(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
16 November 2023 (16.11.2023)

‘O 0O 0 0 O 0
(10) International Publication Number

WO 2023/220418 A2

WIPO I PCT

(51) International Patent Classification:
CI2N 15/86 (2006.01) A61K 31/522 (2006.01)

(21) International Application Number:
PCT/US2023/022108

(22) International Filing Date:
12 May 2023 (12.05.2023)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

63/341,683 13 May 2022 (13.05.2022) UsS

(71) Applicant: THE BOARD OF TRUSTEES OF THE LE-
LAND STANFORD JUNIOR UNIVERSITY [US/US];
Office of the General Counsel, Building 170, Third
Floor, Main Quad, P.O. Box 20386, Stanford, California
94305-2038 (US).

Inventors: SELVARAJ, Sridhar; c/o The Board of
Trustees of the Leland Stanford Junior University, Office
of the General Counsel, Building 170, Third Floor, Main
Quad, P.O. Box 20386, Stanford, California 94305-2038
(US). PORTEUS, Matthew H.; c/o The Board of Trustees
of the Leland Stanford Junior University, Office of the Gen-
eral Counsel, Building 170, Third Floor, Main Quad, P.O.
Box 20386, Stanford, California 94305-2038 (US).

Agent: YAN, Lin et al.; Kilpatrick Townsend & Stockton
LLP, Mailstop: [P Docketing - 22, 1100 Peachtree Street,
Suite 2800, Atlanta, Georgia 30309 (US).

(72)

(74)

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

AQ, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,

CA, CH, CL, CN, CO, CR, CU, CV, CZ, DE, DJ, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IQ, IR, IS, IT, IM, JO, JP, KE, KG,
KH, KN, KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY,
MA, MD, MG, MK, MN, MU, MW, MX, MY, MZ, NA,
NG, NI, NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO,
RS, RU,RW, SA, SC. SD, SE, SG, SK, SL, ST, SV, SY, TH,
TJ, TM. TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS,
ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, CV,
GH, GM,KE, LR,LS, MW, MZ, NA, RW, SC, SD, SL, ST,
SZ, TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ,
RU, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ,
DE, DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT,
LU,LV,MC, ME, MK, MT, NL, NO, PL, PT, RO, RS, SE,
SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN,
GQ, GW, KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to applicant's entitlement to apply for and be granted a
patent (Rule 4.17(ii))

as to the applicant's entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

of inventorship (Rule 4.17(iv))

Published:
without international search report and to be republished
upon receipt of that report (Rule 48.2(g))

wo 20237220418 A2 |0 0000 AP0 0 00 T 0 00

(54) Title: ENHANCING GENE TARGETING EFFICIENCY IN HUMAN CELLS WITH DNA-PK INHIBITOR TREATMENT

(57) Abstract: The present disclosure provides methods for enhancing
the rate of homology-directed repair (HDR) during genomic editing in

CCRE gene targeting with differend ;
DMNAPKs inhiiors primary cells.
£53 INT
ERAINTE4S
R [ R
£ vRead

3 BAYEHS

o iavgied divies

D oI SR S P




WO 2023/220418 PCT/US2023/022108

ENHANCING GENE TARGETING EFFICIENCY IN HUMAN CELLS
WITH DNA-PK INHIBITOR TREATMENT

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. Provisional Application No. 63/341,683,
filed May 13, 2022, the disclosure of which is herein incorporated by reference in its entirety

for all purposes.
BACKGROUND

[0002] CRISPR-Cas9 based gene editing technology has the potential for development of
novel treatment methods for genetic diseases!. Use of this technology to develop cell-based
therapeutics using ex vivo gene edited cells to treat genetic diseases and cancer is being tested
in clinical trials>. Precise genetic modifications can be made using this technology by
exploiting the endogenous DNA repair mechanisms. CRISPR-Cas9 based gene editing uses
the Cas9 nuclease and the guide RNA (gRNA) specific to the targeted genomic loci to create
a precise double stranded break (DSB)**. This DSB is repaired by the cell either through non-
homologous end joining (NHEJ) or homology-directed repair (HDR) pathways>®. NHEJ
pathway processes the broken ends of DNA and ligates the ends together which may result in
creation of short insertions and deletions (indels)’. This pathway can be used for genome
editing to create gene knockouts, large deletions or targeted integration of foreign DNA. But,
the frequency of NHEJ-based targeted integration of foreign DNA is quite low?®.
Alternatively, HDR pathway can be exploited for targeted integration of small or large DNA
sequences by providing an exogenous donor template with the insert sequence flanked by
homology arms®. In sum, genome editing harnesses endogenous DNA repair processes to

generate precise genomic modifications.

[0003] Gene editing platforms involving the delivery of Cas9 and gRNA in the form of
ribonucleoprotein (RNP) complex and donor template delivery through recombinant adeno
associated virus 6 (AAV6) allows for highly efficient HDR-based gene targeting’. Using this
platform, 20-60% gene targeting efficiencies can be achieved in various therapeutically
relevant human primary cells such as pluripotent stem cells (PSCs)'!!, hematopoietic stem

and progenitor cells (HSPCs)”!>!* T cells!® and airway stem cells'®!”. HSCs have the ability
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to repopulate an entire hematopoietic system, and thus strategies aimed at developing cell-
based therapies involving genome editing for various hematological diseases such as sickle
cell disease, B-thalassemia, and X-linked severe combined immunodeficiency are progressing
towards clinical trials. However, there is variability in gene targeting efficiencies across
different genomic loci due to the inconsistency in the levels of HDR. Additionally, current
xenograft studies support the idea that HSCs are more resistant to HDR-mediated editing,
perhaps one mechanistic explanation for the observation that HDR-edited cells engraft less
efficiently following transplantation in immunodeficient mice. Reductions in HDR frequency
during long-term engraftment have been observed previously and therefore remains a major

impediment to bringing HDR-mediated therapies to clinic®.

[0004] There exists therefore a need for new and efficient methods for promoting HDR-
mediated genomic editing in primary cells, and particularly in hematopoietic stem cells
(HSCs) or hematopoietic stem and progenitor cells (HSPCs). The present disclosure

addresses these needs and provides other advantages as well.

BRIEF SUMMARY

[0005] In one aspect, the present disclosure provides methods of genetically modifying a
primary human cell, the methods comprising: introducing into the cell a site-directed
nuclease (SDN) targeted to a cleavage site at a genetic locus of interest; introducing a
homologous donor template into the cell, wherein the homologous donor template comprises
a nucleotide sequence that is homologous to the locus of interest; and introducing a DNA-PK
inhibitor into the cell; wherein the site-directed nuclease cleaves the locus at the cleavage
site, and the homologous donor template is integrated at the site of the cleaved locus by

homology directed repair (HDR).

[0006] In some embodiments, the DNA-PK inhibitor is a compound represented by the

following formula:
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wherein R! is a cyclohexyl, tetrahydrofuranyl or oxanyl ring, each of which is optionally
substituted by one or more groups selected from hydroxyl, methoxy, and methyl; and R? is
hydrogen or methyl, or a pharmaceutically acceptable salt thereof. In some embodiments, R*

is oxanyl. In some embodiments, R! is oxan-4-yl. In some embodiments, R? is hydrogen.

[0007] In some embodiments, the DNA-PK inhibitor is AZD7648 represented by the

following formula:

o

H
N~y X N N\ N
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\
or a pharmaceutically acceptable salt thereof.

[0008] In some embodiments, the DNA-PK inhibitor is VX984 represented by the

following formula:
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or a pharmaceutically acceptable salt thereof.

[0009] In some embodiments, the DNA-PK inhibitor is BAY8400 represented by the

following formula:

or a pharmaceutically acceptable salt thereof.

[0010] In some embodiments, the DNA-PK inhibitor has very high specificity for the
catalytic subunit of DNA-PK (DNA-PKcs). In some embodiments, the DNA-PK inhibitor
with very high specificity for DNA-PKcs has an IC50 in the range of about 40 nM to about 1
uM for DNA-PKcs and an IC50 of greater than 1 pM for other PIKK family kinases. In some
embodiments, the other PIKK family kinases are ATM, ATR, PI3Ka, PI3KJ, PI3Ky, PI3KJ,
and/or mTOR.

[0011] In some embodiments of the methods provided herein, the SDN is an RNA-guided
nuclease and the methods further comprise introducing into the cell a single guide RNA
(sgRNA) targeting the cleavage site, wherein the sgRNA directs the RNA-guided nuclease to
the cleavage site. In some embodiments, the sgRNA comprises 2'-O-methyl-3'-
phosphorothioate (MS) modifications at one or more nucleotides. In some embodiments, the
MS modifications are present at the terminal nucleotides of the 5’ and 3’ ends. In some
embodiments, the RNA-guided nuclease is Cas9. In some embodiments, the sgRNA and
RNA-guided nuclease are introduced into the cell as a ribonucleoprotein (RNP). In some
embodiments, the RNP is introduced into the cell by electroporation. In some embodiments,
the sgRNA is introduced into cells at a concentration of less than about 150 pg/ml, 75 pg/ml,
30 pg/ml, or 15 pg/ml. In some embodiments, the RNA-guided nuclease is introduced into

cells at a concentration of less than about 300 pg/ml, 150 pg/ml, 60 pg/ml, or 30 ng/ml.
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[0012] In some embodiments of the methods provided herein, the homologous repair
template is introduced into the cell using an adeno-associated virus serotype 6 (AAVO)
vector. In some embodiments, the AAV6 vector is transduced into the cell at a multiplicity of
infection (MOI) of less than about 2500, 1000, or 500. IN some embodiments, the MOI is
about 500.

[0013] In some embodiments of the methods provided herein, the primary human cell is a
CD34+ hematopoietic stem and progenitor cell (HSPC), a T cell, a B cell, an airway basal
stem cell, or a pluripotent stem cell (PSC). In some embodiments, the locus of interest is a
gene selected from the group consisting of Hemoglobin Subunit Beta (HBB), C-C Motif
Chemokine Receptor 5 (CCRS), Interleukin 2 Receptor Subunit Gamma (IL2RG),
Hemoglobin Subunit Alpha 1 (HBAT), Stimulator Of Interferon Response cGAMP Interactor
1 (STING1) and Cystic Fibrosis Transmembrane Conductance Regulator (CFTR).

[0014] In some embodiments, the frequency of HDR at the locus of interest in the cell is
higher than the frequency in an equivalent cell in the presence of the SDN and homologous
donor template, but in the absence of the DNA-PK inhibitor. In some embodiments, the
frequency of HDR at the locus of interest in the cell is at least about 10%, 20%, 30%, 40%, or
more higher than the frequency in an equivalent cell in the presence of the SDN and
homologous donor template, but in the absence of the DNA-PK inhibitor. In some
embodiments, the sgRNA induces low to no indels at the locus of interest in the presence of
the SDN but in the absence of the DNA-PK inhibitor. In some embodiments, the frequency of
indels at the locus of interest in the cell is lower than the frequency in an equivalent cell in
the presence of the SDN and homologous donor template, but in the absence of the DNA-PK
inhibitor. In some embodiments, the frequency of indels at the locus of interest in the cell is
at least about 10%, 20%, 30%, 40%, 50%, 60%, 70%, or more lower than the frequency in an
equivalent cell in the presence of the SDN and homologous donor template, but in the

absence of the DNA-PK inhibitor.

[0015] In some embodiments of the methods provided herein, the methods further comprise
introducing a second SDN into the cell targeted to a second cleavage site at a second genetic
locus, and introducing a second homologous donor template into the cell comprising a
nucleotide sequence that is homologous to the second genetic locus, wherein the second SDN
cleaves the second genetic locus at the second cleavage site, and the second homologous

donor template is integrated at the site of the cleaved second locus by HDR. In some
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embodiments, the frequency of HDR is higher at both the locus of interest and the second
genetic locus in the presence of the DNA-PK inhibitor than in the absence of the DNA-PK
inhibitor. In some embodiments, the frequency of indels is lower at both the locus of interest
and the second genetic locus in the presence of the DNA-PK inhibitor than in the absence of

the DNA-PK inhibitor.

[0016] In some aspects, provided herein are methods of treating a genetic disorder in a
human subject in need thereof, the methods comprising: providing an isolated primary cell
from the subject; genetically modifying the primary cell using the methods of genetically
modifying a primary human cell provided herein, wherein the integration of the homologous
donor template at the locus of interest in the cell corrects a mutation at the locus or leads to
the expression of a therapeutic protein in the cell that is absent or deficient in the subject; and
reintroducing the genetically modified cell into the subject. In some embodiments, the genetic
disorder is [-thalassemia, sickle cell disease (SCD), severe combined immunodeficiency
(SCID), mucopolysaccharidosis type 1, Cystic Fibrosis, Gaucher disease, Krabbe disease, X-

linked chronic granulomatous disease (X-CGD), or a combination thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] FIGS. 1A-1E show a comparison of different DNA-PK inhibitors for gene targeting
at CCRS5 locus and optimization in hPSCs, according to aspects of this disclosure. FIG. 1A:
Schematic of gene targeting at CCRS locus to introduce stop codons using RNP and AAV6.
FIG. 1B: Allelic gene targeting efficiency at CCRS locus with and without treatment of
AZD7648, M3814 and VX984 (1, 0.1 and 0.01 uM). ICE analysis was used to assess the
gene targeting efficiency. FIG. 1C: Allelic gene at CCRS locus with and without treatment of
AZD7648, KU57788, BAY8400, LTURM34 (1, 0.1 and 0.01 uM). ICE analysis was used to
assess the gene targeting efficiency. FIG. 1D: Allelic gene targeting efficiency at CCRS
locus following treatment with different concentrations of AZD7648 (1, 0.5, 0.25 and 0.1
uM) as measured by ICE analysis. FIG. 1E: Time course analysis of AZD-7648 treatment
(0.25 uM for 4, 8, 12 and 24 h) on allelic gene targeting efficiency at CCRS locus as

measured by ICE analysis.

[0018] FIGS. 2A-2E show that AZD7648 enhances gene targeting efficiency for large
sequence integrations at various genomic loci in hPSCs, according to aspects of this
disclosure. FIG. 2A: Schematic of gene targeting strategy at CCRS locus using RNP and
AAV6 gene editing platform. FIG. 2B: Allelic gene targeting efficiency at CCRS5 locus for
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integration of UBC-GFP-bGH-pA sequence with and without DNA-PK inhibitors, AZD7648,
M3814, VX984 and BAY8400 (1, 0.1 and 0.01 uM) as measured by ddPCR analysis. FIG.
2C: Percentage of gene targeted cells with and without treatment of DNA-PK inhibitors,
AZD7648, M3814, VX984 and BAY8400 (1, 0.1 and 0.01 uM) as measured by flow
cytometry for GFP. FIG. 2D: Schematic of gene targeting strategy at HBB locus using RNP
and AAV6 gene editing platform. FIG. 2F: Allelic gene targeting efficiency of UBC-GFP-
bGH-PA sequence at HBB locus with and without AZD7648 and M3814 treatment (2 and 0.5
uM) as measured by ddPCR analysis. FIG. 2E: Schematic of gene targeting strategy at
HBAT1 locus using RNP and AAV6 gene editing platform. FIG. 2G: Allelic gene targeting
efficiency of Transgene-2A-YFP sequence at HBA1 locus with and without AZD7648 and
M3814 treatment (2 and 0.5 uM) as measured by ddPCR analysis.

[0019] FIGS. 3A-3F show that AZD7648 treatment enhances gene targeting efficiency for
editing SCD and CF mutations in hPSCs, according to aspects of this disclosure. FIG. 3A:
Schematic of gene targeting at HBB locus to correct SCD mutation (E6V) in exon 1 using
RNP and AAV6. FIGS. 3B-3C: Allelic distribution of WT, INDEL and HR products (FIG.
3B) and allelic gene targeting efficiency (FIG. 3C) at HBB locus with or without AZD7648
and treatment (0.5 and 0.25 pM) as measured by ICE analysis. FIG. 3D: Schematic of gene
targeting at CFTR locus to correct CF mutation (AF508) in exon 11 using RNP and AAV6.
FIGS. 3E-3F: Allelic distribution of WT, INDEL and HR products (FIG. 3E) and allelic
gene targeting efficiency (FIG. 3F) at CFTR locus with or without AZD7648 and treatment
(0.5 and 0.25 pM) as measured by ICE analysis.

[0020] FIGS. 4A-4E show that AZD7648 treatment enhances gene targeting efficiency at
STINGT locus in hPSCs, according to aspects of this disclosure. FIG. 4A: Schematic of gene
targeting at STINGTI locus to introduce V155M mutation in exon 5 using RNP and AAV6.
FIGS. 4B-4C: Allelic distribution of WT, INDEL and HR products (FIG. 4B) and gene
targeting efficiency (FIG. 4C) at STINGI locus with or without AZD7648 treatment (0.5
uM) using a seemingly inactive sgRNA as measured by ICE analysis. FIGS. 4D-4E: Allelic
distribution of WT, INDEL and HR products (FIG. 4D) and gene targeting efficiency (FIG.
4F) at STING] locus with or without AZD7648 treatment (0.5 and 0.25 pM) using an active
sgRNA as measured by ICE analysis.

[0021] FIGS. 5A-5D show that gene targeting with AZD7648 treatment does not affect

pluripotency and trilineage differentiation potential of hPSCs, according to aspects of this



WO 2023/220418 PCT/US2023/022108

disclosure. FIG. 5A: Schematic of gene targeting strategy at CCRS locus using RNP and
AAVG6 gene editing platform. FIG. 5B: Percentage of gene targeted cells with and without
AZD7648 treatment (0.5 and 0.25 uM) as measured by flow cytometry for GFP. FIG. 5C:
Pluripotency marker SSEA4 expression in gene targeted hPSCs as measured by flow
cytometry analysis. FIG. SD: Differentiation of gene targeted hPSC into three germ layers.
Flow cytometry for relevant markers was used to measure the differentiation efficiency into

Ectoderm (PAX6 and NES), Mesoderm (CD56 and T) and Endoderm (CXCR4 and SOX17).

[0022] FIGS. 6A-6E show gene targeting with AZD7648 with reduced amount of Cas9
RNP and AAV6 donor, according to aspects of this disclosure. FIG. 6A: Schematic of gene
targeting strategy at CCRS locus using RNP and AAV6 gene editing platform. FIGS. 6B-6C:
Gene targeting using different amounts of Cas9 RNP (1, 0.5, 0.2 and 0.1X) with and without
AZD7648 (AZD) treatment (0.25 uM). Allelic gene targeting efficiency (FIG. 6B) and
percentage of targeted cells (FIG. 6C) was measured by ddPCR and flow cytometry for GFP
respectively. FIGS. 6D-6E: Gene targeting using different amounts of AAV6 donor (MOI:
100, 500, 1000, 2500, 5000 and 10000) with and without AZD7648 (AZD) treatment (0.25
uM). Allelic gene targeting efficiency (FIG. 6D) and percentage of targeted cells (FIG. 6E)
was measured by ddPCR and flow cytometry for GFP respectively.

[0023] FIGS. 7A-7C show that AZD7648 treatment enhances gene targeting efficiency in
CB-CD34+ HSPC, according to aspects of this disclosure. FIG. 7A: Schematic of gene
targeting strategy at HBB locus for SCD mutation using RNP and AAV6 gene editing
platform (upper panel). Allelic distribution of WT, INDEL and HR products post gene
targeting at HBB locus in CB-CD34+ HSPC with or without AZD7648 treatment (0.5 pM)
(lower panel). FIG. 7B: Schematic for gene targeting strategy at CCRS5 locus for integration
of UBC-GFP-bGHpA using RNP and AAV6 gene editing platform (upper panel). Allelic
gene targeting efficiency at CCRS locus in CB-CD34+ HSPC with or without AZD7648
treatment (0.5 uM) (lower panel). FIG. 7C: Schematic for gene replacement at HBAT1 locus
to replace HBA1 with HBB sequence as a therapeutic strategy for P-thalassemia (upper
panel). Allelic gene replacement efficiency at HBA1 locus in CB-CD34+ HSPC with or
without AZD7648 treatment (0.5 uM) (lower panel).

[0024] FIGS. 8A-8C show that AZD7648 treatment enhances gene targeting efficiency in
human T and B cells, according to aspects of this disclosure. FIG. 8A: Schematic of gene

targeting strategy at CCRS locus using RNP and AAV6 gene editing platform. FIG. 8B:
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Percentage of gene targeted cells post gene targeting with and without AZD7648 (0.5 uM)
treatment at CCRS locus in human T cells using different MOIs of the AAV6 donor (MOI:
1000, 2500, 5000 and 10000) as measured by flow cytometry. FIG. 8C: Allelic gene
targeting efficiency at CCRS locus with or without AZD7648 treatment (4, 2, 1, 0.5, 0.1 uM)

in human B cells.

[0025] FIGS. 9A-9C show that AZD7648 treatment enhances gene targeting efficiency in
human bronchial epithelial cells (HBECs). According to aspects of this disclosure. FIG. 9A:
Schematic of gene targeting strategy at CFTR locus to correct AF508 mutation in exon 11
using RNP and AAV6 gene. FIG. 9B: Allelic distribution of WT, INDEL and HR products
post gene targeting at CFTR locus in HBECs with or without AZD7648 treatment (0.5 uM)
as measured by ICE analysis. FIG. 9C: Cell viability ratio of HBECs gene targeted with
AZD7648 treatment (0.5 puM) relative to the untreated cells (gene targeted without
AZD7648).

