobefantosts.
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39. The method of claim 36, wherein the method is for treatment of a
neurological injury selected from the group consisting of spinal cord injury, traumatic brain
injury, acute inflammation of the central nervous system {CNS), chronic inflammation of the
CNS, 1schemia, and stroke.

40. The method of any one of claims 36 to 39, wherein the genetically
modified human neural stem cell is autologous to the subject.

41. The method of any one of claims 36 to 39, wherein the genetically
modified human neural stem cell is allogeneic to the subject.

42, The method of any one of claims 36 to 41, wherein administering
comprises administering by injection or surgical transplantation.

43, A kit comprising:

(a) a donor template comprising: (i) a transgene cassette comprising a
transgene; and (i) two nucleotide sequences comprising two non-overlapping, homologous
portions of a sate harbor {ocus, wherein the nucleotide sequences are located at the 5° and 3’
ends of the transgene cassette;

(b) a DNA nuclease or a nucleotide sequence encoding the DNA nuclease; and

(c) an isolated human neural stem cell.

44, The kit of claim 43, wherein the DNA nuclease 1s selected from the
group consisting of a CRISPR-associated protein (Cas) polypeptide, a zinc finger nuclease
(ZFN), a transcription activator-like ettector nuclease (TALEN), a meganuclease, a variant
thereot, a fragment thereof, and a combination thereof.

45, The kit of claim 43 or 44, wherein the 1solated human neural stem cell
comprises a primary neural stem cell.

46. The kit of claim 43 or 44, wherein the isolated human neural stem cell
1s dertved from a somatic stem cell or a pluripotent stem cell, or is derived by direct
reprogramming from a somatic cell population.

47.  The kit of any one of claims 43 to 46, wherein the transgene encodes a
protein associated with a genetic disorder of the central nervous system.

48, The kit of any one of claims 43 to 46, wherein the transgene comprises
a gene encoding a neuroprotective or neuroregenerative protein, a varitant thereot, a fragment
thereof, or a peptide mimetic thereof.

49. The kit of any one of claims 43 to 48, wherein the nucleotide sequence

encoding the DNA nuclease comprises RNA.
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50. The kit of any one of claims 43 to 49, further comprising a DNA-
targeting RNA, a truncated DNA-targeting RNA, or a nucleotide sequence encoding the
DNA-targeting RNA or truncated DNA-targeting RNA.

51 The kit of claim 50, wherein the DNA nuclease comprises a Cas
polypeptide or a nucleotide sequence encoding the Cas polypeptide, and wherein the DNA-
targeting RNA comprises a single guide RNA (sgRNA) or a truncated sgRNA comprising a
first nucleotide sequence complementary to a portion of the safe harbor locus and a second
nucleotide sequence that interacts with the Cas polypeptide.

52. The kit of claim 51, wherein the Cas polypeptide comprises a Cas9
polypeptide, a variant thereof, or a fragment thereof.

53. The kit of claim 52, wherein the Cas polypeptide variant comprises a
high-fidelity or enhanced specificity Cas® polypeptide variant.

54 The kit of any one of claims 51 to 53, wherein the sgRNA or truncated
sgRNA comprises one or more modified nucleotides.

SS. The kit of claim 54, wherein the one or more modified nucleotides are
selected from the group consisting of a 2’-0-methyl nucleotide (M), a 2°-O-methyl, 37-
phosphorothioate nucleotide (MS), a 2’-O-methyl, 3’-thioPACE nucleotide (MSP), and a
combination thereof.

56.  The kit of any one of claims 43 to 55, wherein the safe harbor focus
comprises the IL2Ry, CCRS, or HBB gene.

57. The kit of any one of claims 43 to 56, wherein the donor template
further comprises a selectable marker.

58, The kit of any one of claims 43 to 57, further comprising instructions
for generating a genetically modified human neural stem cell.

59. A genetically modified human neural stem cell comprising a transgene
cassette comprising a transgene, wherein the transgene cassette is located within a safe harbor
locus.

60.  Use of the genetically modified human neural stem cell of claim 34 or
59 or the genetically modified human neural stem cell produced by the method of any one of
claims 1 to 33 in a method of identifying or developing a potential therapeutic molecule.

61.  The use of claim 60, wherein the potential therapeutic molecule is a
molecule that promotes the proliteration and/or viability of a human neural stern cell and/or

the differentiated progeny of a human neural stem cell.
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62. Use of the genetically modified human neural stem cell of claim 34 or
59 or the genetically modified human neural stem cell produced by the method of any one of

claims 1 to 33 in research.
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