[0026] FIGS. 10a-10g: AZD7648 is the most potent DNA-PKcs inhibitor for improving
gene targeting in PSCs. FIG. 10a. Table showing the half maximal inhibitory concentration
(IC,,) values of different small molecule DNA-PKcs inhibitors (M3814, AZD7648 and

VX984) against DNA-PKcs, ATM, ATR, mTOR and various PI3K family kinases in A549

cells (data adapted from previous study)32. FIG. 10b. Schematic of gene targeting strategy to
introduce two stop codons at the CCR5 locus using Cas9 RNP and AAV6 gene editing. FIG.
10c. Allelic gene targeting efficiency post-gene editing at the CCR5 locus (FIG. 10b) with
different concentrations (1, 0.1 and 0.01 puM) of DNA-PKcs inhibitors (AZD7648, M3814
and VX984) in comparison with the untreated cells (UNT) as measured by ICE analysis at 4
days post-gene editing (n=3). FIG. 10d. Concentration gradient analysis of AZD7648
treatment (1, 0.5, 0.25 and 0.1 uM) for gene targeting at the CCR5 locus (FIG. 10b).
Percentage of targeted alleles was measured using ICE analysis at 4 days post-gene editing
(n=3). FIG. 10e. Time course analysis of AZD7648 treatment (4h, 8h, 12h and 24h) for gene
targeting at the CCR5 locus (FIG. 10b). Percentage of targeted alleles was measured using
ICE analysis at 4 days post-gene editing (n=3). FIG. 10f. Schematic for gene targeting at the
CCR5 locus for knock-in of UBC-GFP-bGHpA sequence using Cas9 RNP and AAV6 gene
editing. FIG. 10g. Gene targeting at the CCRS locus (FIG. 10f) with different concentrations
(1, 0.1 and 0.01 uM) of DNA-PKcs inhibitors (AZD7648, M3814, VX984 and BAY8400).

Percentage of targeted alleles was measured using ddPCR analysis at 5 days post-gene
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editing (n=3). All data are shown as mean + SEM. Data were compared with one-way
ANOVA and Tukey’s multiple comparisons test, *P < 0.05, **P <0.01, ***P <0.001, ****P

< 0.0001 and ns denotes not significant.

[0027] FIGS. 11a-11h: AZD7648 improves gene targeting across different genomic loci in
HSPCs. FIG. 11a. Allelic distribution of WT, INDEL and HDR frequencies following gene
editing at the CCR5 locus for knock-in of UBC-GFP-bGHpA sequence using RNP/AAV6
gene editing with and without AZD7648 (0.5 uM) (n=6). HDR frequency was measured
through ddPCR analysis. WT and INDEL frequencies were measured by ICE analysis. Mean
HDR to INDEL ratio is represented above the bars. FIG. 11b. CFU assay was performed on
Mock, RNP, AAV6 and RNP+AAV6 treated HSPCs following gene editing at the CCRS
locus with or without AZD7648 (0.5 uM) treatment. Plot shows the distribution of the
absolute number of CFU-GEMM (multi-potential granulocyte, erythroid, macrophage,
megakaryocyte progenitor cells), CFU-GM (colony forming unit-granulocytes and
monocytes) and BFU-E (erythroid burst forming units) colonies (n=2). FIG. 11c¢. Single cell
colonies (BFU-E, CFU-GM) from RNP+AAV6 treated cells with or without AZD7648
treatment from b were genotyped to assess the WT, INDEL and HDR frequencies. Plot shows
the distribution of percentage of the BFU-E, CFU-GM colonies with different genotypes
(n=1). FIG. 11d. Allelic distribution of WT, INDEL and HDR frequencies following gene
editing at the CCR5 locus for knock-in of UBC-GFP-bGHpA sequence using RNP/AAV6
with and without AZD7648 (0.5 uM) in bulk, LT-HSC and MPP populations (n=2). HDR
frequency was measured through ddPCR analysis. WT and INDEL frequencies were
measured by ICE analysis. Mean HDR to INDEL ratio is represented above the bars. FIG.
11e. Allelic distribution of WT, INDEL and HDR frequencies following gene editing at the
HBB locus for editing SCD mutation (E6V) using RNP/AAV6 with and without AZD7648
(0.5 uM) as measured by ICE analysis (n=4). Mean HDR to INDEL ratio is represented
above the bars. FIG. 11f. Schematic for gene targeting at the HBG1/2 promoters to introduce
a 13-bp deletion using Cas9 RNP and ssODN-based donor delivery. FIGS. 11g-11h. Allelic
distribution of WT, 13-bp deletion and other INDEL frequencies at HBG/ (FIGS. 11g) and
HBG2 (FIG. 11h) loci following gene editing (FIG. 11f) as measured by ICE analysis (n=2).
ssODN was used at two different concentrations as indicated. AZD7648 was used at a
concentration of 0.5 uM. Mean ratio of 13-bp deletion to other INDELSs is represented above

the bars. All data are shown as mean + SEM.
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[0028] FIGS. 12a-12e: AZD7648 treatment improves gene targeting with seemingly
inactive and low activity gRNAs. FIG. 12a. Schematic for gene targeting strategy at the
STING 1 locus (exon 5) to introduce a point mutation (V155M) associated with SAVI disease
using RNP (sg3 and 5)/AAV6 gene editing. sg5 is a seemingly inactive gRNA and sg3 is an
active gRNA FIG. 12b. Allelic distribution of WT, INDEL and HDR frequencies following
gene editing at the STING/ locus (FIG. 12a) using sg3 and sg5 gRNAs in PSCs with and
without AZD7648 treatment (0.5 uM) as measured by ICE analysis (n=3). Mean HDR to
INDEL ratio is represented above the bars and ratio of oo denotes zero INDEL frequency.
Nucleofection of sg5-Cas9 RNP alone resulted in only 1% of INDEL and thus the gRNA is
designated seemingly inactive. FIG. 12¢. Allelic distribution of WT, INDEL and HDR
frequencies following STING/ gene editing using sg3 and sg5 gRNAs in human HSPCs with
and without AZD7648 treatment (0.5 uM) as measured by ICE analysis (n=3). Mean HDR to
INDEL ratio is represented above the bars and ratio of oo denotes zero INDEL frequency.
FIG. 12d. PSCs were gene targeted at the CCR5 locus for the introduction of two stop
codons using a high activity gRNA (sgl1) and two low activity gRNAs (sgl and 4). Allelic
distribution of WT, INDEL and HDR frequencies following CCR5 gene editing using sgl1,
sgl and sg4 gRNAs in human PSC with and without AZD7648 treatment (0.5 uM) as
measured by ICE analysis (n=2). Mean HDR to INDEL ratio is represented above the bars.
FIG. 12e. HSPCs were gene targeted at the CCRS5 locus for the introduction of two stop
codons using sgl1, 1 and 4 gRNAs. Allelic distribution of WT, INDEL and HDR frequencies
following CCR5 gene editing using sgll, sgl and sg4 gRNAs in HSPCs with and without
AZD7648 treatment (0.5 uM) as measured by ICE analysis (n=2). Mean HDR to INDEL

ratio is represented above the bars. All data are shown as mean + SEM.

[0029] FIGS. 13a-13d: AZD7648 improves gene targeting with lower amounts of RNP
and AAV6. FIG. 13a. Allelic distribution of WT, INDEL and HDR frequencies following
gene editing at the CCR5 locus for knock-in of UBC-GFP-bGH-pA sequence in PSCs with or
without AZD7648 treatment (0.25 uM) using varying amounts of Cas9-RNP as indicated and
fixed amount of AAV6 donor (MOI: 2500) (n=3). HDR frequency was measured through
ddPCR analysis. WT and INDEL frequencies were measured by ICE analysis. Mean HDR to
INDEL ratio is represented above the bars. RNP-1X denotes 250 pg/ml of Cas9 protein
complexed with 100 pg/ml of gRNA. RNP-0.5X, 0.2X and 0.1X denote 2-, 5-, and 10-fold
lower concentrations of the RNP, respectively. FIG. 13b. Allelic distribution of WT, INDEL
and HDR frequencies measured by ICE analysis following gene editing at the ST/ING/ locus
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(sg3) in human HSPCs for introduction of V155M point mutation with or without AZD7648
treatment (0.5 uM) using varying amounts of Cas9-RNP as indicated and fixed amount of
AAV6 donor (MOIL:2500) (n=1). RNP-1X denotes 300 pg/ml of Cas9 protein complexed
with 160 ng/ml of gRNA. Mean HDR to INDEL ratio is represented above the bars. FIG.
13c. Allelic distribution of WT, INDEL and HDR frequencies following gene editing at the
CCR5 locus for knock-in of UBC-GFP-bGH-pA sequence in PSCs with or without AZD7648
treatment (0.25 uM) using a fixed amount of RNP and varying amounts of AAV6 donor
(MOI: 100, 500, 1000, 2500, 5000 and 10000) (n=3). HDR frequency was measured through
ddPCR analysis. WT and INDEL frequencies were measured by ICE analysis. Mean HDR to
INDEL ratio is represented above the bars. FIG. 13d. Allelic distribution of WT, INDEL and
HDR frequencies following gene editing at the CCR5 locus for knock-in of UBC-GFP-bGH-
pA sequence in human HSPCs with or without AZD7648 treatment (0.5 uM) using a fixed
amount of RNP and varying amounts of AAV6 donor (MOI: 100, 500, 1000, 2500 and 5000)
(n=3). HDR frequency was measured through ddPCR analysis. WT and INDEL frequencies
were measured by ICE analysis. Mean HDR to INDEL ratio is represented above the bars.

All data are shown as mean + SEM.

[0030] FIGS. 14a-14g: AZD7648 improves gene targeting in primary human T cells and
HBECs. FIG. 14a. Allelic distribution of WT, INDEL and HDR frequencies following gene
editing at the CCRS5 locus for knock-in of UBC-GFP-bGH-pA sequence in T cells with
varying concentrations of AZD7648 (as indicated) using RNP/AAV6 gene editing (n=3).
HDR frequency was measured by ddPCR. WT and INDEL frequencies were measured by
ICE analysis. Mean HDR to INDEL ratio is represented above the bars. FIG. 14b. Allelic
distribution of WT, INDEL and HDR frequencies following gene editing at the CCR5 locus
for knock-in of UBC-GFP-bGH-pA sequence in T cells with or without AZD7648 (0.5 uM)
using a fixed amount of RNP and varying amounts of AAV6 donor (MOI: 1000, 2500, 5000
and 10000) (n=3). FIG. 14c¢. Schematic for gene targeting at the 7RAC gene locus for knock-
in of CD19-CAR using RNP/AAV6 gene editing. FIG. 14d. Frequency of CD19-CAR
positive cells measured by flow cytometry for tNGFR expression following gene editing at
the 7RAC gene locus (FIG. 14¢) in T cells with or without AZD7648 (0.5 uM) treatment.
Gene editing was performed with a fixed amount of RNP and two different MOIs of the
AAV6 donor (n=4). Data were compared with unpaired t-test with Welch’s correction, *P <
0.05, ***P < 0.001. FIG. 14e. Percentage of gene targeted alleles in WT HBECs post gene
editing at the CFTR locus for editing AF508 mutation using RNP/AAV6 with different
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concentrations of AZD7648 as indicated (n=1). Allelic gene targeting frequency was
measured using ICE analysis. FIG. 14f. Allelic distribution of WT, INDEL and HDR
frequencies as measured by ICE analysis in CF patient-derived HBECs gene edited at the
CFIR locus for the correction of AFS508 mutation using RNP/AAV6 with or without
AZD7648 treatment (0.5 pM) (n=4). Mean HDR to INDEL ratio is represented above the
bars. FIG. 14g. Viable cell count of CFTR gene targeted HBECs with AZD7648 treatment
(FIG. 14f) relative to that of untreated cells. All data are shown as mean + SEM.

[0031] FIGS. 15a-15d: Comparison of different DNA-PKcs inhibitors and optimization of
gene targeting with AZD7648. FIG. 15a. Allelic gene targeting efficiency post gene editing
at the CCRS locus for introduction of stop codons with different concentrations of DNA-
PKcs inhibitors (AZD7648, KU57788, LTURM34 and BAY8400) in comparison with the
untreated cells (UNT) as measured by ICE analysis at 4 days post-gene editing (n=3). FIG.
15b. AZD7648 concentration gradient analysis in PSC for gene targeting at the CCR5 locus.
Alignment of the WT and HDR sequences is shown in the top panel. Two stop codon
sequences that are integrated by HDR is shown in green. Left panel shows representative
sanger sequencing chromatograms for Mock, untreated (UNT, RNP+AAV6) and different
concentrations of AZD7648 (1, 0.5, 0.25 and 0.1 uM) samples and the representative
screenshots of ICE analysis data with WT, HDR and INDEL frequencies for corresponding
samples is shown in the right panel. FIG. 15¢. Time course analysis of AZD7648 treatment
for gene targeting at the CCR5 locus in PSC. Alignment of the WT and HDR sequences is
shown in the top panel. Two stop codon sequences that are integrated by HDR is shown in
green. Left panel shows representative sanger sequencing chromatograms for Mock,
untreated (UNT) and different time points of AZD7648 treatment (0.25 uM for 4h, 8h, 12h
and 24h) samples and the screenshots of ICE analysis data with WT, HDR and INDEL
frequencies for corresponding samples is shown on the right panel. FIG. 15d. Allelic gene
targeting efficiency at the CCRS5 locus for knock-in of UBC-GFP-bGHpA sequence with two
different concentrations (0.5 and 0.25 uM) of various DNA-PKcs inhibitors (AZD7648,
M3814, VX984 and BAY8400) as measured by ddPCR analysis at 5 days post-gene editing
(n=3). All data are shown as mean = SEM. Data were compared with one-way ANOVA and
Tukey’s multiple comparisons test, *P < 0.05, **P <0.01, ***P <0.001, ****P <0.0001 and

ns denotes not significant.

[0032] FIGS. 16a-16d: Toxicity analysis in PSCs gene targeted with AZD7648 and
biochemical validation of DNA-PKcs inhibition. FIG. 16a. MTT cell viability assay on gene

13



WO 2023/220418 PCT/US2023/022108

targeted PSCs (FIG. 15d) at 24h, 48h and 72h post-gene editing represented as percent cell
viability normalized to the mock cells (n=3). All data are shown as mean = SEM. Data were
compared with one-way ANOVA and Tukey’s multiple comparisons test, *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001 and ns denotes not significant. FIGS. 16b-16¢. Western
blot analysis for phosphop DNA-PKcs (Ser2056), DNA-PKcs and phospho-AKT (Ser473) in
PSC treated with bleomycin +/- AZD for 2h and gene targeted with and without AZD
treatment at 2h post gene editing (FIG. 16b). ACTB is used as a loading control. Control
denotes sample not treated with bleomycin. Mock denotes control sample nucleofected
without RNP. UNT denotes sample either treated with bleomycin or RNP-AAV6 gene
editing and AZD denotes AZD7648 treated sample with either bleomycin or RNP-AAV6
gene editing treatment as indicated. Uncropped western blot images are shown in FIG. 16c¢.
FIG. 16d. Allelic gene targeting efficiency of PSC gene targeted at the CCR5 locus for
knock-in of UBC-GFP-bGHpA sequence (FIG. 16¢) with and without AZD treatment at 72h
post gene editing as measured by ddPCR.

[0033] FIGS. 17a-17d: Gene targeting at CCRS locus in PSC and pluripotency analysis.
FIG. 17a. Percentage of gene targeted cells at the CCR5 locus for knock-in of UBC-GFP-
bGHpA sequence with two different concentrations of AZD7648 (0.5 and 0.25 uM) in
comparison with the untreated cells (UNT) as measured by flow cytometry for GFP at 5-days
post-gene editing (n=3). Mock and RNP only cells were used as negative controls. FIG. 17b.
Allelic distribution of WT, INDEL, HDR frequencies in CCR5 gene edited PSCs (FIG. 17a)
(n=3). HDR frequency was measured by ddPCR analysis, WT and INDEL frequencies were
measured using ICE analysis. Mean HDR to INDEL ratio is represented above the bars. FIG.
17¢. Representative screenshots of ICE analysis in PSC gene targeted at CCR5 locus (FIG.
17a, FIG. 17b) showing frequencies of WT and INDELs along with the pattern. FIG. 17d.
Percentage of cells positive for various markers of pluripotency (SSEA4, OCT3/4, SOX2 and
NANOG) in the CCRS gene edited PSCs (FIG. 17a) (n=3). SSEA4 expression was measured
by flow cytometry analysis. OCT3/4, SOX2 and NANOG expression was assessed by
quantification of immunofluorescence staining images for corresponding markers in fixed

PSCs and normalized to the total cell count measured through DAPI staining (n=3).

[0034] FIGS. 18a-18d: Trilineage differentiation and single cell cloning of CCRS gene
targeted PSC. FIG. 18a. Gene edited PSCs (FIG. 17a) were differentiated into three germ
layers using a commercially available differentiation kit. The frequency of differentiated cells

was assessed by flow cytometry for the expression of corresponding markers for ectoderm
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(PAX6 and NES), mesoderm (CD56 and T) and endoderm (CXCR4 and SOX17) (n=2). FIG.
18b. PSCs were gene targeted at the CCRS5 locus with and without different concentrations of
AZD7648 (0.5, 0.25 and 0.1 uM) for single cell cloning analysis. Allelic gene targeting
efficiency was measured using ddPCR analysis. FIG. 18¢c. Gene targeted PSCs (FIG. 18a)
were subjected to single cell cloning and the frequency of clones with mono-, bi-allelic and
no gene targeting was measured using ddPCR and PCR analysis. For each condition, 9-10
clones were picked and analyzed. FIG. 18d. Gene targeting in PSC at the CCR5 locus for the
knock-in of UBC-GFP-bGHpA sequence with pre-treatment only (preAZD-UNT), post-
treatment (AZD) only and pretpost treatment (pret+post AZD) with AZD7648 (0.5 uM)
(n=2). For pre-treatment, cells were treated with AZD7648 for 24 hours before gene targeting
and for post-treatment cells were treated with AZD7648 for 24 hours after gene editing.

[0035] FIGS. 19a-19d: AZD7648 treatment improves gene targeting at HBB and CFTR
loci in PSC. FIG. 19a. Schematic for gene targeting at the HBB locus to edit SCD (E6V)
mutation in exon 1 using RNP/AAV6 gene editing (upper panel). Allelic distribution of WT,
INDEL and HDR frequencies following gene editing at the BB locus with and without
AZD7648 treatment as measured by ICE analysis (lower panel) (n=3). Mean HDR to INDEL
ratio is represented above the bars. All data are shown as mean + SEM. FIG. 19b. Alignment
of the WT and HDR sequences for #BB gene is shown in the top panel (FIG. 19a). Silent
mutations in the HDR sequence are shown in green. Left panel shows representative sanger
sequencing chromatograms for Mock, RNP, untreated (UNT, RNP+AAV6) and AZD7648
treatment (0.5, 0.25 uM) samples and the screenshots of ICE analysis data with WT, HDR
and INDEL frequencies for corresponding samples is shown in the right panel. FIG. 19c.
Schematic for gene targeting at the CF7TR locus to edit CF disease mutation (AF508) in exon
11 using RNP/AAV6 gene editing (upper panel). Allelic distribution of WT, INDEL and
HDR frequencies following gene editing with and without AZD7648 treatment at the CF7TR
locus as measured by ICE analysis (lower panel) (n=3). Mean HDR to INDEL ratio is
represented above the bars. All data are shown as mean + SEM. FIG. 19d. Alignment of the
WT and HDR sequences for CF7R gene (FIG. 19¢) is shown in the top panel. Silent
mutations in the HDR sequence are shown in green. Left panel shows representative sanger
sequencing chromatograms for Mock, RNP, untreated (UNT, RNP+AAV6) and AZD7648
treatment (0.5, 0.25 uM) samples and the screenshots of ICE analysis data with WT, HDR

and INDEL frequencies for corresponding samples is shown in the right panel.
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[0036] FIGS. 20a-20d: AZD7648 treatment improves gene targeting at HBB and HBAI
loci in PSC. FIG. 20a. Schematic for gene targeting at the HBB locus to knock-in UBC-GFP-
bGHpA sequence using RNP/AAV6 gene editing (upper panel). Allelic distribution of WT,
INDEL and HDR frequencies following gene editing at the HBB locus with and without
AZD7648 and M3814 (2 and 0.5 uM) treatment (lower panel) (n=3). HDR efficiency was
measured through ddPCR analysis. WT and INDEL frequencies were measured by ICE
analysis. Mean HDR to INDEL ratio is represented above the bars. All data are shown as
mean = SEM. FIG. 20b. Representative screenshots of ICE analysis on PSC gene targeted at
the HBB locus (FIG. 20a) showing frequencies of WT and INDELs along with the pattern.
FIG. 20c. Schematic for gene replacement at the HBA/ locus for knock-in of transgene-2A-
YFP sequence using RNP/AAV6 gene editing (upper panel). Allelic distribution of WT,
INDEL and HDR frequencies following gene editing at the HBA/ locus with and without
AZD7648 and M3814 (2 and 0.5 uM) treatment (lower panel) (n=3). HDR efficiency was
measured through ddPCR analysis. WT and INDEL frequencies were measured by ICE
analysis. Mean HDR to INDEL ratio is represented above the bars. All data are shown as
mean = SEM. FIG. 20d. Representative screenshots of ICE analysis on PSC gene targeted at
the HBA I locus (FIG. 20¢) showing frequencies of WT and INDELSs along with the pattern.

[0037] FIGS. 21a-21d: Gene targeting in HSPCs at the CCR5 locus with AZD7648
treatment. FIG. 21a. Comparison of different DNA-PKcs inhibitors for gene targeting at the
CCR5 locus for the knock-in of UBC-GFP-bGHpA sequence at two different concentrations
(2 and 0.5 uM). Allelic gene targeting efficiency was measured by ddPCR analysis and cell
viability was assessed by measuring live cell count and normalizing the number to the Mock
sample (n=3). Mean values are shown above the bars. FIG. 21b. Allelic distribution of WT,
INDEL and HDR frequencies following gene editing at the CCR5 locus for knock-in of
UBC-GFP-bGHpA sequence with different concentrations of AZD7648 as indicated (n=1).
HDR frequency was measured using ddPCR, WT and INDEL frequencies were measured
using ICE analysis. FIG. 21c. Representative screenshots of ICE analysis on HSPCs gene
targeted at the CCRS5 locus (FIG. 21b) showing frequencies of WT and INDELSs along with
the pattern. FIG. 21d. CFU assay was performed on Mock, RNP, AAV6 and RNP+AAV6
treated HSPCs following gene editing at the CCR5 locus with or without AZD7648 (0.5 uM)
treatment. Plot shows the distribution of the percentages of CFU-GEMM (multi-potential
granulocyte, erythroid, macrophage, megakaryocyte progenitor cells), CFU-GM (colony
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forming unit-granulocytes and monocytes) and BFU-E (erythroid burst forming units)

colonies (n=2). All data are shown as mean + SEM.

[0038] FIGS. 22a-22b: Gene targeting in LT-HSC and MPP with AZD7648 treatment.
FIG. 22a. Gating scheme for FACS sorting of LT-HSC and MPP at 2 days post gene
targeting of HSPCs at the CCRS locus. LT-HSC (CD90+, CD45RA-, CD34+, CD38-,
Lineage-) and MPP (CD90-, CD45RA-, CD34+, CD38-, Lineage-) populations were FACS
sorted, and the gene targeting was assessed in these populations. FIG. 22b. FACS plots
showing the frequency of GFP+ gene targeted cells in the Mock, AAV6 only, RNP+AAV6,
RNP+AAV6+AZD samples in LT-HSC and MPP populations (FIG. 22a).

[0039] FIGS. 23a-23d: Gene targeting in HSPCs at HBB and HBAI loci with AZD7648
treatment and cell viability. FIG. 23a. HSPCs were gene targeted at the HBB locus to edit
SCD mutation using RNP/AAV6 gene editing with and without AZD7648 treatment (0.5
uM). Alignment of the WT and HDR sequences for HBB gene is shown in the top panel.
Silent mutations in HDR sequence are shown in green. Left panel shows representative
Sanger sequencing chromatograms for Mock, RNP, untreated (UNT, RNP+AAV6) and
AZD7648 treatment (0.5 uM) samples and the screenshots of ICE analysis data with WT,
HDR and INDEL frequencies for corresponding samples is shown in the right panel. FIG.
23b. Schematic for gene replacement at the /BA/ locus to replace HBA1 with HBB sequence
using RNP/AAV6 gene editing (left panel). Allelic distribution of WT, INDEL and HDR
frequencies following gene editing at the HBA/ locus with or without AZD7648 treatment
(0.5 uM) (n=3) (right panel). HDR efficiency was measured through ddPCR analysis. WT
and INDEL frequencies were measured by ICE analysis. Mean HDR to INDEL ratio is
represented above the bars. FIG. 23c. Representative screenshots of ICE analysis on HSPC
gene targeted at HBA [ locus (FIG. 23b) showing frequencies of WT and INDELs along with
the pattern. FIG. 23d. Percentage of viable cell count of HSPCs at 3 days post-gene
targeting (GT) at CCR5 (n=4), HBB (n=2) and HBA! (n=2) loci in untreated (UNT) and
AZD7648 (AZD, 0.5 uM) treated cells. Mock, AAV only and RNP only treated cells were
included as controls. Viable cell counts were measured at 72h post-gene editing and plotted

as percentage relative to the mock cell count. All data are shown as mean + SEM.

[0040] FIGS. 24a-24¢: Off-target analysis in gene targeted HSPC and AZD7648 treatment
for gene editing without donor template. FIG. 24a. HSPCs gene targeted at HBB, CCR5 and
HBAI loci with and without AZD7648 treatment (0.5 uM) were assessed for off-target
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activity at the top off-target sites (OT1 for HBB, OT39 for CCR5 and OT1 for HBA) through
next generation sequencing. Frequency of reads with insertion and deletion INDELSs is shown
following SNP/INDEL detection analysis of NGS data (n=2). FIG. 24b. HSPC were gene
edited with Cas9 RNP at the CCR5 locus with and without AZD7648 treatment in the
presence or absence of AAV6 donor template (for knock-in of two stop codons). Allelic
distribution of frequencies of WT, insertions, deletions and HDR were determined by using
ICE analysis (n=2). FIG. 24c. Alignment of the WT and HDR sequences for the CCRS5 gene
(FIG. 24b) is shown in the top panel. Left panel shows representative sanger sequencing
chromatograms for Mock, RNP only, RNP+AAV6 (untreated (UNT) and AZD7648 treated
(AZD-0.5 uM)) samples and the screenshots of ICE analysis data with WT, HDR and INDEL
frequencies for corresponding samples is shown in the right panel. All data are shown as

mean £ SEM.

[0041] FIGS. 25a-25f: AZD7648 treatment for gene editing without AAV6 donor template
and ssODN based gene targeting at the HBB locus. FIG. 25a. HSPCs were gene edited with
Cas9 RNP at the HBB locus with and without AZD7648 treatment in the presence or absence
of AAV6 donor template (for SCD mutation editing). Allelic distribution of frequencies of
WT, insertions, deletions and HDR were determined by using ICE analysis. FIGS. 25b-25c.
Alignment of the WT and HDR sequences for the HBB gene (FIG. 25a) is shown in the top
panel. Bottom panel shows representative sanger sequencing chromatograms for Mock, RNP
only, RNP+AAV6 (untreated (UNT) and AZD7648 treated (AZD-0.5 uM)) samples and the
screenshots of ICE analysis data with WT, HDR and INDEL frequencies for corresponding
samples is shown in (FIG. 25¢). FIG. 25d. Allelic distribution of WT, INDEL and HDR
frequencies following gene editing at the HBB locus for editing SCD mutation using RNP
and ssODN donor with and without AZD7648 treatment (0.5 uM) (n=2). ssODN donor was
tested at two different concentrations as indicated (2.5 and 5 pM). FIGS. 2S5e-25f.
Representative sanger sequencing chromatograms for Mock, RNP only, RNP+ssODN
(untreated (UNT) and AZD7648 treated (AZD-0.5 pM)) samples (FIG. 25e) and the
screenshots of ICE analysis data with WT, HDR and INDEL frequencies for corresponding
samples is shown in (FIG. 25f). All data are shown as mean = SEM.

[0042] FIGS. 26a-26¢: Gene targeting in HSPCs at HB(G /2 loci using ssODN donor with
AZD7648 treatment. FIG. 26a. HSPCs were gene edited ar HBG1/2 loci for introducing a
13-bp deletion using RNP and ssODN donor (2.5 and 5 uM) with and without AZD7648
treatment (0.5 uM). Alignment of the WT and HDR sequences for HB(G /2 genes is shown in
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the top panel. Bottom panels show representative sanger sequencing chromatograms of
HBGI (left) and HBG2 (right) loci for Mock, RNP only, RNP+ssODN (untreated (UNT) and
AZD7648 treated (AZD-0.5 pM)) samples. FIGS. 26b-26¢. Screenshots of ICE analysis data
with WT, 13-bp deletion and other INDEL frequencies for the corresponding samples from
(FIG. 26a) is shown for HBG !/ (FIG. 26b) and HBG 1 (FIG. 26¢).

[0043] FIGS. 27a-27¢: Gene targeting at the S7TING/ locus in PSC and HSPC using
seemingly inactive gRNA with AZD7648 treatment. FIG. 27a. Alignment of the WT and
HDR sequences for the STING/ gene. HDR introduces V155M mutation (in red). Silent
mutations introduced by HDR are indicated in green. FIGS. 27b-27¢. PSC and HSPC were
gene targeted at ST/ING/ locus with an active (sg3) and inactive (sg5) gRNA. Left panel
shows representative Sanger sequencing chromatograms for Mock, sg3, sg5-RNP only,
RNP+AAV6 (untreated (UNT) and AZD7648 treated (AZD-0.5 uM)) samples in PSC (FIG.
27b) and HSPC (FIG. 27c). Screenshots of ICE analysis data with WT, HDR and INDEL
frequencies for the corresponding samples from (FIGS. 27b-27¢) is shown in the right panel.

[0044] FIGS. 28a-28d: Gene targeting at the CCRS5 locus in PSCs and HSPCs using
seemingly low activity gRNAs with AZD7648 treatment. FIG. 28a. Target sites for sgl1, sgl
and sg4 gRNAs at the CCRS5 locus. sgl1 is a highly active gRNA and sgl, 4 are low activity
gRNAs FIG. 28b. Alignment of the WT and HDR sequences for the CCR5 gene. HDR
introduces two stop codons (in green). FIGS. 28¢-28d. PSCs and HSPCs were gene targeted
at the CCRS locus with sgl1, sgl and sg4 gRNAs. Left panel shows representative Sanger
sequencing chromatograms for Mock, sgll, sgl, sg4-RNP only, RNP+AAV6 (untreated
(UNT) and AZD7648 treated (AZD-0.5 uM)) samples in PSCs (FIG. 28¢) and HSPCs (FIG.
28d). Screenshots of ICE analysis data with WT, HDR and INDEL frequencies for the
corresponding samples from (FIG. 28¢-28d) is shown in the right panel.

[0045] FIGS. 29a-29b: Gene targeting at the CCRS locus in HSPCs using seemingly low
activity gRNAs with AZD7648 treatment. FIG. 29a. HSPC were gene targeted at the CCR5
locus for knock-in of UBC-GFP-bGH-pA sequence using high activity (sgll) and low
activity gRNAs (sgl and 4). Allelic distribution of WT, INDEL and HDR frequencies
following gene editing at the CCRS locus with and without AZD7648 treatment (n=3). HDR
frequency was determined by ddPCR analysis. WT and INDEL frequencies were determined
by ICE analysis. Mean HDR to INDEL ratio is represented above the bars. All data are
shown as mean + SEM. FIG. 29b. Representative screenshots of ICE analysis on PSCs gene
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targeted at the CCRS5 locus (FIG. 29a) showing frequencies of WT and INDELs along with
the pattern.

[0046] FIGS. 30a-30f: Gene targeting at the /L2RG locus in HSPC using seemingly low
activity gRNAs with AZD7648 treatment. FIG. 30a. Schematic for gene targeting at the
IL2RG locus for knock-in of codon-optimized cDNA and bGHpA in exon 1 using
RNP/AAV6 gene editing with a high activity gRNA (sgl) and a low activity gRNA (sg6).
FIG. 30b. Schematic for gene targeting at the /L. 2RG locus for knock-in of codon-optimized
cDNA and bGHpA in exon 1 using RNP/AAV6 gene editing with a high activity gRNA (sgl)
and two low activity gRNAs (sg5, 7). FIG. 30c. Allelic distribution of WT, INDEL and HDR
frequencies in HSPCs gene targeted at the /L.2RG locus with or without AZD7648 treatment
(0.5 uM) using sgl and 6 gRNAs (n=3) (FIG. 30a). HDR efficiency was measured through
ddPCR analysis. WT and INDEL frequencies were measured by ICE analysis. Mean HDR to
INDEL ratio is represented above the bars. All data are shown as mean = SEM. FIG. 30d.
Allelic distribution of WT, INDEL and HDR frequencies in HSPCs gene targeted at the
IL2RG locus with or without AZD7648 treatment (0.5 uM) using sgl, 5 and 7 (n=2) (FIG.
30b). HDR efficiency was measured through ddPCR analysis. WT and INDEL frequencies
were measured by ICE analysis. Mean HDR to INDEL ratio is represented above the bars.
All data are shown as mean + SEM. FIGS. 30e-30f. Representative screenshots of ICE
analysis on HSPCs gene targeted at the /.2RG locus (FIG. 30¢-30d) showing frequencies of
WT and INDELSs along with the pattern for sgl and 6 (FIG. 30e) and sg5 and 7 (FIG. 30f).

[0047] FIGS. 31a-31¢c: AZD7648 improves the frequency of gene targeted cells with lower
amounts of RNP in PSC and HSPC. FIG. 31a. Frequency of gene targeted cells measured by
flow cytometry for GFP expression following gene editing at the CCRS locus for knock-in of
UBC-GFP-bGH-pA sequence with or without AZD7648 treatment (0.25 uM) using varying
amounts of Cas9-RNP as indicated and fixed amount of AAV6 donor (MOI:2500) in PSCs
(n=3). RNP-1X denotes 250 ug/ml of Cas9 protein complexed with 100 pug/ml of gRNA.
RNP-0.5X, 0.2X and 0.1X denote 2- ,5-, and 10-fold lower concentrations of the RNP
respectively. All data are shown as mean + SEM. FIG. 31b. Representative screenshots of
ICE analysis on PSC gene targeted at CCRS locus (FIG. 31a) showing frequencies of WT
and INDELs along with the pattern. FIG. 31c. Representative screenshots of ICE analysis
showing frequencies of WT, HDR and INDELs along with the pattern in HSPCs gene
targeted at the STING 1 locus for introducing V155M mutation with varying amounts of RNP

as indicated.
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[0048] FIGS. 32a-32b: AZD7648 improves the frequency of gene targeted cells with
lower amounts of AAV6 in PSCs. FIG. 32a. Frequency of gene targeted cells measured by
flow cytometry for GFP expression following gene editing at the CCRS locus for knock-in of
UBC-GFP-bGH-pA sequence in PSCs with or without AZD7648 treatment (0.25 uM) using
a fixed amount of RNP and varying amounts of AAV6 donor (MOI: 100, 500, 1000, 2500,
5000 and 10000) (n=3). All data are shown as mean = SEM. FIG. 32b. Representative
screenshots of ICE analysis on PSCs gene targeted at the CCR5 locus (FIG. 32a) showing
frequencies of WT and INDELSs along with the pattern.

[0049] FIGS. 33a-33b: AZD7648 improves the frequency of gene targeted cells with
lower amounts of AAV6 in HSPCs. FIG. 33a. Frequency of gene targeted cells measured by
flow cytometry for GFP expression following gene editing at the CCRS locus for knock-in of
UBC-GFP-bGH-pA sequence in HSPCs with or without AZD7648 treatment (0.25 uM)
using a fixed amount of RNP and varying amounts of AAV6 donor (MOI: 100, 500, 1000,
2500, 5000 and 10000) (n=3). All data are shown as mean + SEM. FIG. 33b. Representative
screenshots of ICE analysis on HSPC gene targeted at the CCRS locus (FIG. 33a) showing
frequencies of WT and INDELSs along with the pattern.

[0050] FIGS. 34a-34d: AZD7648 improves gene targeting in T cells. FIG. 34a.
Comparison of different DNA-PKcs inhibitors for gene targeting at the CCRS5 locus for
knock-in of UBC-GFP-bGHpA sequence at two different concentrations (2 and 0.5 uM) in T
cells. Allelic gene targeting efficiency was measured by ddPCR analysis and cell viability
was assessed by measuring live cell count and normalizing the number to the Mock sample
(n=3). FIG. 34b. Frequency of gene targeted cells as measured by flow cytometry for GFP
expression following UBC-GFP-bGH-pA sequence knock-in at the CCRS locus in T cells
with varying concentrations of AZD7648 (as indicated) using RNP/AAV6 gene editing
(n=3). FIG. 34c. Percentage of viable cell count for the CCR5 gene targeted T cells (FIG.
34b) at 72 h post gene editing (n=3) relative to the mock cells. All data are shown as mean +
SEM. FIG. 34d. Representative screenshots of ICE analysis showing frequencies of WT and
INDELs along with the pattern in T cells gene targeted at the CCR5 locus with different
concentrations of AZD7648 (FIG. 34b).

[0051] FIGS. 35a-35d: AZD7648 improves gene targeting in T cells with lower amounts
of AAV6. FIG. 35a. Frequency of gene targeted cells as measured by flow cytometry for
GFP following UBC-GFP-bGH-pA sequence knock-in at the CCR5 locus in T cells with or
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without AZD7648 (0.5 uM) treatment using a fixed amount of RNP and varying amounts of
AAV6 donor (MOI: 1000, 2500, 5000 and 10000) (n=3). FIG. 35b. Percentage of viable cell
count for the CCR5 gene targeted T cells (FIG. 35a) at 72 h post gene editing (n=3) relative
to the mock cells. All data are shown as mean + SEM. FIG. 35¢. Representative screenshots
of ICE analysis showing frequencies of WT and INDELs along with the pattern in T cells
gene targeted at the CCRS5 locus with different amounts of AAV6 (FIG. 35a). FIG. 35d. T
cells were gene targeted at the 7RAC locus for knock-in of CD19 CAR with and without
AZD treatment. Engineered CD19 CAR T cells were challenged with GFP+ Nalm6 leukemia
target cells in co-culture at an effector to target ratio of 1:1 for 72 hours. Potency of the CAR
T cell cytotoxicity activity was monitored by the residual percentage of GFP+ target cells by

flow cytometry at 24h and 48h post challenge. All data are shown as mean + SEM.

[0052] FIGS. 36a-36f: AZD7648 improves gene targeting in B cells and HBECs. FIG.
36a. Allelic distribution of WT, INDEL and HDR frequencies following gene editing at the
CCRS5 locus for knock-in of UBC-GFP-bGH-pA sequence in B cells with varying
concentrations of AZD7648 (as indicated) using RNP/AAV6 gene editing (n=2). HDR
frequency was measured by ddPCR. WT and INDEL frequencies were measured through
ICE analysis. Mean HDR to INDEL ratio is represented above the bars. FIG. 36b.
Representative screenshots of ICE analysis showing frequencies of WT and INDELs along
with the pattern in B cells gene targeted at the CCRS locus (FIG. 36a). FIG. 36¢. Schematic
for gene targeting at exon 1 of the CFTR gene for knock-in of SFFV-Citrine-pA sequence
using RNP/AAV6 gene editing. FIG. 36d. Frequency of gene targeted cells as measured by
flow cytometry for Citrine expression following C/'7R-exon 1 gene editing (FIG. 36¢) with
or without AZD7648 treatment (0.5 uM) in HBECs (n=4). FIG. 36e. Fold change in the
frequency of CFTR gene targeted HBECs (FIG. 36d) with AZD7648 (0.5 uM) treatment
relative to the untreated cells. All data are shown as mean + SEM. FIG. 36f. CF patient
derived HBECs were gene targeted at the CF7TR locus for the correction of AF508 mutation
in exon 11. Alignment of the CF and HDR sequences for the CF7R gene. AF508 mutation is
shown in red for CF sequence and silent mutations are shown in green for HDR sequence.
Left panel shows representative Sanger sequencing chromatograms for Mock, RNP+AAV6
(untreated (UNT) and AZD7648 treated (AZD-0.5 uM)) HBEC samples. Screenshots of ICE
analysis data with WT, HDR and INDEL frequencies for corresponding samples is shown in
the right panel.
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DETAILED DESCRIPTION

1. Introduction

[0053] As discussed above, there is a need for new and efficient methods for promoting
HDR-mediated genomic editing in primary cells. In genomic loci with low levels of HDR,
the DSB created by Cas9 RNP is predominantly repaired by NHEJ pathway, leading to the
formation of indels'®. Thus, recent studies have explored the possibility of inhibition of NHEJ
repair as a way to improve the efficiency of HDR-based gene targeting'”. The present
disclosure provides methods for improving the efficiency of homology directed repair
(HDR)-mediated modification of genomic sequences in primary cells, and is based in part on
the discovery by the inventors that DNA-PK inhibitors are able to promote HDR-mediated
genome editing. The methods provided herein involve the introduction into cells of single
guide RNAs (sgRNAs), RNA-guided nucleases (e.g., Cas9), homologous repair templates,
and DNA-PK inhibitors. The methods can be used, e.g., to integrate cDNAs encoding
functional proteins into cells to correct or compensate for mutations in cells from a subject
with a genetic disorder, or to modify endogenous genomic sequences for any purpose using
HDR. As demonstrated in the Examples herein and described throughout the present
disclosure, the provided methods enhance gene targeting efficiency in hPSCs, HSPCs, T
cells, B cells, and human bronchial epithelial cells (HBECs). Also provided herein are
methods for treating various genetic diseases and cancer using ex vivo gene edited cell-based

therapeutics.

[0054] DNA-dependent protein kinase (DNA-PK) is a key protein in NHEJ repair pathway
that is involved in processing of the broken ends of the DSB. Small molecule inhibitors
against DNA-PK have been developed, as it is considered as a potential target for anti-tumor
therapeutic®®. Some of these compounds have been tested for enhancing gene targeting
efficiencies'®. Recent studies have shown that DNA-PK inhibitor, M3814 can enhance the
gene targeting efficiency in human PSCs and T cells'®?!. But, a recent study has shown that
AZD7648 and VX984 are two potent DNA-PK inhibitors with a higher specificity than
M3814%223 All these three small molecules are currently being tested in clinical trials for the
treatment of solid tumors®*. As described in the Examples herein, the effects of AZD7648,
M3814, VX984 and few other DNA-PK inhibitors treatment on HDR-based gene targeting
using the Cas9 RNP and AAV6 based gene editing platform were compared. It was found
that AZD7648 is more potent than M3814 and VX984 in enhancing the gene targeting

efficiency in various human primary stem cells. In some embodiments, AZD7648 treatment
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can promote gene targeting frequency for small nucleotide changes as high as 100%, and
large sequence integrations can be achieved at up to 80% frequency. In some embodiments,
AZD7648 treatment can improve gene targeting across different genomic loci in
hematopoietic stem and progenitor cells (HSPCs) and pluripotent stem cells (PSCs). In some
embodiments, AZD7648 treatment can improve gene targeting with seemingly inactive and
low activity gRNAs. In some embodiments, AZD7648 treatment can reduce the amounts of
RNP and AAV6 with maintenance of high gene targeting efficiencies. In some embodiments,
AZD7648 treatment can improve gene targeting in primary human T and B cells without
affecting immune cell function. In particular embodiments, the sgRNA and nuclease are
delivered to cells as ribonucleoprotein (RNP) complexes (e.g., by electroporation), and the
DNA-PK inhibitor is delivered (e.g., by addition of the DNA-PK inhibitor to cell growth
medium) before, concurrently with, or after delievery of the RNP complexes, followed by the
transduction of the homologous repair template using an AAV6 viral vector. The introduction
of the DNA-PK inhibitor transiently increases the rate of HDR and reduces non-homologous
end-joining (NHEJ) in the primary cells, and also permits the use of lower amounts of donor
template (e.g., reduced MOIs when using viral vectors such as AAV6) than is possible in the
absence of DNA-PK inhibitor, while still achieving high levels of HDR in the cells and high
levels of engraftment in vivo. This system can be used to modify any human cell, including
hPSCs, HSPCs, T cells, B cells, and HBECs. In particular embodiments, CD34™ HSPCs are

used.

2. Definitions

[0055] As used herein, the following terms have the meanings ascribed to them unless

specified otherwise.

[0056] The terms “a,” “an,” or “the” as used herein not only include aspects with one

2 2

member, but also include aspects with more than one member. For instance, the singular

(13 29 LC 29

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 so

forth.

[0057] The terms “about” and “approximately” as used herein shall generally mean an
acceptable degree of error for the quantity measured given the nature or precision of the
measurements. Typically, exemplary degrees of error are within 20 percent (%), preferably

within 10%, and more preferably within 5% of a given value or range of values. Any
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reference to “about X specifically indicates at least the values X, 0.8X, 0.81X, 0.82X,
0.83X, 0.84X, 0.85X, 0.86X, 0.87X, 0.88X, 0.89X, 0.9X, 0.91X, 0.92X, 0.93X, 0.94X,
0.95X, 0.96X, 0.97X, 0.98X, 0.99X, 1.01X, 1.02X, 1.03X, 1.04X, 1.05X, 1.06X, 1.07X,
1.08X, 1.09X, 1.1X, 1.11X, 1.12X, 1.13X, 1.14X, 1.15X, 1.16X, 1.17X, 1.18X, 1.19X, and
1.2X. Thus, “about X” is intended to teach and provide written description support for a

claim limitation of, e.g., “0.98X.”

[0058] The term “nucleic acid” or “polynucleotide” refers to deoxyribonucleic acids
(DNA) or ribonucleic acids (RNA) and polymers thereof in either single- or double-stranded
form. 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, 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
et al., J. Biol. Chem. 260:2605-2608 (1985); and Rossolini et al., Mol. Cell. Probes 8:91-98
(1994)).

[0059] The term “gene” means the segment of DNA involved in producing a polypeptide
chain. It may include regions preceding and following the coding region (leader and trailer)

as well as intervening sequences (introns) between individual coding segments (exons).

[0060] A "promoter" is defined as 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. The promoter can be a heterologous promoter.

[0061] “DNA-dependent protein kinase” (“DNA-PK”) is a nuclear serine/threonine protein
kinase complex composed of the catalytic subunit (DNA-PKcs) and a heterodimer of Ku

proteins (Ku70/Ku80). DNA-PK is a member of the phosphatidylinositol 3-kinase-related
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kinase (PIKK) family of protein kinases and plays a role in DNA double strand break (DSB)

repair, serving to maintain genomic integrity, and in the process of V(D)J recombination.

[0062] A “DNA-PK” inhibitor is an agent that inhibits a function of DNA-PK. A DNA-PK
inhibitor of the present disclosure may selectively inhibit the kinase DNA-PK, or may non-
selectively inhibit DNA-PK and also inhibit other kinases. Examples of DNA-PK inhibitors

are discussed in detail below.

[0063] An “expression cassette” is 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 cassette may be part of a
plasmid, viral genome, or nucleic acid fragment. Typically, an expression cassette includes a
polynucleotide to be transcribed, operably linked to a promoter. The promoter can be a
heterologous promoter. In the context of promoters operably linked to a polynucleotide, a
“heterologous promoter” refers to a promoter that would not be so operably linked to the

same polynucleotide as found in a product of nature (e.g., in a wild-type organism).

[0064] As used herein, a first polynucleotide or polypeptide is "heterologous" to an
organism or a second polynucleotide or polypeptide sequence if the first polynucleotide or
polypeptide originates from a foreign species compared to the organism or second
polynucleotide or polypeptide, or, if from the same species, is modified from its original
form. For example, when a promoter is said to be operably linked to a heterologous coding
sequence, it means that the coding sequence is derived from one species whereas the
promoter sequence is derived from another, different species; or, if both are derived from the
same species, the coding sequence is not naturally associated with the promoter (e.g., is a

genetically engineered coding sequence).

[0065] “Polypeptide,” “peptide,” and “protein” are used interchangeably herein to refer to a
polymer of amino acid residues. All three 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.

[0066] The terms “expression” and “expressed” refer to the production of a transcriptional

and/or translational product, e.g., of an introduced cDNA or encoded protein. In some
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embodiments, the term refers to the production of a transcriptional and/or translational
product encoded by a gene or a portion thereof. The level of expression of a DNA molecule
in a cell may be assessed on the basis of either the amount of corresponding mRNA that is

present within the cell or the amount of protein encoded by that DNA produced by the cell.

[0067] “Conservatively modified variants” applies to both amino acid and nucleic acid
sequences. With respect to particular nucleic acid sequences, “conservatively modified
variants” refers to those nucleic acids that encode identical or essentially identical amino acid
sequences, or where the nucleic acid does not encode an amino acid sequence, to essentially
identical sequences. Because of the degeneracy of the genetic code, a large number of
functionally identical nucleic acids encode any given protein. For instance, the codons GCA,
GCC, GCG and GCU all encode the amino acid alanine. Thus, at every position where an
alanine is specified by a codon, the codon can be altered to any of the corresponding codons
described without altering the encoded polypeptide. Such nucleic acid variations are “silent
variations,” which are one species of conservatively modified variations. Every nucleic acid
sequence herein that encodes a polypeptide also describes every possible silent variation of
the nucleic acid. One of skill will recognize that each codon in a nucleic acid (except AUG,
which is ordinarily the only codon for methionine, and TGG, which is ordinarily the only
codon for tryptophan) can be modified to yield a functionally identical molecule.
Accordingly, each silent variation of a nucleic acid that encodes a polypeptide is implicit in

each described sequence.

[0068] As to amino acid sequences, one of skill will recognize that individual substitutions,
deletions or additions to a nucleic acid, peptide, polypeptide, or protein sequence which
alters, adds or deletes a single amino acid or a small percentage of amino acids in the encoded
sequence is a “conservatively modified variant” where the alteration results in the substitution
of an amino acid with a chemically similar amino acid. Conservative substitution tables
providing functionally similar amino acids are well known in the art. Such conservatively
modified variants are in addition to and do not exclude polymorphic variants, interspecies
homologs, and alleles. In some cases, conservatively modified variants of a protein can have

an increased stability, assembly, or activity as described herein.

[0069] The following eight groups each contain amino acids that are conservative

substitutions for one another:

1) Alanine (A), Glycine (G);
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2) Aspartic acid (D), Glutamic acid (E);

3) Asparagine (N), Glutamine (Q);

4) Arginine (R), Lysine (K);

5) Isoleucine (I), Leucine (L), Methionine (M), Valine (V);
6) Phenylalanine (F), Tyrosine (Y), Tryptophan (W),

7) Serine (S), Threonine (T); and

8) Cysteine (C), Methionine (M)

(see, e.g., Creighton, Proteins, W. H. Freeman and Co., N. Y. (1984)).

[0070] Amino acids may be referred to herein by either their commonly known three letter
symbols or by the one-letter symbols recommended by the TUPAC-IUB Biochemical
Nomenclature Commission. Nucleotides, likewise, may be referred to by their commonly

accepted single-letter codes.

[0071] In the present application, amino acid residues are numbered according to their
relative positions from the left most residue, which is numbered 1, in an unmodified wild-

type polypeptide sequence.

[0072] As used in herein, the terms “identical” or percent “identity,” in the context of
describing two or more polynucleotide or amino acid sequences, refer to two or more
sequences or specified subsequences that are the same. Two sequences that are “substantially
identical” have at least 60% identity, preferably 65%, 70%, 75%, 80%, 85%, 90%, 91%,
92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or 100% identity, when compared and aligned
for maximum correspondence over a comparison window, or designated region as measured
using a sequence comparison algorithm or by manual alignment and visual inspection where
a specific region is not designated. With regard to polynucleotide sequences, this definition
also refers to the complement of a test sequence. With regard to amino acid sequences, in
some cases, the identity exists over a region that is at least about 50 amino acids or
nucleotides in length, or more preferably over a region that is 75-100 amino acids or

nucleotides in length.

[0073] For sequence comparison, typically one sequence acts as a reference sequence, to

which test sequences are compared. When using a sequence comparison algorithm, test and
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reference sequences are entered into a computer, subsequence coordinates are designated, if
necessary, and sequence algorithm program parameters are designated. Default program
parameters can be used, or alternative parameters can be designated. The sequence
comparison algorithm then calculates the percent sequence identities for the test sequences
relative to the reference sequence, based on the program parameters. For sequence
comparison of nucleic acids and proteins, the BLAST 2.0 algorithm and the default

parameters discussed below are used.

[0074] A “comparison window,” as used herein, includes reference to a segment of any one
of the number of contiguous positions selected from the group consisting of from 20 to 600,
usually about 50 to about 200, more usually about 100 to about 150 in which a sequence may
be compared to a reference sequence of the same number of contiguous positions after the

two sequences are optimally aligned.

[0075] An algorithm for determining percent sequence identity and sequence similarity is
the BLAST 2.0 algorithm, which is described in Altschul et al., (1990) J. Mol. Biol. 215: 403-
410. Software for performing BLAST analyses is publicly available at the National Center
for Biotechnology Information website, ncbi.nlm.nih.gov. For amino acid sequences, the
BLASTP program uses as defaults a word size (W) of 3, an expectation (E) of 10, and the
BLOSUMBG62 scoring matrix (see Henikoff & Henikoff, Proc. Natl. Acad. Sci. USA 89:10915
(1989)).

[0076] The BLAST algorithm also performs a statistical analysis of the similarity between
two sequences (see, e.g., Karlin & Altschul, Proc. Nat’l. Acad. Sci. USA 90:5873-5787
(1993)). One measure of similarity provided by the BLAST algorithm is the smallest sum
probability (P(N)), which provides an indication of the probability by which a match between
two nucleotide or amino acid sequences would occur by chance. For example, a nucleic acid
is considered similar to a reference sequence if the smallest sum probability in a comparison
of the test nucleic acid to the reference nucleic acid is less than about 0.2, more preferably

less than about 0.01, and most preferably less than about 0.001.

[0077] The “CRISPR-Cas” system refers to a class of bacterial systems for defense against
foreign nucleic acids. CRISPR-Cas systems are found in a wide range of bacterial and
archaeal organisms. CRISPR-Cas systems fall into two classes with six types, I, 11, III, IV, V,
and VI as well as many sub-types, with Class 1 including types I and III CRISPR systems,
and Class 2 including types II, IV, V and VI; Class 1 subtypes include subtypes I-A to I-F,
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for example. See, e.g., Fonfara et al., Nature 532, 7600 (2016); Zetsche et al., Cell 163, 759-
771 (2015); Adli et al. (2018). Endogenous CRISPR-Cas systems include a CRISPR locus
containing repeat clusters separated by non-repeating spacer sequences that correspond to
sequences from viruses and other mobile genetic elements, and Cas proteins that carry out
multiple functions including spacer acquisition, RNA processing from the CRISPR locus,
target identification, and cleavage. In class 1 systems these activities are effected by multiple
Cas proteins, with Cas3 providing the endonuclease activity, whereas in class 2 systems they

are all carried out by a single Cas, Cas9.

[0078] A “homologous repair template” or “homologous donor template” refers to a
polynucleotide sequence that can be used to repair a double stranded break (DSB) in the
DNA, e.g., a CRISPR/Cas9-mediated break at a locus targeted by a herein-described sgRNA
as induced using the herein-described methods and compositions. The homologous repair
template comprises homology to the genomic sequence surrounding the DSB, ie.,
comprising target locus homology arms as described herein. In some embodiments, two
distinct homologous regions are present on the template, with each region comprising at least
50, 100, 200, 300, 400, 500, 600, 700, 800, 900 or more nucleotides or more of homology
with the corresponding genomic sequence. In particular embodiments, the templates comprise
two homology arms comprising about 500 nucleotides of homology extending from either
site of the sgRNA target site. The repair template can be present in any form, e.g., on a
plasmid that is introduced into the cell, as a free-floating doubled stranded DNA template
(e.g., a template that is liberated from a plasmid in the cell), or as single-stranded DNA. In
particular embodiments, the template is present within a viral vector, e.g., an adeno-
associated viral vector such as AAV6. In some embodiments, the templates of the disclosure
a codon-optimized, e.g., full-length, codon-optimized cDNAs, as well as, typically, a
polyadenylation signal such as from bovine growth hormone or rabbit beta-globin. In some
embodiments, the cDNA comprises a promoter, operably linked to the cDNA. In some
embodiments, the template comprises a sequence other than a ¢cDNA, e.g., a sequence
designed to correct a specific mutation in a genomic locus, or to introduce a specific deletion
or insertion into a locus. The process of repairing a double-stranded break using a

homologous donor template is referred to as Homology Directed Repair (HDR).

[0079] As used herein, “homologous recombination” or “HR” refers to insertion of a
nucleotide sequence during repair of double-strand breaks in DNA via homology-directed

repair (HDR) mechanisms. This process uses a “donor template” or “homologous repair
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template” with homology to nucleotide sequence in the region of the break as a template for
repairing a double-strand break. The presence of a double-stranded break facilitates
integration of the donor sequence. The donor sequence may be physically integrated or used
as a template for repair of the break via homologous recombination, resulting in the
introduction of all or part of the nucleotide sequence. This process is used by a number of
different gene editing platforms that create the double-strand break, such as meganucleases,
such as zinc finger nucleases (ZFNs), transcription activator-like effector nucleases
(TALENS), and the CRISPR-Cas9 gene editing systems. In particular embodiments, HR
involves double-stranded breaks induced by CRISPR-Cas9.

3. Methods of enhancing HDR

[0080] The present disclosure provides methods for improving the efficiency of genomic
editing through homology-directed repair (HDR), e.g., for editing genomic sequences or
integrating cDNAs into endogenous loci in cells, through the administration of a DNA-PK
inhibitor to the cells. The present methods and compositions allow genomic editing to be
performed with higher rates of HDR and with lower rates of non-homologous end-joining
(NHEJ) and, as a result, of insertions and deletions (indels). Further, the methods allow for
high levels of HDR and cell engraftment to be achieved with lower levels of administered
donor templates, e.g., using lower multiplicities of infection (MOI) when donor templates are
introduced using viral vectors such as adeno-associated viral vectors (AAV) such as AAV6.
The effects observed using DNA-PK inhibitors in cells is transient, allowing HDR to be
achieved without introducing longer-term genomic instability as might be observed, e.g.

using nucleic acids encoding other NHEJ inhibitors.

[0081] In particular embodiments, the cells are primary human cells, including stem cells
such as CD34" hematopoietic stem and progenitor cells (HSPCs) or hematopoietic stem cells
(HSCs). In some embodiments, cells from a subject are modified using the methods described
herein and then reintroduced into the subject. For example, the cells can be taken from a
subject with a genetic condition and the methods used to integrate a functional cDNA into the
genome of the cells, wherein the expression of the cDNA in the modified cells in vivo
restores protein activity that is missing or deficient in the subject or is otherwise beneficial to

the subject.

[0082] The present disclosure is based in part on the identification that DNA-PK inhibitors,
e.g., AZD7648, can effectively and safely increase HDR, decrease NHEJ, and decrease
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indels, when introduced together with a guide RNA and RNA-guided nuclease such as Cas9,
and with a homologous donor template. In particular embodiments, the guide RNA and
RNA-guided nuclease are introduced as a ribonucleoprotein (RNP), for example by
electroporation. In particular embodiments, the DNA-PK inhibitor is introduced before,

concurrently with, or after introduction of the RNP.
4. DNA-PK inhibitors
[0083] Various DNA-PK inhibitors may be used in the practice of the methods provided

herein. In some embodiments, the DNA-PK inhibitor is a compound represented by the

following formula (I):

wherein:

R! is a cyclohexyl, tetrahydrofuranyl or oxanyl ring, each of which is
optionally substituted by one or more groups selected from hydroxyl, methoxy, and methyl,
and

R? is hydrogen or methyl,

or a pharmaceutically acceptable salt thereof.

[0084] In some embodiments, the DNA-PK inhibitor is a compound represented by
formula (I), wherein R! is oxanyl. In some embodiments, the DNA-PK inhibitor is a
compound represented by formula (I), wherein R! is oxan-4-yl. In some embodiments, the

DNA-PK inhibitor is a compound represented by formula (I), wherein R? is hydrogen.

[0085] The term “cyclohexyl ring” refers to a carbocylic ring containing six carbon atoms
and no heteroatoms. The term “tetrahydrofuranyl ring” includes tetrahydrofuran-3-yl, the

structure of which is shown below:
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Tetrahvdroforan-3-yl

The term “oxanyl ring” includes oxan-3-yl and oxan-4-yl groups, the structures of which are

shown below:

Oxan-4-yi Oxan-3-vl

In the above structures, the dashed line indicates the bonding position of the relevant group.

[0086] “Optional” or “optionally” means that the subsequently described event of
circumstances may or may not occur, and that the description includes instances where said
event or circumstance occurs and instances in which it does not. For example, “optionally
substituted aryl” means that the aryl radical may or may not be substituted and that the

description includes both substituted aryl radicals and aryl radicals having no substitution.

[0087] The term “substituted" means that one or more hydrogens (for example 1 or 2
hydrogens, or alternatively 1 hydrogen) on the designated group is replaced by the indicated
substituent (s) (for example 1 or 2 substituents, or alternatively 1 substituent), provided that
any atom(s) bearing a substituent maintains a permitted valency. Substituent combinations

encompass only stable compounds and stable synthetic intermediates.

[0088] The term “heteroatom” refers to an atom other than a carbon which may be present
in a carbon backbone of a linear, branched, or cyclic compound. Heteroatoms include, but are
not limited to, oxygen (O), nitrogen (N), sulfur (S), phosphorus (P) and silicon (Si).
Heteroatoms can be present in their reduced forms, e.g., as —OH, —NH, or —SH, or in their

oxidized forms, e.g., as -S(O)- and -S(O),-.
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[0089] “Stable” means that the relevant compound or intermediate is sufficiently robust to
be isolated and have utility either as a synthetic intermediate or as an agent having potential
therapeutic utility. If a group is not described as "substituted", or "optionally substituted", it is
to be regarded as unsubstituted (i.e. that none of the hydrogens on the designated group have

been replaced) .

[0090] The term "pharmaceutically acceptable" is used to specify that an object (for
example a salt, dosage form or excipient) is suitable for use in patients. An example list of
pharmaceutically acceptable salts can be found in the Handbook of Pharmaceutical Salts:
Properties, Selection and Use, P. H. Stahl and C. G. Wermuth, editors,
Weinheim/Zlirich: Wiley-VCH/VHCA, 2002.

[0091] A suitable pharmaceutically acceptable salt of a compound of formula (I) is, for
example, an acid-addition salt. An acid addition salt of a compound of formula (I) may be
formed by bringing the compound into contact with a suitable inorganic or organic acid under
conditions known to the skilled person. An acid addition salt may for example be formed using an
iorganic acid selected from the group consisting of hydrochloric acid, hydrobromic acid,
sulphuric acid and phosphoric acid. An acid addition salt may also be formed using an organic
acid selected from the group consisting of trifluoroacetic acid, citric acid, maleic acid, oxalic
acid, acetic acid, formic acid, benzoic acid, fumaric acid, succinic acid, tartaric acid, lactic acid,

pyruvic acid, methanesulfonic acid, benzenesulfonic acid and para-toluenesulfonic acid.

[0092] Compounds and salts described in this specification may exist in solvated forms and
unsolvated forms. For example, a solvated form may be a hydrated form, such as a hemi-
hydrate, a mono-hydrate, a di-hydrate, a tri-hydrate or an alternative quantity thereof. The
disclosure encompasses all such solvated and unsolvated forms of compounds of formula (1),

particularly to the extent that such forms possess DNA-PK inhibitory activity.

[0093] Atoms of the compounds and salts described in this specification may exist as their
isotopes. The disclosure encompasses all compounds of formula (I) where an atom is
replaced by one or more of its isotopes (for example a compound of formula (I) where one or
more carbon atom is an 11C or 1:C carbon isotope, or where one or more hydrogen atoms is a
2H or 3H isotope, or where one or more nitrogen atoms is a 15N isotope or where one of more

oxygen atoms is an 170 or 130 isotope).

[0094] The DNA-PK compounds of the disclosure, or their pharmaceutically acceptable

salts may contain one or more asymmetric centers and may thus give rise to enantiomers,
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diastereomers, geometric isomers, individual isomers and other stereoisomeric forms that
may be defined, in terms of absolute stereochemistry, as (R)- or (S)- or, as (D)- or (L)- for
amino acids. The present disclosure is meant to include all such possible isomers, as well as,
their racemic and optically pure forms. Optically active (+) and (—), (R)- and (S)-, or (D)- and
(L)-isomers may be prepared using chiral synthons or chiral reagents, or resolved using
conventional techniques, such as reverse phase HPLC. When the compounds described
herein contain olefinic double bonds or other centers of geometric asymmetry, and unless
specified otherwise, it is intended that the compounds include both E and Z geometric

isomers. Likewise, all tautomeric forms are also intended to be included.

[0095] Some of the compounds of formula (I) may be crystalline and may have more than
one crystalline form. It is to be understood that the disclosure encompasses any crystalline or
amorphous form, or mixtures thereof, which possess properties useful in DNA-PK inhibitory
activity. It is well known how to determine the efficacy of a crystalline or amorphous form by

standard tests.

[0096] It is generally known that crystalline materials may be analysed using conventional
techniques such as, for example, X-Ray Powder Diffraction (hereinafter XRPD) analysis and
Differential Scanning Calorimetry (DSC).

[0097] In some embodiments, the DNA-PK inhibitor is the compound AZD7648, 7-
methyl-2-((7-methyl-[1,2,4]triazolo[1,5-a]pyridin-6-yl)amino)-9-(tetrahydro-2H-pyran-4-yl)-
7,9-dihydro-8H-purin-8-one represented by the following formula:

o

H
N~y X N N\ N
SOQPeL
N o N. .=z N
\
or a pharmaceutically acceptable salt thereof.

[0098] In some embodiments, the DNA-PK inhibitor is the compound VX984 represented
by the following formula:
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or a pharmaceutically acceptable salt thereof.

[0099] In some embodiments, the DNA-PK inhibitor is the compound BAY8400

represented by the following formula:

or a pharmaceutically acceptable salt thereof.

[0100] In addition to those described above, other DNA-PK inhibitors may be used in the
methods provided herein. In some embodiments, a DNA-PK inhibitor useful in the methods
provided herein has very high specificity for the catalytic subunit of DNA-PK (DNA-PKcs).
In some embodiments, the DNA-PK inhibitor binds strongly to DNA-PKcs and does not bind
(or binds weakly) to other PIKK family kinases (e.g., ATM, ATR, PI3Ka, PI3Kf3, PI3Ky,
PI3K9, and/or mTOR). In some embodiments, the DNA-PK inhibitor has an IC50 in the
range of about 20 nM to about 1 uM (e.g., about 25 nM to about 1 uM, about 30 nM to about
1 uM, about 35 nM to about 1 uM, about 40 nM to about 1 uM, about 45 nM to about 1 uM,
about 50 nM to about 1 uM, about 55 nM to about 1 uM, about 60 nM to about 1 uM, about
65 nM to about 1 uM, orabout 70 nM to about 1 uM) for DNA-PKcs and an IC50 of greater
than 1 uM for other PIKK family kinases (e.g., ATM, ATR, PI3Ka, PI3Kf, PI3Ky, PI3Ko,
and/or mTOR). Methods for evaluating the binding strength and/or specificity of an enzyme
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(e.g., a DNA-PK inhibitor) are known in the art and are demonstrated, e.g., in Example 1

herein.

[0101] The DNA-PK inhibitors used in the methods provided herein are either available
from commercial suppliers or are prepared by methods known to those skilled in the art
following procedures set forth in references such as Fieser and Fieser’s Reagents for Organic
Synthesis, Vol. 1-28 (Wiley, 2016); March’s Advanced Organic Chemistry, 7" Ed. (Wiley,
2013); and Larock’s Comprehensive Organic Transformations, 2™ Ed. (Wiley, 1999). The
DNA-PK inhibitors can be isolated and purified if desired using conventional techniques
including, but not limited to, filtration, distillation, crystallization, chromatography, and the
like. Such materials can be characterized using conventional means, including measuring

physical constants and obtaining spectral data.

5. Introduction of DNA-PK inhibitor into cells

[0102] The DNA-PK inhibitor can be introduced into cells in any of a number of ways,
e.g., by addition of the DNA-PK inhibitor to cell growth medium (e.g., when cells are plated
after electroporation). In some embodiments, the DNA-PK inhibitor is introduced together
with RNPs comprising an sgRNA and RNA-guided nuclease. In some embodiments, the
DNA-PK inhibitor is introduced before introduction of RNPs comprising an sgRNA and
RNA-guided nuclease. In some embodiments, the DNA-PK inhibitor is introduced after
introduction of RNPs comprising an sgRNA and RNA-guided nuclease. In some
embodiments, the DNA-PK inhibitor is introduced concurrently with introduction of RNPs
comprising an sgRNA and RNA-guided nuclease. Methods for introducing small molecules
(e.g., a DNA-PK inhibitor) into cells are known in the art (see, e.g., Yang and Hinner, 2015,
Methods Mol. Biol. 1266:29-53).

[0103] In some embodiments, the DNA-PK inhibitor is a druglike small molecule. In some
embodiments, a particular DNA-PK inhibitor may be selected for and/or modified for
druglikeness. The term “druglike small molecule” as used herein generally refers to a low
molecular weight (e.g., less than 900 daltons) organic compound, either naturally occurring
or synthetic, that may regulate a biological process (e.g., when administered as a drug).
Because of their low molecular weight, druglike small molecules are generally able to rapidly
diffuse across cell membranes and often possess oral bioavailability (i.e., then can be
absorbed into the body through intestinal epithelial cells). Additional characteristics may be

assessed to evaluate the druglikeness of a small molecule, as discussed further below.
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[0104] In some embodiments, evaluation of druglikeness may involve assessment of the
small molecule for compliance with the rule of five (also known as Lipinski’s rule of five),
which describes molecular properties important for a drug’s pharmacokinetics (e.g.,
absorption, distribution, metabolism, and excretion) in the human body (See, e.g., Lipinski et
al. 2001. Adv. Drug Deliv. Rev. 46(1-3):3-26). In general, the rule of five includes the
following characteristics: 1) no more than 5 hydrogen bond donors (i.e., the total number of
nitrogen-hydrogen and oxygen-hydrogen bonds); 2) no more than 10 hydrogen bond
acceptors (i.e., all nitrogen or oxygen atoms); 3) a molecular mass less than 500 daltons; and
4) an octanol-water partition coefficient (see, e.g., Leo et al. 1971. Chem Rev. 71(6):525-616)
that does not exceed 5. As such, in some embodiments, the DNA-PK inhibitors used in the
methods provided herein are characterized by one or more properties selected from the group
consisting of: 1) a total number of hydrogen bond donating groups equal to or less than 5; 2)
a total number of hydrogen bond accepting groups equal to or less than 10; 3) a molecular
mass less than 500 daltons; and 4) an octanol-water partition coefficient equal to or less than

5.

[0105] The DNA-PK inhibitor can be introduced into cells at any suitable concentration,
i.e., a concentration sufficient to increase HDR in the cell and decrease NHEJ, indels, etc.
The precise concentration used will depend upon the cell type, the targeted locus, the nature
of genetic modification desired, and other factors known to one of skill in the art. The effect
of DNA-PK inhibitor is concentration dependent, and HDR in HSPCs, for example, increases
in a dose dependent manner. In some embodiments, the DNA-PK inhibitor is present at a
concentration of from 2 ng/ml (0.005 uM) to 2000 ng/ml (5 uM), e.g., about 5 ng/ml to about
1800 ng/ml, about 20 ng/ml to about 1700 ng/ml, about 50 ng/ml to about 1600 ng/ml, about
100 ng/ml to about 1500 ng/ml, about 150 ng/ml to about 1400 ng/ml, or about 175 ng/ml to
about 1200 ng/ml. In some embodiments, the DNA-PK inhibitor is present at a concentration
of about 10 ng/ml, about 20 ng/ml about 40 ng/ml, about 60 ng/ml, about 80 ng/ml, about 100
ng/ml, about 120 ng/ml, about 140 ng/ml, about 160 ng/ml, about 180 ng/ml, about 190
ng/ml, about 200 ng/ml, about 220 ng/ml, about 240 ng/ml, about 250 ng/ml, or more. In
particular embodiments, the DNA-PK inhibitor is introduced at about 190 ng/ml (0.5 uM).

[0106] In particular embodiments, the DNA-PK inhibitor introduced into cells is transient.
For example, in some embodiments, there is a reduction of at least about 50%, 60%, 70%,

80%, 90%, 95%, 96%, 97%, 98%, 99% or more of the DNA-PK inhibitor in the cells as
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detected, e.g., by mass spectroscopy, within 4 hours after introduction of the DNA-PK

inhibitor into the cells, relative to the amount present immediately after introduction.

6. Other components

sgRNAs

[0107] The DNA-PK inhibitors as described herein are introduced into cells in conjunction
with single guide RNAs (sgRNAs). sgRNAs interact with a site-directed nuclease such as
Cas9 and specifically bind to or hybridize to a target nucleic acid within the genome of a cell,
such that the sgRNA and the site-directed nuclease co-localize to the target nucleic acid in the
genome of the cell. The sgRNAs as used herein comprise a targeting sequence comprising
homology (or complementarity) to a target DNA sequence, and a constant region that
mediates binding to Cas9 or another RNA-guided nuclease. The sgRNA can target any
sequence within the target gene adjacent to a PAM sequence. The sgRNAs used in the
present methods and compositions can target any locus that is to be modified or edited. In
some embodiments, the target gene or locus is a safe harbor locus such as CCRS or a locus
associated with a genetic disorder, such as sickle cell disease, 3-thalassemia, X-linked severe
combined immunodeficiency (e.g., SCID-X1), X-linked chronic granulomatous disease (X-
CGD), cystic fibrosis, lysosomal storage disorders such as mucopolysaccharidosis type 1,
Gaucher’s disease, or Krabbe disease, and others, and the methods are used to correct a
mutated copy of the gene in a patient. A non-limiting list of genes that can be targeted or
introduced using the present methods includes HBB, CYBB, CCRS, IL2RG, HBA1, HBA2,
CFTR, STINGI, and others.

[0108] In some embodiments of the methods provided herein, sgRNAs targeting one locus
are introduced into cells. In some embodiments, sgRNAs targeting more than one locus (e.g.,
2 loct, 3 loci, 4 loci, or more) are introduced into cells. Introduction of sgRNAs targeting
more than one locus may promote HDR-mediated genome editing at more than one locus

(i.e., multiplexing).

[0109] The targeting sequence of the sgRNAs may be, e.g., 10, 11, 12, 13, 14, 15, 16, 17,
18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42,
43, 44, 45, 46, 47, 48, 49, or 50 nucleotides in length, or 15-25, 18-22, or 19-21 nucleotides
in length, and shares homology with a targeted genomic sequence, in particular at a position

adjacent to a CRISPR PAM sequence. The sgRNA targeting sequence is designed to be
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homologous to the target DNA, i.e., to share the same sequence with the non-bound strand of
the DNA template or to be complementary to the strand of the template DNA that is bound
by the sgRNA. The homology or complementarity of the targeting sequence can be perfect
(i.e., sharing 100% homology or 100% complementarity to the target DNA sequence) or the
targeting sequence can be substantially homologous (7.e., having less than 100% homology or

complementarity, e.g., with 1-4 mismatches with the target DNA sequence).

[0110] Each sgRNA also includes a constant region that interacts with or binds to the site-
directed nuclease, e.g., Cas9. In the nucleic acid constructs provided herein, the constant
region of an sgRNA can be from about 70 to 250 nucleotides in length, or about 75-100
nucleotides in length, 75-85 nucleotides in length, or about 80-90 nucleotides in length, or 70,
71,72, 73, 74,75, 76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95,
96, 97, 98, 99, 100 or more nucleotides in length. The overall length of the sgRNA can be,
e.g., from about 80-300 nucleotides in length, or about 80-150 nucleotides in length, or about
80-120 nucleotides in length, or about 90-110 nucleotides in length, or, e.g, 90, 91, 92, 93,
94, 95,96, 97, 98, 99, 100, 101, 102, 103, 104, 105, 106, 107, 108, 109, or 110 nucleotides in
length.

[0111] It will be appreciated that it is also possible to use two-piece gRNAs (cr:tracrRNAs)
in the present methods, i.e., with separate crRNA and tracrRNA molecules in which the target
sequence is defined by the crispr RNA (crRNA), and the tracrRNA provides a binding

scaffold for the Cas nuclease.

[0112] In some embodiments, e.g., when the methods are used to introduce a functional
full-length cDNA to the genome, the target sequence is located near the translational start site
of the gene, such that the full-length cDNA can be expressed under the control of the
endogenous promoter. In other embodiments, the target sequence can be elsewhere in a gene
or locus, e.g., to modify the sequence at the site of a mutation, to introduce a regulatory
element, to introduce a deletion to remove protein function, to introduce an expression
cassette comprising a coding sequence operably linked to a promoter, etc. It will be
understood that the present methods can be used to enhance the rate of HDR for any purpose,

and using sgRNAs targeting any part of a gene or genome.

[0113] In some embodiments, the sgRNAs comprise one or more modified nucleotides. For
example, the polynucleotide sequences of the sgRNAs may also comprise RNA analogs,

derivatives, or combinations thereof. For example, the probes can be modified at the base
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moiety, at the sugar moiety, or at the phosphate backbone (e.g., phosphorothioates). In some
embodiments, the sgRNAs comprise 3’ phosphorothiate internucleotide linkages, 2’-O-
methyl-3’-phosphoacetate modifications, 2’-fluoro-pyrimidines, S-constrained ethyl sugar
modifications, or others, at one or more nucleotides. In particular embodiments, the sgRNAs
comprise 2'-O-methyl-3'-phosphorothioate (MS) modifications at one or more nucleotides
(see, e.g., Hendel et al. (2015) Nat. Biotech. 33(9):985-989, the entire disclosure of which is
herein incorporated by reference). In particular embodiments, the 2'-O-methyl-3'-
phosphorothioate (MS) modifications are at the three terminal nucleotides of the 5’ and 3’

ends of the sgRNA.

[0114] The sgRNAs can be obtained in any of a number of ways. For sgRNAs, primers can
be synthesized in the laboratory using an oligo synthesizer, e.g., as sold by Applied
Biosystems, Biolytic Lab Performance, Sierra Biosystems, or others. Alternatively, primers
and probes with any desired sequence and/or modification can be readily ordered from any of
a large number of suppliers, e.g., ThermoFisher, Biolytic, IDT, Sigma-Aldritch, GeneScript,

etc.
RNA-guided nucleases

[0115] The sgRNAs are used together with an RNA-guided nuclease, e.g. a CRISPR-Cas
nuclease. Any CRISPR-Cas nuclease can be used in the method, i.e., a CRISPR-Cas nuclease
capable of interacting with a guide RNA and cleaving the DNA at the target site as defined
by the guide RNA. In some embodiments, the nuclease is Cas9 or Cpfl. In particular
embodiments, the nuclease is Cas9. The Cas9 or other nuclease used in the present methods
can be from any source, so long that it is capable of binding to an sgRNA of the present
disclosure and being guided to and cleaving the specific sequence targeted by the targeting
sequence of the sgRNA. In particular embodiments, the Cas9 is from Streptococcus

pyogenes. In some embodiments, a high fidelity Cas9 nuclease is used.

[0116] Also disclosed herein are CRISPR/Cas or CRISPR/Cpfl systems that target and
cleave DNA at a locus of interest. An exemplary CRISPR/Cas system comprises (a) a Cas
(e.g., Cas9) or Cpfl polypeptide or a nucleic acid encoding said polypeptide, (b) an sgRNA
that hybridizes specifically to the locus of interest, or a nucleic acid encoding said guide
RNA, (¢) a donor template as described herein, and (d) a DNA-PK inhibitor. In particular
embodiments, the CRISPR/Cas system comprises an RNP comprising an sgRNA targeting

the locus of interest and a Cas protein such as Cas9.
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[0117] In addition to the CRISPR/Cas9 platform (which is a type II CRISPR/Cas system),
alternative systems exist including type I CRISPR/Cas systems, type III CRISPR/Cas
systems, and type V CRISPR/Cas systems. Various CRISPR/Cas9 systems have been
disclosed, including Strepfococcus pyogenes Cas9 (SpCas9), Streptococcus thermophilus
Cas9 (StCas9), Campylobacter jejuni Cas9 (CjCas9) and Neisseria cinerea Cas9 (NcCas9) to
name a few. Alternatives to the Cas system include the Francisella novicida Cpfl (FnCpfl),
Acidaminococcus sp. Cpfl (AsCpfl), and Lachnospiraceae bacterium ND2006 Cpfl
(LbCpf1) systems. Any of the above CRISPR systems may be used to induce a single or

double stranded break at the locus of interest to carry out the methods disclosed herein.
Introducing the sgRNA and RNA-guided nuclease into cells

[0118] The sgRNA and nuclease can be introduced into a cell using any suitable method,
e.g., by introducing one or more polynucleotides encoding the sgRNA and the nuclease into
the cell, e.g., using a vector such as a viral vector or delivered as naked DNA or RNA, such
that the sgRNA and nuclease are expressed in the cell. In some embodiments, one or more
polynucleotides encoding the sgRNA, the nuclease or a combination thereof are included in
an expression cassette. In some embodiments, the sgRNA, the nuclease, or both sgRNA and
nuclease are expressed in the cell from an expression cassette. In some embodiments, the
sgRNA, the nuclease, or both sgRNA and nuclease are expressed in the cell under the control
of a heterologous promoter. In some embodiments, one or more polynucleotides encoding the
sgRNA and the nuclease are operatively linked to a heterologous promoter. In particular
embodiments, the sgRNA and nuclease are assembled into ribonucleoproteins (RNPs) prior
to delivery to the cells. The RNPs can be introduced into the cell using any suitable method,
e.g., microinjection, electroporation, or other chemical transfection (e.g., lipid vesicles,
osmocytosis, soluporation or other permeabilization techniques, etc.) or physical transfection
methods (e.g., mechanical transfection, membrane disruption or permeabilization, etc.). In

particular embodiments, the RNPs are introduced into the cell by electroporation.

[0119] In some embodiments, the sgRNA is introduced into cells at a concentration of
about 15 pg/ml to about 300 ug/ml, e.g., 15 pg/ml, 20 ug/ml, 30 ug/ml, 40 pg/ml, 50 pg/ml,
60 pg/ml, 70 ug/ml, 75 pg/ml, 80 pg/ml, 85 pg/ml, 90 pg/ml, 95 pg/ml, 100 ug/ml, 105
nug/ml, 110 pg/ml, 115 pg/ml, 120 pg/ml, 125 pg/ml, 130 pg/ml, 135 pg/ml, 140 pg/ml, 145
ng/ml, 150 pg/ml, 175 pg/ml, 200 pg/ml, 225 pg/ml, 250 ug/ml, 275 pg/ml, or 300 pg/ml. In

some embodiments, the sgRNA is introduced into cells at a concentration of less than about
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150 pg/ml (e.g., 150 pg/ml, 100 pg/ml, 50 ug/ml, 30 pg/ml, or 15 pg/ml) in the presence of
DNA-PK inhibitor. In some embodiments (e.g., as demonstrated in Example 4 herein), the
sgRNA is introduced into cells in the presence of DNA-PK inhibitor at a concentration that is
1-fold, 2-fold, 5-fold, 10-fold or more lower than a standard or recommended concentration

in the absence of the DNA-PK inhibitor.

[0120] In some embodiments, the nuclease is introduced into cells at a concentration of
about 30 pg/ml to about 400 ug/ml, e.g., 30 pg/ml, 40 ug/ml, 50 ug/ml, 60 pg/ml, 70 pg/ml,
80 pg/ml, 90 pg/ml, 100 pg/ml, 110 pg/ml, 120 ug/ml, 125 pg/ml, 130 pg/ml, 135 pg/ml,
140 pg/ml, 145 pg/ml, 150 pug/ml, 155 ug/ml, 160 pg/ml, 165 pg/ml, 170 ug/ml, 175 pg/ml,
200 pg/ml, 225 pg/ml, 250 pg/ml, 275 ug/ml, 300 pg/ml, 325 pg/ml, 350 ug/ml, 375 pg/ml,
or 400 pg/ml. In some embodiments, the nuclease is introduced into cells at a concentration
of less than about 300 pg/ml (e.g., 250 pg/ml, 200 pg/ml, 150 pg/ml, 60 pg/ml, or 30 pg/ml)
in the presence of DNA-PK inhibitor. In some embodiments (e.g., as demonstrated in
Example 4 herein), the nuclease is introduced into cells in the presence of DNA-PK inhibitor
at a concentration that is 1-fold, 2-fold, 5-fold, 10-fold or more lower than a standard or

recommended concentration in the absence of the DNA-PK inhibitor.

[0121] Techniques for insertion of transgenes, including large transgenes, capable of
expressing functional proteins, including enzymes, cytokines, antibodies, and cell surface
receptors are known in the art (See, e.g. Bak and Porteus, Cell Rep. 2017 Jul 18; 20(3): 750—
756 (integration of EGFR); Kanojia et al., Stem Cells. 2015 Oct;33(10):2985-94 (expression
of anti-Her2 antibody); Eyquem et al., Nature. 2017 Mar 2;543(7643):113-117 (site-specific
integration of a CAR); O’Connell et al., 2010 PLoS ONE 5(8): €12009 (expression of human
IL-7); Tuszynski et al., Nat Med. 2005 May;11(5):551-5 (expression of NGF in fibroblasts);
Sessa et al., Lancet. 2016 Jul 30;388(10043):476-87 (expression of arylsulfatase A in ex vivo
gene therapy to treat MLD); Rocca et al., Science Translational Medicine 25 Oct 2017: Vol.
9, Issue 413, eaaj2347 (expression of frataxin); Bak and Porteus, Cell Reports, Vol. 20, Issue
3, 18 July 2017, Pages 750-756 (integrating large transgene cassettes into a single locus),
Dever et al., Nature 17 November 2016: 539, 384-389 (adding tNGFR into hematopoietic
stem cells (HSC) and HSPCs to select and enrich for modified cells); each of which is herein

incorporated by reference in its entirety.

Homologous Repair Templates
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[0122] The homologous repair template used in the present methods can be any template
used for genomic editing purposes, e.g., to integrate a ¢cDNA or other sequence into a
corresponding endogenous locus or a safe harbor locus, to introduce a deletion, insertion, or
sequence modification into a targeted genomic locus, or for any other method wherein a
genomic locus is cleaved using an sgRNA and RNA-guided nuclease such as Cas9, and the

cleaved sequence is modified via HDR using a homologous donor template.

[0123] In some embodiments, the methods are used to introduce a cDNA into a targeted
genomic locus. For example, in some embodiments, the methods can be used to integrate a
cDNA such as a functional, codon-optimized cDNA into the genome of cells of a subject
with a genetic disorder caused by a deficit or absence in the protein encoded by the cDNA, or

a genetic or other disorder that can be treated or ameliorated in any way by the expression of

the cDNA.

[0124] In some embodiments, the cDNA is integrated, e.g., at the translational start site of
the endogenous locus, such that the cDNA is expressed under the control of the endogenous
promoter and other regulatory elements. In other embodiments, the template comprises a
promoter, operably linked to the cDNA, e.g., when the cDNA is integrated in a safe harbor
locus such as the C-C chemokine receptor type 5 (CCRS) locus. In such embodiments, any
promoter that can induce expression of the therapeutic protein in the modified cells can be
used, including endogenous and heterologous promoters, inducible promoters, constitutive
promoters, cell-specific promoters, and others. In some embodiments, the promoter is the
phosphoglycerate kinase (PGK) promoter, the spleen focus-forming virus (SFFV) promoter,
or the CD68 promoter.

[0125] In some instances, in addition to the promoter, the transgene is optionally linked to
one or more regulatory elements such as enhancers or post-transcriptional regulatory
sequences. For example, one can include regulatory sequences (microRNA (miRNA) target
sites) in the RNA to avoid expression in certain tissues (post-transcriptional targeting). In
some instances, the expression control sequence functions to express the therapeutic
transgene following the same expression pattern as in normal individuals (physiological
expression) (See Toscano et al., Gene Therapy (2011) 18, 117-127 (2011), incorporated

herein by reference in its entirety for its references to promoters and regulatory sequences).
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[0126] In some embodiments, the cDNA in the homologous repair template is codon-
optimized, e.g., comprises at least 70%, 75%, 80%, 85%, 90%, 95%, or more homology to
the wild-type cDNA sequence, or to a fragment thereof.

[0127] In particular embodiments, the template further comprises a polyA sequence or
signal, e.g., a bovine growth hormone polyA sequence or a rabbit beta-globin polyA
sequence, at the 3’ end of the cDNA. In particular embodiments, a Woodchuck Hepatitis
Virus Posttranscriptional Regulatory Element (WPRE) is included within the 3’UTR of the
template, e.g., between the 3” end of the cDNA coding sequence and the 5’ end of the polyA
sequence, so as to increase the expression of the cDNA. Any suitable WPRE sequence can be
used; See, e.g., Zufferey et al. (1999) J. Virol. 73(4):2886-2892; Donello, et al. (1998). J
Virol 72: 5085-5092; Loeb, et al. (1999). Hum Gene Ther 10: 2295-2305; the entire

disclosures of which are herein incorporated by reference).

[0128] In particular embodiments, the cDNA (or cDNA and polyA signal) is flanked in the
template by homology regions corresponding to the targeted locus. For example, an
exemplary template can comprise, in linear order: a first genomic homology region, an
optional promoter, a cDNA, a polyA sequence, and a second genomic homology region,
where the first and second homology regions are homologous to the genomic sequences
extending in either direction from the sgRNA target site. The homology regions can be of any
size, e.g., 100-1000 bp, 300-800 bp, 400-600 bp, or about 100, 200, 300, 400, 500, 600, 700,
800, 900, 1000, or more base pairs.

[0129] In some embodiments of the methods provided herein, one homologous repair
template 1s introduced into cells. In some embodiments, more than one (e.g., 2, 3, 4, or more)
different homologous repair templates are introduced into cells. Different homologous repair
templates may comprise, e.g., different cDNA sequences, different homology arms, or any
other different sequences (e.g., different sequences for any of the elements described above).
Introduction of more than one homologous repair template may promote HDR-mediated

genome editing at more than one locus (i.e., multiplexing).
Introduction of donor templates into cells

[0130] Any suitable method can be used to introduce the polynucleotide, or donor
construct, into the primary cells. In particular embodiments, the polynucleotide is introduced
using a recombinant adeno-associated viral vector, e.g., rAAV6. In some instances, the donor

template is single stranded, double stranded, a plasmid or a DNA fragment. In some
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instances, plasmids comprise elements necessary for replication, including a promoter and

optionally a 3> UTR.

[0131] Further disclosed herein are vectors comprising (a) one or more nucleotide
sequences homologous to the locus of interest, and (b) a ¢cDNA as described herein. The
vector can be a viral vector, such as a retroviral, lentiviral (both integration competent and
integration defective lentiviral vectors), adenoviral, adeno-associated viral or herpes simplex
viral vector. Viral vectors may further comprise genes necessary for replication of the viral

vector.

[0132] In some embodiments, the targeting construct comprises: (1) a viral vector
backbone, e.g. an AAV backbone, to generate virus; (2) arms of homology to the target site
of at least 200 bp but ideally at least 400 bp on each side to assure high levels of reproducible
targeting to the site (see, Porteus, Annual Review of Pharmacology and Toxicology, Vol.
56:163-190 (2016); which is hereby incorporated by reference in its entirety); (3) a cDNA
encoding a functional protein and capable of expressing the functional protein, optionally a
promoter, a polyA sequence, and optionally a WPRE element; and optionally (4) an
additional marker gene to allow for enrichment and/or monitoring of the modified host cells.
Any AAYV known in the art can be used. In some embodiments the primary AAV serotype is
AAV6. In some embodiments, the vector, e.g., rAAV6 vector, comprising the donor template

is from about 1-2 kb, 2-3 kb, 3-4 kb, 4-5 kb, 5-6 kb, 6-7 kb, 7-8 kb, or larger.

[0133] In some embodiments, viral vectors, e.g., AAV6 vector, is transduced at a
multiplicity of infection (MOI) of, e.g., about 1x10°, 5x10°, 1x10*, 5x10*, 1x10°, between
2x10* and 1x10° viruses per cell, or less than 1x10°. In particular embodiments, the viral
vector is introduced at an MOI of less than about 2500, e.g., about 2000, 1900, 1800, 1700,
1600, 1500, 1400, 1300, 1200, 1100, 1000, 900, 850, 800, 750, 700, 675, 650, 625, 600, 550,
500, 450, 400, or less. In particular embodiments, the viral vector is introduced at an MOI of
about 500 in the presence of the DNA-PK inhibitor. In some embodiments, the viral vector is
administered in the presence of the DNA-PK inhibitor at an MOI that is 1-fold, 2-fold, 3-fold,
4-fold, or more lower than a standard or recommended MOI in the absence of the DNA-PK

inhibitor.

[0134] Suitable marker genes are known in the art and include Myc, HA, FLAG, GFP,
truncated NGFR, truncated EGFR, truncated CD20, truncated CD19, as well as antibiotic

resistance genes. In some embodiments, the homologous repair template and/or vector (e.g.,
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AAV6) comprises an expression cassette comprising a coding sequence for truncated nerve
growth factor receptor (tNGFR), operably linked to a promoter such as the Ubiquitin C

promoter.

[0135] The inserted construct can also include other safety switches, such as a standard
suicide gene into the locus (e.g. iCasp9) in circumstances where rapid removal of cells might
be required due to acute toxicity. The present disclosure provides a robust safety switch so
that any engineered cell transplanted into a body can be eliminated, e.g., by removal of an
auxotrophic factor. This is especially important if the engineered cell has transformed into a

cancerous cell.

[0136] The present methods allow for the efficient integration of the donor template at the
endogenous locus of interest. In some embodiments, the present methods allow for the
insertion of the donor template in 20%, 25%, 30%, 35%, 40%, or more cells, e.g., cells from
an individual with a condition to be treated using the present methods and/or compositions.
The methods also allow for high levels of expression of protein in cells, e.g., cells from an
individual with an integrated cDNA as described herein, e.g., levels of expression that are at
least about 70%, 75%, 80%, 85%, 90%, 95%, or more relative to the expression in healthy

control cells.
Cells

[0137] Animal cells, mammalian cells, preferably human cells, modified ex vivo, in vitro,
or in vivo are contemplated. Also included are cells of other primates; mammals, including
commercially relevant mammals, such as cattle, pigs, horses, sheep, cats, dogs, mice, rats;
birds, including commercially relevant birds such as poultry, chickens, ducks, geese, and/or
turkeys. In particular embodiments, the cells are human cells, e.g., human cells from a subject

with a genetic disorder or condition.

[0138] In particular embodiments, the cells used in the present methods are primary cells,
i.e, cells taken directly from a living tissue (e.g., biopsy, blood sample, etc.). In some
embodiments, the cell is an embryonic stem cell, a stem cell, a progenitor cell, a pluripotent
stem cell, an induced pluripotent stem cell (iPSC), a somatic stem cell, a differentiated cell, a
mesenchymal stem cell or a mesenchymal stromal cell, an airway basal stem cell, a neural
stem cell, a hematopoietic stem cell or a hematopoietic progenitor cell, an adipose stem cell, a
keratinocyte, a skeletal stem cell, a muscle stem cell, a fibroblast, an NK cell, a B-cell, a T

cell, or a peripheral blood mononuclear cell (PBMC). In particular embodiments, the cells are
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CD34" hematopoietic stem and progenitor cells (HSPCs), e.g., cord blood-derived (CB),
adult peripheral blood-derived (PB), or bone marrow derived HSPCs. HSPCs can be isolated
from a subject, e.g., by collecting mobilized peripheral blood and then enriching the HSPCs
using the CD34 marker.

[0139] To avoid immune rejection of the modified cells when administered to a subject, the
cells to be modified are preferably derived from the subject’s own cells. Thus, preferably the
mammalian cells are autologous cells from the subject to be treated with the modified cells.
In some embodiments, however, the cells are allogeneic, i.e., isolated from an HLA-matched

or HLA-compatible, or otherwise suitable, donor.

[0140] In some embodiments, cells are harvested from the subject and modified according
to the methods disclosed herein, which can include selecting certain cell types, optionally
expanding the cells and optionally culturing the cells, and which can additionally include
selecting cells that contain a transgene integrated into the targeted locus. In particular

embodiments, such modified cells are then reintroduced into the subject.

[0141] Further disclosed herein are methods of using said nuclease systems to produce the
modified host cells described herein, comprising introducing into a mammalian cell: (a) an
RNP comprising a Cas nuclease such as Cas9 and an sgRNA specific to a locus of interest,
(b) a DNA-PK inhibitor, and (c) a homologous donor template or vector as described herein.
Each component can be introduced into the cell directly or can be expressed in the cell by

introducing a nucleic acid encoding the components of said one or more nuclease systems.

[0142] In some embodiments, the present methods target integration of a functional cDNA
at the corresponding endogenous locus or at a safe harbor locus in a host cell ex vivo. In some
embodiments, the methods target the modification of a genomic sequence, e.g., the alteration
of a genomic sequence, or the introduction of a deletion or insertion, at an endogenous locus.
Such methods can further comprise (a) optionally expanding said cells, and/or (b) optionally

culturing the cells.

[0143] In any of these methods, the nuclease can produce one or more single stranded
breaks within the locus of interest, or a double stranded break within the locus of interest. In
these methods, the locus is modified by homologous recombination with said donor template
or vector to result in insertion of the transgene into the locus. The methods can further

comprise (c) selecting cells that contain the transgene integrated into the locus of interest.
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7. Detecting DNA-PK inhibitor activity

[0144] The activity of a DNA-PK inhibitor and/or the efficacy of the present methods can
be assessed in any of a number of ways. For example, the activity of a DNA-PK inhibitor can
be assessed by measuring the rate of HDR in cells such as CD34™ HSPCs, e.g., the rate of
integration of a cDNA at genomic loci such as HBB, CCRS, IL2RG, HBA1, CFTR, or
STING1 when a DNA-PK inhibitor is introduced together with an sgRNA, RNA-guided
nuclease, and homologous donor template. In some embodiments, the rate of HDR in such
cells is increased by at least about 10%, 20%, 30%, 40%, 50%, or more relative to the rate in
equivalent cells but in the absence of DNA-PK inhibitor. In some embodiments, the activity
of a DNA-PK inhibitor can be assessed by measuring the rate of NHEJ or indels in cells such
as CD34" HSPCs. In some embodiments, the rate of indels is decreased by at least about
10%, 20%, 30%, 40%, 50%, 60%, 70%, or more relative to the rate in equivalent cells in the
absence of DNA-PK inhibitor. In some embodiments, the rate of HDR is increased in cells
modified (e.g., according to the methods herein) with use of a DNA-PK inhibitor by at least
about 10%, 20%, 30%, 40%, 50%, or more (i.e., relative to the rate in equivalent cells

modified without use of a DNA-PK inhibitor) with few or no detectable indels.

[0145] In some embodiments, the activity of a DNA-PK inhibitor is assessed by
determining the MOI for a viral vector comprising a homologous donor template that is
required to achieve a given level of HDR. For example, in some embodiments, the presence
of DNA-PK inhibitor can allow a decrease in the MOI used of, e.g., 1-fold, 2-fold, 3-fold, 4-
fold, or more, while still maintaining similar rates of HDR as compared to in an equivalent
cell in the absence of DNA-PK inhibitor. In some embodiments, the activity of a DNA-PK
inhibitor can be assessed by determining, e.g., the ability of modified cells to achieve a given
rate of engraftment in animal models. For example, the presence of DNA-PK inhibitor can
allow the use of an MOI that is, e.g., 1-fold, 2-fold, 3-fold, 4-fold, or more lower than the
MOI needed in the absence of DNA-PK inhibitor, to achieve a given rate of engraftment. In
some embodiments, the activity of a DNA-PK inhibitor is assessed by determining the
amount of sgRNA and/or RNA-guided nuclease that is required to achieve a given level of
HDR. For example, in some embodiments, the presence of DNA-PK inhibitor can allow a
decrease in the amount of sgRNA and/or RNA-guided nuclease used of, e.g., 1-fold, 2-fold,
3-fold, 4-fold, or more, while still maintaining similar rates of HDR as compared to in an
equivalent cell in the absence of DNA-PK inhibitor. As another example, the presence of

DNA-PK inhibitor can allow the use of an amount of sgRNA and/or RNA-guided nuclease
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that is, e.g., 1-fold, 2-fold, 3-fold, 4-fold, or more lower than the amount needed in the

absence of DNA-PK inhibitor, to achieve a given rate of engraftment.

[0146] In some embodiments, the activity of a DNA-PK inhibitor is assessed by comparing
the ability of a particular gRNA to induce desired edits (e.g., HDR) at its targeted locus. In
some embodiments (e.g., as demonstrated in Example 2 herein), a gRNA that induces low to
no indels at its target locus in the absence of DNA-PK inhibitor is able to induce high
frequency of HDR at its target locus in the presence of DNA-PK inhibitor. In some
embodiments, DNA-PK inhibitor treatment increases the number of sgRNAs that can be used
for HDR because of the ability to promote high HDR frequency induced by sgRNAs that are

seemingly inactive in the absence of DNA-PK inhibitor.

[0147] The activity of a DNA-PK inhibitor can also be assessed in cells by examining, e.g.,
any known activity of DNA-PK, such as DNA DSB repair. In some embodiments, a DNA-
PK inhibitor can reduce a DNA-PK activity by at least about 10%, 20%, 30%, 40%, 50%,
60%, 70%, or more relative to the activity in the absence of DNA-PK inhibitor.

[0148] The activity of a DNA-PK inhibitor can also be assessed by examining the impact
of HDR on the modified cells. In some embodiments, the methods provided herein decrease
the toxicity of HDR in modified cells and lead to, e.g., increased viability and/or improved
function of modified cells. In some embodiments, use of a DNA-PK inhibitor in the methods
herein can increase the viability and/or the function of the modified cells by at least about
10%, 20%, 30%, 40%, 50%, 60%, 70%, or more relative to cells modified without use of a
DNA-PK inhibitor.

8. Methods of treatment

[0149] In some embodiments, following the modification of the genome in cells from a
subject using the herein-described methods, and, e.g., confirming expression of a protein
encoded by an introduced cDNA, a plurality of modified cells can be reintroduced into the
subject, such that they can repopulate and differentiate, and due to the expression of the
integrated cDNA (or other genetic modification), can improve one or more abnormalities or
symptoms in the subject with the genetic disorder. In some embodiments, the cells are
expanded, selected, and/or induced to undergo differentiation, prior to reintroduction into the

subject.
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[0150] Disclosed herein, in some embodiments, are methods, including therapeutic
methods and methods of administration. Although the descriptions of methods provided
herein are principally directed to administration to humans, it will be understood by the

skilled artisan that they are generally suitable for administration to any animals.

[0151] The modified host cells of the present disclosure included in the pharmaceutical
compositions described above may be administered by any delivery route, systemic delivery
or local delivery, which results in a therapeutically effective outcome. These include, but are
not limited to, enteral, gastroenteral, epidural, oral, transdermal, intracerebral,
intracerebroventricular, epicutaneous, intradermal, subcutaneous, nasal, intravenous, intra-
arterial, intramuscular, intracardiac, intraosseous, intrathecal, intraparenchymal,
intraperitoneal, intravesical, intravitreal, intracavernous), interstitial, intra-abdominal,
intralymphatic, intramedullary, intrapulmonary, intraspinal, intrasynovial, intrathecal,

intratubular, parenteral, percutaneous, periarticular, peridural, perineural, periodontal, rectal,

soft tissue, and topical. In particular embodiments, the cells are administered intravenously.

[0152] In some embodiments, a subject will undergo a conditioning regime before cell
transplantation. For example, before hematopoietic stem cell transplantation, a subject may
undergo myeloablative therapy, non-myeloablative therapy or reduced intensity conditioning
to prevent rejection of the stem cell transplant even if the stem cell originated from the same
subject. The conditioning regime may involve administration of cytotoxic agents. The
conditioning regime may also include immunosuppression, antibodies, and irradiation. Other
possible conditioning regimens include antibody-mediated conditioning (see, e.g.,
Czechowicz et al., 318(5854) Science 1296-9 (2007);, Palchaudari et al., 34(7) Nature
Biotechnology 738-745 (2016); Chhabra et al,, 10:8(351) Science Translational Medicine
351ral05 (2016)) and CAR T-mediated conditioning (see, e.g., Arai et al., 26(5) Molecular
Therapy 1181-1197 (2018); each of which is hereby incorporated by reference in its entirety).
For example, conditioning needs to be used to create space in the brain for microglia derived
from engineered hematopoietic stem cells (HSCs) to migrate in to deliver the protein of
interest (as in recent gene therapy trials for ALD and MLD). The conditioning regimen is also
designed to create niche “space” to allow the transplanted cells to have a place in the body to
engraft and proliferate. In HSC transplantation, for example, the conditioning regimen creates
niche space in the bone marrow for the transplanted HSCs to engraft. Without a conditioning

regimen, the transplanted HSCs cannot engraft.
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[0153] The present disclosure additionally provides methods of administering modified
host cells in accordance with the disclosure to a subject in need thereof. Pharmaceutical
compositions including the modified host cell may be administered to a subject using any
amount and any route of administration effective for preventing, treating, or managing the
condition in question. The exact amount required will vary from subject to subject, depending
on the species, age, and general condition of the subject, the severity of the disease, the
particular composition, its mode of administration, its mode of activity, and the like. The
subject may be a human, a mammal, or an animal. The specific therapeutically or
prophylactically effective dose level for any particular individual will depend upon a variety
of factors including the disorder being treated and the severity of the disorder; the activity of
the specific payload employed; the specific composition employed; the age, body weight,
general health, sex and diet of the patient; the time of administration, route of administration;
the duration of the treatment; drugs used in combination or coincidental with the specific

modified host cell employed; and like factors well known in the medical arts.

[0154] In certain embodiments, modified host cell pharmaceutical compositions in
accordance with the present disclosure may be administered at dosage levels sufficient to
deliver from, e.g., about 1 x 10*to 1 x 10°, 1 x 10° to 1 x 10° 1 x 10° to 1 x 107, or more
modified cells to the subject, or any amount sufficient to obtain the desired therapeutic or
prophylactic, effect. The desired dosage of the modified host cells of the present disclosure
may be administered one time or multiple times. In some embodiments, delivery of the
modified host cell to a subject provides a therapeutic effect for at least 1 month, 2 months, 3
months, 4 months, 5 months, 6 months, 7 months, 8 months, 9 months, 10 months, 11
months, 1 year, 13 months, 14 months, 15 months, 16 months, 17 months, 18 months, 19
months, 20 months, 21 months, 22 months, 23 months, 2 years, 3 years, 4 years, 5 years, 6

years, 7 years, 8 years, 9 years, 10 years or more than 10 years.

[0155] The modified host cells may be used in combination with one or more other
therapeutic, prophylactic, research or diagnostic agents, or medical procedures, either
sequentially or concurrently. In general, each agent will be administered at a dose and/or on a

time schedule determined for that agent.

9. Examples

[0156] The present disclosure will be described in greater detail by way of specific

examples. The following examples are offered for illustrative purposes only, and are not
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intended to limit the disclosure in any manner. Those of skill in the art will readily recognize
a variety of noncritical parameters which can be changed or modified to yield essentially the

same results.

Example 1. AZD7648 enhances gene targeting efficiency across different genomic loci.
[0157] AZD7648 and VX984 are more selective at inhibition of DNA-PK than M3814
based on the IC50 values against the other targets belonging to the PI3K family, ATM, ATR

and mTOR kinases®? (Table 1). We tested the effect of these three compounds and multiple
other DNA-PK inhibitors (KU57788, BAY8400 and LTURMS34) at three different
concentrations (1, 0.1 and 0.01 pM) on gene targeting efficiency at CCRS locus for
integration of a short sequence (two stop codons in tandem) using Cas9 RNP and AAV6
based platform in hPSCs (Fig. 1A-C). Among the tested compounds, only AZD7648
significantly enhanced gene targeting at two of the three tested concentrations (1 and 0.1 uM)
while the remaining compounds had a significant effect only at 1 uM. Thus, AZD7648 is the
most potent among the tested DNA-PK inhibitors for enhancing gene targeting efficiency.
For the AZD7648 treatment, we then performed concentration gradient (1, 0.5, 0.25 and 0.1
uM), time course analysis (4, 8, 12 and 24 h) and found that the optimal concentration and
incubation time are 0.25 uM and 24 h respectively (Figs. 1D-E).

Table 1. ICS50 values of different small molecule inhibitors of DNA-PK against various
targets based on a previous study??

Targets | M3814 (IC50) | AZD7648 (IC50) | VX984 (IC50)
DNA-PKcs 43 nM 91.3 nM 115 nM
ATM >30 uM 17.93 uM >30 uM
ATR >30 uM >29.77 uM >30 uM
PI3Ko, 0.8 uM >8.03 uM >20 uM
PI3KB 0.17 M >30 uM >30 uM
PI3Ky 1.59 uM 1.37 uM 7.1 pM
PI3KS 0.35 uM >30 uM >30 uM
mTOR 0.55 uM >30 uM >30 uM

[0158] Next, we tested the effect of different DNA-PK inhibitors (AZD7648, M3814,
VX984 and BAY8400) on gene targeting efficiency at CCRS locus for integration of a large
sequence (UBC-GFP-bGHpA-2.6 kb length) at three different concentrations (1, 0.1 and 0.01
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uM) using Cas9 RNP and AAV6 based platform in hPSCs (Fig. 2A-C). Gene targeting
efficiency was measured by droplet digital PCR (ddPCR) and flow cytometry (for GFP) to
measure the allelic targeting efficiency (Fig. 2B) and percentage of targeted cells (Fig. 2C)
respectively. Among the tested compounds, AZD7648 and VX984 significantly enhanced
gene targeting at two of the three tested concentrations (1 and 0.1 pM) while BAY8400 had a
significant effect at 0.1 uM but was very toxic at 1 uM (data not shown). Thus, AZD7648 is
potent at enhancing gene targeting efficiency for targeted integration of both short and long
sequences. We then tested AZD7648 and M3814 treatment for gene targeting at HBB and
HBAI loci at concentrations of 2 uM and 0.5 uM in three different hPSCs (Fig. 2D-E). The
treatment was carried out for 24 hours post gene targeting and the efficiency was calculated 1
week post gene targeting using ddPCR analysis. At 2 uM, both AZD7648 and M3814
significantly enhanced the gene targeting at both loci up to 4-fold when compared to the
untreated control. At 0.5 uM, only AZD7648 enhanced the gene targeting significantly while
M3814 had a less prominent effect (Figs. 2D-E). Thus, AZD7648 is more potent than M3814

for enhancing gene targeting efficiency.

[0159] To confirm the applicability of this approach for correction of genetic disease-
associated point mutations, we assessed the effect of AZD7648 treatment on RNP/AAV6
based editing of sickle cell disease (SCD) and cystic fibrosis (CF) mutations in WT hPSC.
For editing the SCD E6V mutation in HBB gene (Fig 3A), AZD7648 treatment (0.5 and 0.25
uM) reduced the INDEL frequency compared to the untreated cells (Fig. 3B) and
correspondingly the gene targeting efficiency was improved significantly (Fig. 3B-C).
Similarly, for editing the CF AF508 mutation in CFTR gene (Fig. 3D), AZD7648 treatment
(0.5 and 0.25 uM) reduced the INDEL frequency (Fig. 3E) and increased the gene targeting
efficiency (Fig. 3E-F). Thus, AZD7648 treatment enhances the gene targeting efficiency for

editing the SCD and CF disease-associated mutations.

Example 2. AZD7648 enhances gene targeting efficiency with a seemingly inactive

gRNA.
[0160] Next, we tested the feasibility of enhancing gene targeting with AZD7648 treatment

using a seemingly inactive gRNA targeting STING1 locus in hPSCs for introduction of
V155M mutation associated with STING-associated vasculopathy with onset in infancy
(SAVI) disease (Fig. 4A). Upon Cas9 RNP nucleofection, the INDEL frequency at STING1
locus was 1-2% in three different hPSCs indicating that the gRNA is seemingly inactive.

AAV6 donor transduction following RNP nucleofection (untreated) resulted in average gene

54



WO 2023/220418 PCT/US2023/022108

targeting of 3%. Treatment with AZD7648 (0.5 pM) resulted in gene targeting frequency of
up to 50% without indels (Fig. 4B-C). With an active gRNA that induces INDEL at more
than 60% efficiency following RNP nucleofection, AZD7648 treatment (0.5 and 0.25 pM)
improves HR efficiency by 2 to 3-fold without INDELSs following AAV6 donor transduction.
In comparison, the untreated cells had around 30% INDELs (Fig. 4D-E). Thus, AZD7648
treatment could be used to enhance gene targeting efficiency with both seemingly inactive

gRNAs and active gRNAs.

Example 3. Pluripotency is maintained in hPSC gene targeted with AZD7648.

[0161] To confirm the maintenance of pluripotency in hPSC gene targeted with AZD7648
treatment, we assessed the pluripotency marker expression and trilineage (three-germ layer)
differentiation potential. hPSC were gene targeted at CCRS locus for integration of UBC-
GFP-bGHpA (Fig. 5A) with and without AZD7648 treatment (0.5 and 0.25 uM). AZD7648
treatment enhanced gene targeting efficiency by about 3-fold compared to untreated cells as
measured by the frequency of GFP+ cells (Fig. 5B). Gene targeted hPSCs were assessed for
pluripotency marker, SSEA4 expression using flow cytometry and we found that the
expression of SSEA4 was maintained in cells gene targeted with or without AZD7648 (Fig.
5C). We then assessed the trilineage differentiation potential of the gene targeted hPSC, using
a commercially available kit. Post-differentiation, we assessed the efficiency of
differentiation into ectoderm, mesoderm and endoderm by flow cytometry analysis for
expression of corresponding markers (PAX6 and NES for ectoderm; CD56 and T for
mesoderm; SOX17 and CXCR4 for endoderm). Trilineage differentiation potential was
unaffected in hPSCs differentiated with and without AZD7648 treatment (Fig. 5 D). Thus,
pluripotency is maintained in hPSCs gene targeted with AZD7648 treatment.

Example 4. AZD7648 treatment maintains high gene targeting efficiency with reduced

amounts of Cas9 RNP and AAV6 donor.

[0162] Next, we tested whether high gene targeting efficiency can be maintained with
AZD7648 treatment using reduced amounts of Cas9 RNP and AAV6. We assessed this for
gene targeting at CCRS locus for integration of UBC-GFP-bGHpA sequence in hPSCs (Fig.
6A). Cas9 RNP amount was titrated down by 2-, 5- and 10-fold (0.5X, 0.2X and 0.1X) and
gene targeting efficiency was assessed with and without AZD7648 treatment by ddPCR and
flow cytometry analysis (Fig. 6B-C). Although gene targeting efficiency decreased gradually
with titrating down Cas9 RNP amount, the efficiency remained higher at all tested doses with

AZD7648 treatment as compared to untreated cells with full amount of RNP (Fig. 6B-C).
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Similarly, we tested the effect of titrating down the amount of AAV6 donor between an MOI
of 100 to 10000 on gene targeting with AZD7648. Based on ddPCR and flow cytometry
analysis, AZD7648 treated cells showed higher gene targeting efficiency even at 500 MOI as
compared to the untreated cells at the highest MOI of 10000 (Fig. 6D-E). Thus, AZD7648
treatment can maintain high gene targeting efficiency even with reduced amounts of Cas9

RNP or AAV6 donor.

Example 5. AZD7648 enhances gene targeting efficiency in human CD34+ HSPCs.

[0163] We tested the effect of AZD7648 treatment on gene targeting efficiency in human
CD34+ hematopoietic stem and progenitor cells (HSPCs). First, we tested the gene targeting
efficiency for editing the SCD mutation (E6V) in cord blood-derived CD34+ HSPCs with
and without AZD7648 treatment. Although, the untreated cells showed high gene targeting
efficiency of around 70%, there was a small frequency of alleles with INDELs. With
AZD7648 treatment, gene targeting efficiency was improved to around 80% with almost no
INDELs (Fig. 7A). Next, we tested the effect of AZD7648 on gene targeting efficiency at
CCRS locus which is a safe harbor for integration of therapeutic transgenes. AZD7648
treatment significantly enhanced gene targeting at CCRS locus for integration of UBC-GFP-
bGHpA sequence by around 3-fold compared to that of untreated cells (Fig. 7B). We then
tested the effect of AZD7648 treatment for gene replacement at HBA1 locus to introduce
HBB gene as a therapeutic strategy for -thalassemia. ddPCR analysis showed that allelic
gene targeting efficiency can be improved by around 1.4-fold with AZD7648 treatment (Fig.
7C). Thus, AZD7648 enhances the efficiency of therapeutically relevant gene targeting at
HBB, CCR5 and HBA1 loci in human HSPCs.

Example 6. Gene targeting in human T and B cells is enhanced by AZD7648 treatment.

[0164] Next, we tested AZD7648 treatment for improving gene targeting at CCRS locus
(Fig. 8A) in human B and T cells. In T cells, we tested different amounts of AAV6 (MOL:
1000, 2500, 5000 and 10000) for gene targeting with and without AZD7648 treatment. Based
on flow cytometry for GFP, we found that AZD7648 treatment enhances gene targeting
efficiency across all tested AAV6 MOIs when compared to untreated cells even at highest
MOI of 10000 (Fig. 8B). For B cells, we tested AZD7648 treatment at different
concentrations (4, 2, 1, 0.5 and 0.1 uM) for gene targeting at CCRS locus. ddPCR analysis
showed that AZD7648 treatment enhances gene targeting by about 2-fold at different
concentrations (Fig. 8C). Thus, AZD7648 treatment enhances gene targeting in human T and

B cells.
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Example 7. AZD7648 enhances correction of CF mutation in HBECs.

[0165] Next, we tested the effect of AZD7648 treatment for gene targeting to correct the
cystic fibrosis (CF) associated AF508 mutation in exon 11 of CFTR gene in CF patient-
derived human bronchial epithelial cells (HBECs) (Fig. 9A). Based on ICE analysis, we
found that HBECs treated with AZD7648 showed significantly higher gene targeting
efficiency with much lower frequency of alleles with INDELs as compared to the untreated
cells (Fig. 9B). Importantly, cell viability assessment post-gene targeting showed that
AZD7648 treatment did not affect the percentage of viable cells relative to untreated control
(Fig. 9C). Thus, AZD7648 treatment improves gene targeting efficiency for the correction of
CF mutation in patient-derived HBECs without affecting the cell viability.
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Example 8. DNA-PKcs inhibition results in higher genome editing frequencies of HDR

compared to INDELSs in human primary cells

Abstract

[0166] Nuclease-based genome editing can result in either site-specific insertions/deletions
(INDELs) or targeted integrations depending on which pathway of natural DNA double-
strand break repair is harnessed: non-homologous end-joining (NHEJ), microhomology
mediated end-joining (MMEJ) or homology-directed repair (HDR). While highly active
targeted integration systems have been developed, the use of targeted integration for either
research or therapeutic applications would be greatly expanded if methods to further increase
HDR and minimize INDELs were developed. We screened various small molecule inhibitors
of DNA-dependent protein kinase catalytic subunit (DNA-PKcs), a key protein in NHEJ, to
improve the HDR efficiency and identified AZD7648 as the most potent compound. The use
of AZD7648 resulted in significant increases in HDR (up to 50-fold in some examples) with
concomitant decreases in INDELs across different genomic loci in various therapeutically
relevant primary human cell types such as pluripotent stem cells, hematopoietic stem and
progenitor cells, T cells and bronchial epithelial cells. In all cases, the ratio of HDR to
INDEL markedly increased and in certain situations, INDEL-free, high frequency (>50%)
targeted integration was achieved. Targeted integration with AZD7648 treatment could
improve the therapeutic efficacy of cell-based therapies and broaden the use of targeted
integration as a research tool as it now enables applications of genome editing that might not

have been previously possible.
Main

[0167] Genome editing is a method to change the nucleotide sequence of a cell with single
nucleotide precision. The most well-developed method of genome editing is using an
engineered nuclease to create a site-specific DNA double-strand break (DSB) in the
genome?> 26, CRISPR-Cas9 is the most widely used engineered nuclease system for genome
editing due to its ease of design, high activity, and high specificity. CRISPR-Cas9 genome
editing is a two-component system consisting of a guide RNA (gRNA) that is complementary
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in sequence to the genomic target site, which brings the Cas9 nuclease to create a precise
DSB?"3!. There are redundant cellular mechanisms to repair the induced DSB*2. DSB can be
repaired by non-homologous end-joining (NHEJ) pathway, a generally accurate form of
repair that occasionally can result in small insertions/deletions (INDELs) often of a single

nucleotide at the break site®* 3*

. If the DSB is repaired by microhomology mediated end-
joining (MMEJ), small to large INDELSs are created®*~*’. Finally, homology-directed repair
(HDR) involves the use of either endogenous or exogenous homologous donor template
sequence to precisely repair the DSB. Upon providing an exogenous donor template, HDR
pathway can be harnessed for targeted integration of single nucleotide changes or of several

thousand base pairs**3®.

HDR-mediated genome editing is currently the most flexible
method of creating the widest variety of changes to the genome of a cell and has now entered

clinical studies®.

[0168] One of the hallmarks of nuclease-based genome editing is that in a population of
cells, a mixture of INDELs and HDR-mediated targeted insertions occurs. Moreover, while
HDR to INDEL ratios of 1:1 or greater can be achieved, the frequency of INDELSs is often
greater than that of HDR*?* An important advance in genome editing would be to develop
methods in which HDR is significantly more frequent than INDELs and ideally INDEL-free
targeted integration might be achieved. During genome editing, HDR-based targeted
integration has been shown to outcompete the MMEJ-based INDELs, but not the NHEJ-
based INDELs** #!. This is likely due to the NHEJ pathway being active in all phases of the
cell cycle while HDR and MME] are active in S and G2 phases of the cell cycle*> **. Thus,
different methods for inhibition of the NHEJ pathway are being explored for enhancing the

frequency of HDR-based gene targeting/targeted integration***°.

[0169] The NHEJ pathway is initiated following the binding of Ku70/80 protein to the ends
of the DSB?*>*7. Ku70/80 then recruits the catalytic subunit of DNA-dependent protein kinase
(DNA-PKcs) to form the DNA-dependent protein kinase complex. DNA-PKcs is activated
through autophosphorylation and is critical for progression of the NHEJ pathway*®.
Subsequently, the XRCC4, XLF and DNA ligase IV complex is recruited to ligate the broken
ends®. Inhibition of Ku or DNA ligase IV through shRNA/siRNA or small molecules has
been shown to moderately improve HDR efficiency by reducing the levels of NHEJ* In
addition, peptide-based inhibition of S3BP1 (a protein that promotes the NHEJ pathway) can
also result in increased frequencies of HDR-mediated genome editing™. A recent study has

shown that introduction of a catalytically inactive mutation in DNA-PKcs leads to high levels
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of HDR-based gene targeting following gene editing with single-stranded
oligodeoxynucleotide (ssODN) donor and Cas9-gRNA in human induced pluripotent stem
cells (iPSCs)™. This enhancement in gene targeting could also be recapitulated with transient
inhibition of DNA-PKcs using a small molecule compound, M3814%%%> Although, M3814 is
a potent DNA-PKcs inhibitor, it has been shown to be less selective than other small
molecule DNA-PKcs inhibitors®®. At the concentrations used for gene targeting, M3814 can
inhibit various kinases of the PI3K family and the mTOR kinase potentially causing cellular
toxicity (Fig. 10a)**>. Thus, DNA-PKcs inhibitors with higher specificity might result in

further improvements in gene targeting efficiencies with mitigated cellular toxicity.

[0170] We screened various selective small molecule DNA-PKcs inhibitors for enhancing
gene targeting efficiency using the Cas9 ribonucleoprotein (RNP) and adeno-associated virus
serotype 6 (AAV6) HDR donor delivery in human pluripotent stem cells (PSCs)*’. From this
screening, AZD7648 was identified as the most potent compound for enhancing gene
targeting efficiency. AZD7648 was not only more potent than M3814 for improving gene
targeting but has also been shown to be a more selective DNA-PKcs inhibitor than M3814
(Fig. 10a)’®. AZD7648 treatment significantly enhanced gene targeting efficiency at different
genomic loci for integration of both short and large sequences in various therapeutically
relevant human primary cells such as PSCs, hematopoietic stem and progenitor cells
(HSPCs), T cells and human bronchial epithelial cells (HBECs). With AZD7648 treatment,
we achieved high levels of gene targeting with low to no INDELSs in most cases. Allelic gene
targeting efficiency reached as high as 90% in some cases. Remarkably, AZD7648 could turn
a gRNA that generated very few INDELs when delivered as an RNP alone without AZD7648
into one that generated ~50% targeted integrations without detectable INDELs when
combined with AAV6 HDR donor and AZD7648. The use of AZD7648 resulted in the
flipping of the HDR to INDEL ratio from 1:1 to >5-100:1 in most circumstances. Thus,
AZD7648 treatment can broadly enhance the ex vivo targeted integration frequency in
primary cells thereby improving the efficacy of ex vivo gene targeted cell-based therapies and

expanding the application of targeted integration for research purposes.
Results

[0171] AZD7648 is the most potent DNA-PKcs inhibitor for enhancing gene targeting
efficiency in PSC. Small molecule DNA-PKcs inhibitors, AZD7648 and VX984 have a
better selectivity profile than M3814 as described previously®® (Fig. 10a). To identify the
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most potent and selective DNA-PKcs small molecule inhibitor for enhancing gene targeting
efficiency, we performed a screen at the CCRS5 locus to knock-in two stop codons using the
RNP and AAV6 gene editing platform in PSCs’’ (Fig. 10b). For this screening, we tested
various previously described DNA-PKcs inhibitors, AZD7648°%%8 M3814°°, VX984
KU57788%, BAY8400° and LTURM® at three different concentrations (1, 0.1 and 0.01
uM). AZD7648, M3814, VX984 and BAY8400 compounds improved gene targeting

2

efficiency at the concentration of 1 uM. At 0.1 uM, only AZD7648 significantly enhanced
the gene targeting efficiency more than 4-fold compared to the untreated control (Fig. 10c,
Fig. 15a). Thus, AZD7648 is more potent than the other DNA-PKcs inhibitors for improving
gene targeting efficiency. Next, we performed a concentration gradient (1, 0.5, 0.25 and 0.1
uM) and time course (4h, 8h, 12h and 24h) analysis for gene targeting with AZD7648
treatment. From this analysis, we found that 0.25-0.5 pM and 24 h were the optimal
concentration and incubation time respectively for improving gene targeting (Fig. 10d-e, Fig.
15b-¢). Notably at the optimal concentration (0.5 and 0.25 uM) for gene targeting, AZD7648
is highly specific for DNA-PKcs inhibition (Fig. 10a).

[0172] CCRS5 is a safe harbor genomic locus that can be used for integration of large gene
cassettes with exogenous promoters to safely overexpress genes of interest for therapeutic
and research purposes®*®’. Thus, we tested whether DNA-PKcs inhibitor treatment can
improve the gene targeting efficiency at the CCR5 locus for integration of large gene
cassettes. We compared the effect of AZD7648 and other DNA-PKcs inhibitors for gene
targeting at the CCR5 locus to knock-in a multi-kb sequence (2.6 kb) (Fig. 10f). We found
that AZD7648 significantly enhanced the allelic gene targeting efficiency at 1 and 0.1 uM
while M3814 and VX984 were effective only at 1 pM. With AZD7648 treatment, the allelic
gene targeting efficiency reached 85%, which is a 2.4-fold increase compared to the untreated
control. BAY8400 treatment significantly improved the gene targeting at 0.1 uM (Fig. 10g)
but had high toxicity at 1 uM (data not shown). Next, we assessed the cell viability at
different time points (24h, 48h and 72h) post CCRS5 gene targeting with and without
treatment of different DNA-PKcs inhibitors (AZD7648, M3814, VX984 and BAY8400 at 0.5
and 0.25 uM). AZD7648 treatment showed the highest improvement in gene targeting
efficiency (Fig. 15d). Cell viability analysis showed that AAV6 transduction alone leads to
high levels of toxicity which has been reported in previous studies on AAV transduction in
PSCs®. Among the gene targeted cells, treatment with DNA-PKcs inhibitors led to slightly
higher toxicity at 48 h and 72h when compared to the untreated cells. BAY8400 was found to
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be more toxic than other DNA-PKcs inhibitors at all three time points (Fig. 16a). Next, we
assessed biochemically whether treatment with AZD7648 effectively inhibits DNA-PKcs
activity without affecting the function of kinases belonging to the PI3K family. For DNA-
PKcs activity, we assessed the autophosphorylation at Ser2056 site®® and for PI3K function,
we assessed the phosphorylation of AKT at Ser473 site®®. We used bleomycin to induce
broadscale DNA damage to enhance the detection of DNA-PKcs activity’’. Western blot
analysis showed PSC treated with bleomycin for 2 hours exhibited autophosphorylation of
DNA-PKcs (Ser2056) while AZD7648 co-treatment inhibited this autophosphorylation.
RNP/AAV6 gene editing did not result in detectable DNA-PKcs autophosphorylation due to
minimal activation of the protein since the high-fidelity Cas9 RNP creates just a couple/few
breaks in the genome at any given point. Importantly, AZD7648 treatment did not affect the
phosphorylation of AKT (Ser473) by PI3K family of kinases (Fig. 16b, c¢). We also
confirmed that AZD7648 treatment improved gene targeting efficiency in PSCs used for this
biochemical analysis (Fig. 16d).

[0173] To confirm the maintenance of pluripotency in the gene targeted PSCs, we assessed
the expression of pluripotency markers and differentiation into three germ layers following
gene targeting at the CCR5 locus. Flow cytometry analysis showed that AZD7648 treatment
leads to gene targeting in more than 90% of cells, which was a 2.5-fold increase compared to
the untreated control (Fig. 17a). Analysis of the allelic distribution of WT, INDEL and HDR
frequencies showed that AZD7648 treatment improved the HDR frequency 3-fold with a
corresponding increase in HDR/INDEL ratio from 0.3 to ~8 (~24-fold increase) (Fig. 17b).
Interestingly, we found that treatment with AZD7648 led to a minor fraction of small to large
deletions and a predominant increase in the frequency of WT in the non-targeted alleles while
the remaining alleles showed a 1-bp insertion. This 1-bp insertion was the only type of
INDEL observed in non-AZD7648 treated genome edited cells (Fig. 17¢). We found that the
gene targeted PSC with and without the AZD7648 treatment maintained the expression of
different pluripotency markers (Fig. 17d). Differentiation of the gene targeted PSCs into three
germ layers (ectoderm, mesoderm and endoderm) was also unaffected with AZD7648

treatment, further confirming the maintenance of pluripotency (Fig. 18a).

[0174] We performed single cell cloning of PSCs gene targeted at the CCR5 locus with
different concentrations of AZD7648 (Fig. 18b) and assessed the genotype of the single cell
clones. We found that treatment with 0.5, 0.25 and 0.1 uM of AZD7648 led to derivation of
90%, 80% and 60% clones with bi-allelic knock-in respectively while the untreated cells only
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had 30% of clones with bi-allelic knock-in (Fig. 18c). This result confirms that AZD7648
treatment leads to an increase in bi-allelic gene targeting. We then tested whether AZD7648
pre-treatment before gene editing would further improve gene targeting efficiency. For this,
PSCs were pretreated with AZD7648 for 24 hours before gene targeting and then the cells
were either left untreated or with continued AZD7648 treatment post-nucleofection. Allelic
gene targeting efficiency was unaffected by pretreatment with AZD7648 with or without post
treatment when compared to the corresponding controls. This indicates that pretreatment has
no effect and treatment post-editing is essential for improving gene targeting efficiency (Fig.

18d).

[0175] We then tested the effect of AZD7648 treatment for improving gene targeting
across different genomic loci in PSC. First, we tested the treatment for editing the sickle cell
disease (SCD) and cystic fibrosis (CF) mutations at HBB and CFTR loci respectively using
the previously described Cas9 RNP and AAV6 donor reagents in WT PSC’'7 (Fig. 19a-d).
At both the concentrations (0.5 and 0.25 uM) tested, AZD7648 treatment improved the gene
targeting efficiency at ABB and CFTR loci with a corresponding decrease in the levels of
INDELSs. Notably, AZD7648 treatment improved the mean ratio of HDR to INDEL from 5 to
26 at the HBB locus and from 2 to 13 at the CFTR locus (Fig. 19a-d). Next, we tested the
effect of AZD7648 and M3814 treatment for knock-in of a multi-kb sequence (2.6 kb) at the
HBB locus. Although the allelic gene targeting in the untreated cells was quite high at 50%,
treatment with AZD7648 or M3814 improved the gene targeting by about 1.4-fold at the
higher concentration (2 pM) and only AZD7648 showed a significant improvement at the
lower concentration (0.5 uM) (Fig. 20a). Non-gene targeted alleles in the untreated cells
showed 9-bp deletion as the major INDEL while there was also a small fraction of insertions
and other deletions, resembling the pattern in the RNP only control. AZD7648 treatment led
to an increase in the frequency of WT alleles and the remaining alleles had a small fraction of
the 9-bp deletion (Fig. 20b). We then assessed whether gene replacement efficiency can be
improved with the AZD7648 treatment at the HBA/ locus using the previously described
gene editing strategy’*. AZD7648 treatment improved the HBA/ gene replacement efficiency
by around 4-fold at both high and low concentrations (2 and 0.5 puM) while M3814 was
effective only at the higher concentration (2 uM) (Fig. 20c). Non-gene targeted alleles in the
untreated cells showed 1-bp insertion as the major INDEL while there was also a small

fraction of alleles with deletions, resembling the RNP only control. AZD7648 treatment led
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to an increase in the frequency of WT alleles, a small fraction of alleles with deletions and

little to no alleles with the 1-bp insertion (Fig. 20d).

[0176] In conclusion, these results confirm that AZD7648 is the current most potent DNA-
PKcs inhibitor for enhancing gene targeting efficiency across different genomic loci in PSCs

without affecting the pluripotency.

[0177] AZD7648 treatment improves gene targeting across different loci in HSPCs.
We compared the effect of various DNA-PKcs inhibitors (AZD7648, M3814, VX984 and
BAY8400) at two different concentrations (2 uM and 0.5 uM) for improving gene targeting
at the CCR5 locus in primary human CD34+ HSPCs. Allelic gene targeting efficiency and
viable cell count indicated that treatment with 0.5 uM was less toxic than 2 uM with similar
gene targeting efficiency for all compounds. At 0.5 uM, AZD7648 showed the highest
improvement in gene targeting efficiency when compared to other compounds (Fig. 21a). We
determined the optimal concentration of AZD7648 treatment with a concentration gradient
analysis (1-0.01 uM) for gene targeting at the CCRS locus. We found that the gene targeting
efficiency remained high between 0.25-0.5 uM, which is similar to the results from PSCs,
and we used 0.5 uM for all subsequent gene targeting experiments in HSPCs (Fig. 21b). In
the non-gene targeted alleles, we found that AZD7648 treatment at 1, 0.5 and 0.25 uM
concentrations led to an increase in the frequency of WT alleles and a decrease in the

frequency of alleles with 1-bp insertion when compared to the untreated cells (Fig. 21¢).

[0178] We then tested the effect of AZD7648 on gene targeting across different
therapeutically relevant genomic loci in HSPCs. With AZD7648 treatment at the optimal 0.5
uM concentration, allelic gene targeting efficiency improved by around 3-fold with a
concomitant 7-fold increase in HDR to INDEL ratio at the CCR3 safe harbor locus for knock-
in of a multi-kb sequence (2.6 kb) (Fig. 11a). To confirm that gene targeting with AZD7648
does not affect the ability of HSPCs to differentiate into different hematopoietic lineages, we
performed a colony forming units (CFU) assay in vifro. For this, we used CCR5 gene targeted
HSPCs (RNP+AAV6) with and without AZD7648 treatment. As controls, we used mock,
AAVG6 only and RNP only treated cells with and without AZD7648 treatment and assessed
the colony formation. As has been previously described, the RNP/AAV6 system does cause a
decrease in the total number of colonies without a change in distribution”"” but AZD7648
treatment did not cause further decrease in total colony number nor a change in the colony

type distribution (Fig. 11b, Fig. 21d). We determined the genotype of the gene targeted
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HSPC-derived BFU-E and CFU-GM colonies from the CFU assay and found that AZD7648
treatment increased the frequency of colonies with bi-allelic HDR knock-in by more than 7-
fold in both colony types (9% to 67% increase in BFU-E and 9% to 78% increase in CFU-
GM) (Fig. 11¢). Thus, AZD7648 treatment increases the frequency of bi-allelic HDR knock-
in without affecting the differentiation potential of HSPCs.

[0179] We assessed whether AZD7648 treatment improved gene targeting in long term
hematopoietic stem cells (LT-HSC) and multi-potent progenitors (MPP). For this, we gene
targeted CD34+ HSPCs at the CCRS5 locus with and without AZD7648 treatment and then
FACS sorted the LT-HSC and MPP populations (Fig. 22a). AZD7648 treatment improved the
frequency of gene targeted cells in LT-HSC and MPP populations by more than 2.5-fold as
assessed by flow cytometry for GFP (Fig. 22b). Allelic gene targeting efficiency was
improved by almost 4-fold with AZD7648 treatment in LT-HSC and MPP populations with a
concomitant increase in HDR to INDEL ratio (Fig. 11d). Thus, AZD7648 treatment improves
gene targeting in phenotypic long term hematopoietic stem cells which are essential for

achieving sustained clinical benefit in potential therapeutic applications.

[0180] We tested AZD7648 treatment for editing the SCD mutation at the HBB locus (Fig.
19A, upper panel) "2, HBB gene targeting efficiency was improved with the compound
treatment to nearly INDEL-free levels with a 5-fold (10 to 54) increase in the HDR to INDEL
ratio (Fig. 11e, Fig. 23a). Next, we tested the AZD7648 treatment for gene replacement at the
HBAI locus with HBB gene sequence, a previously reported therapeutic gene editing strategy
for B-thalassemia’. We found that this gene replacement efficiency improved by about 1.4-
fold with AZD7648 treatment with a 2-fold increase in HDR to INDEL ratio (Fig. 23b). The
improvement in gene targeting was only modest possibly because of the use of split
homology arms limiting the improvement in the frequency of HDR-based targeted
integration. In the non-gene targeted alleles, we found that AZD7648 treatment led to an
increase in the frequency of WT alleles and a decrease in the frequency of alleles with 1-bp
insertion when compared to the untreated cells (same as observed at the CCR5 locus,
described above) (Fig. 23c). Cell viability was assessed in HSPCs post-gene targeting at the
CCR5, HBAI and HBB loci. Similar to PSCs, we found some toxicity with transduction of
AAV6 donors alone in HSPCs as described previously’®. But importantly, gene targeting with
AZD7648 treatment resulted in only a small drop in viable cell count at 72 h post-gene
targeting at all the three loci when compared to the mock cells (Fig. 23d).
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[0181] We then tested whether gene targeting with AZD7648 treatment affected the off-
target activity of Cas9 RNP gene editing. For this, we assessed the previously characterized
top off-target site for CCR5 (0T39)%°, HBB (OT1)* and HBAI (OT1)™* gRNAs in the gene
targeted HSPCs using next generation sequencing (NGS). At the OT1 site for HBB gRNA,
we found 1% reads had INDELSs in the untreated cells while AZD7648 treated cells had about
3% of reads with INDELs. At the OT39 site for CCR5 gRNA, AZD7648 treated cells showed
0.03% of reads with INDELs while the frequency of reads with INDELs was below the
detection limit in the untreated cells. At the OT1 site for the HBAI gRNA, AZD7648 treated
cells had INDELs in around 0.5% reads while the untreated cells had INDELs in 0.24%
reads. Interestingly, the small increase in off-target activity observed with AZD7648
treatment was due to an increase in the frequency of deletion INDELs at all three assessed
off-target sites and this is likely due to the utilization of the MMEJ pathway*’ (Fig. 24a).
Blocking of specific off-target breaks is possible, however, if there were biologically

important reasons to do so’ &

. Next, we assessed whether on-target activity of Cas9 RNP
would be affected by AZD7648 treatment in the absence of AAV6 donor template. For this,
we used CCRS5 and HBB gRNAs and assessed the pattern of INDEL following AZD7648
treatment with and without AAV6 donor template. At the CCR5 locus, we found an increase
in the frequency of WT and deletion INDELs with AZD7648 treatment in the RNP only cells.
With the addition of AAV6 donor template to introduce two stop codons, we found that
AZD7648 treatment enhances the HDR efficiency without affecting the pattern of INDELSs in
the non-gene targeted alleles (Fig. 24b-c). At the HBB locus, we found that AZD7648
treatment in the RNP only cells eliminated the small fraction of alleles with insertion INDELs
and increased the frequency of WT alleles. Addition of AAV6 donor template with AZD7648
treatment led to an increase in HDR without affecting the pattern of the INDELSs in the non-
targeted alleles (Fig. 25a-c). Thus, gene editing with AZD treatment increases the frequency

alleles with WT sequence and deletion INDELs without the HDR donor template.

[0182] To confirm whether AZD7648 treatment is also relevant for gene targeting using
ssODN based-donor template delivery, we tested SCD mutation editing with Cas9 RNP and
ssODN donor in WT HSPCs®'. With the lower concentration of ssODN donor tested (2.5
uM), AZD7648 treatment improved the gene targeting frequency from 49% to 65% with a
corresponding 2.7-fold increase in the HDR to INDEL ratio. At the higher concentration of
ssODN, the gene targeting frequency was improved to a lesser extent with AZD7648

treatment but there was a higher increase in HDR to INDEL ratio due to an increase in the
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frequency of WT alleles (Fig. 25d-f). Next, we further tested the applicability of AZD7648
treatment with ssODN donor for gene targeting at HBG1/2 loci to activate the fetal
hemoglobin expression (a therapeutic strategy for B-hemoglobinopathies)®?. For this, we
tested the feasibility of using an ssODN donor to introduce a naturally occurring 13-bp
deletion mutation in the promoters of HB(G /2, which is associated with a benign condition
called hereditary persistence of fetal hemoglobin (HPFH)** 3 (Fig. 11f). We used a
previously reported gRNA near the target site which, when delivered with Cas9 as RNP in
HSPCs led to a low frequency of the precise 13-bp deletion. This likely occurred through
MME]J repair of the DSB due to the presence of a 6-bp microhomology regions around the
cut site®®. In accordance with the previous study, we observed around 20% frequency of the
13-bp deletion in both HBG1/2 promoters with Cas9 RNP delivery. Inclusion of the ssODN
donor with Cas9 RNP (untreated, UNT) resulted in a 2 to 2.5-fold increase in the frequency
of the 13-bp deletion due to an HDR-based deletion. AZD7648 treatment improved the 13-bp
deletion frequency further by about 1.3 to 1.5-fold when compared to the untreated (UNT)
cells with a concomitant increase in the ratio of the 13-bp deletion to other INDELs by
several fold (Fig. 11g-h, Fig. 26a-c). Thus, these results confirm the applicability of
AZD7648 treatment for improving gene targeting across different genomic loci with either

AAV6 or ssODN-based HDR donors in HSPCs.

[0183] AZD7648 treatment improves gene targeting with seemingly inactive and low
activity gRNAs. We tested whether AZD7648 treatment can improve the gene targeting
efficiency while using a seemingly inactive gRNA which creates very low levels of INDELs
following Cas9-gRNA RNP delivery. For this, we tested gene targeting at the STING/ locus
to introduce a point mutation (V155M) associated with an autoinflammatory disease called
STING-associated vasculopathy with onset in infancy (SAVI)* (Fig. 12a). Following a
gRNA screening near the mutation site in exon 5 of the STING/ gene, we identified a
seemingly inactive gRNA (sg5) which generates only 1% INDELSs and a highly active gRNA
(sg3) which generates around 70% INDELSs following RNP delivery. Gene targeting with the
seemingly inactive gRNA improved from about 1% to around 50% with AZD7648 treatment
with no INDELSs in PSCs. With the active gRNA, HDR frequency was improved by 2.3-fold
with no INDELSs following AZD7648 treatment in PSCs (Fig. 12b, Fig. 27a-b). To test the
feasibility of building a primary cell SAVI model, we next performed the STING/ gene
targeting in human CD34+ HSPCs. With the seemingly inactive gRNA, S7TINGI gene
targeting efficiency in HSPCs improved by almost 10-fold (from 6% to 59%) with no
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INDELSs following AZD7648 treatment. Gene targeting with the active gRNA improved gene
targeting efficiency by 2.5-fold in HSPCs with a corresponding increase in HDR to INDEL
ratio from 1 to 20 (Fig. 12¢, Fig. 27¢).

[0184] Next, we assessed gene targeting at the CCRS locus using low activity gRNAs, sgl
and 4 with AZD7648 treatment in PSCs and HSPCs (Fig. 28a). sgl and 4 RNP only gene
editing resulted in 17.5% and 40% INDELs respectively in PSC while editing with the high
activity gRNA, sgl1 resulted in 90% INDELs. Gene targeting with AZD7648 treatment
resulted in INDEL-free 75% and 80% allelic gene targeting efficiency with sgl and sg4
gRNAs respectively for the introduction of two stop codons while the HDR efficiency was
less than 20% in the non-AZD7648 treated cells (Fig. 12d, Fig. 28b-c). In HSPCs, sgl and
sg4 RNP only gene editing resulted in 0% and 11.5% INDELSs respectively while sg11 RNP
showed 85% INDELs. Gene targeting with AZD7648 treatment yielded INDEL-free HDR at
an efficiency of 47.5% and 79% respectively, which is 4- to 5-fold higher than that of
untreated controls for introduction of two stop codons in HSPCs (Fig. 12e, Fig. 28d). To
confirm whether this finding is applicable for insertion of large gene cassettes, we tested gene
targeting at the CCRS locus for knock-in of multi-kb sequence (2.6 kb) in HSPCs. With sgl,
AZD7648 treatment resulted in INDEL-free HDR efficiency of 25% while the untreated cells
only had 3.5% HDR. With sg4, AZD7648 treatment yielded a HDR efficiency of 50%, a 5-
fold increase when compared to the untreated cells. Gene targeting using high activity sgl1
gRNA with AZD7648 treatment resulted in 54% HDR efficiency (Fig. 29a). In the non-gene
targeted alleles, AZD7648 treatment resulted in a small fraction of deletion INDELs which
were absent in untreated cells for sgl1 and sg4. For sgl, all the non-gene targeted alleles

were found to be WT alleles with and without AZD7648 treatment (Fig. 29b).

[0185] We then tested whether this finding would be applicable to gene targeting at exon 1
of IL2RG locus using previously characterized high (sgl) and low activity gRNAs (sg5, 6 and
7) in HSPCs”. For this gene targeting, we designed two different AAV6 HDR donor
template vectors with split homology arms (one vector for sgl and 6, the other for sgl, 5 and
7, Fig. 30a-b). sgl RNP only editing resulted in 94% INDELSs while editing with sg6 yielded
only 26% INDELs. Gene targeting with AZD7648 treatment yielded a HDR efficiency of
around 35% with sg6 gRNA which was more than 4-fold higher than that of untreated cells.
With sgl, AZD7648 treatment resulted in gene targeting efficiency of 53%, a 2.8-fold
increase when compared to non-AZD7648 treated cells. (Fig. 30c). sg5 and 7 RNP only
editing resulted in low INDEL frequency of 11% and 2% respectively in HSPCs. With

69



WO 2023/220418 PCT/US2023/022108

AZD7648 treatment, sg5 and 7 yielded gene targeting efficiency of around 49% and 31%
respectively in HSPCs and this was more than a 6-fold increase when compared to the HDR
efficiency in untreated cells (Fig. 30d). In the non-gene targeted alleles, AZD7648 treatment
increased the frequency of deletion INDELs with all four sgRNAs at /L2RG locus and
interestingly reduced the frequency of WT alleles with the three low activity gRNAs (Fig.
30e-f). Importantly, at all three loci (STINGI, CCR5 and IL2RG), gene targeting with
seemingly inactive and low activity gRNAs yielded higher HDR efficiency with AZD7648
treatment when compared to the untreated cells gene targeted with the corresponding high

activity gRNAs.

[0186] Thus, AZD7648 treatment can improve gene targeting dramatically even with
seemingly inactive and low activity gRNAs across different genomic loci and can achieve

INDEL-free HDR in human PSCs and HSPCs.

[0187] Maintenance of high efficiency gene targeting with lower amounts of RNP and
AAV6. We tested whether AZD7648 treatment allows for titrating down the amounts of
Cas9 RNP and AAV6 donor without affecting the gene targeting efficiency. For RNP
titration in PSCs, we tested reducing the Cas9 RNP by 2-, 5- and 10-fold for gene targeting at
the CCR5 locus. Titrating down the amount of RNP in untreated cells resulted in a RNP dose-
dependent decrease in gene targeting efficiency. With the AZD7648 treatment, gene targeting
efficiency was consistently higher at different doses of RNP. Notably, allelic gene targeting
efficiency and HDR to INDEL ratio with AZD7648 treatment at 10-fold lower dose of RNP
(0.1X) was about 2- and 5-fold higher than the untreated cells with full dose of RNP (1X)
(Fig. 13a). We confirmed these results by measuring the frequency of gene targeted cells
using flow cytometry which showed a similar pattern (Fig. 31a). AZD7648 treatment
increased the frequency of WT alleles and resulted in a small fraction of deletion INDELSs in
the non-gene targeted alleles and this pattern was consistent with different amounts of RNP
(Fig. 31b). We then tested the effect of RNP titration in human HSPCs for gene targeting at
the STING 1 locus. Similar to PSCs, gene targeting efficiency and HDR to INDEL ratio with
lower doses of RNP were consistently higher with AZD7648 treatment in HSPCs (Fig. 13b,
Fig. 31¢).

[0188] We tested the effect of titrating down the AAV6 donor multiplicity of infection
(MO]I) in human PSCs and HSPCs (100 to 10,000 for PSCs and 100 to 5,000 for HSPCs) for
gene targeting at the CCR5 locus. Allelic gene targeting efficiency and HDR to INDEL ratio
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with AZD7648 treatment at an AAV6-MOI of 500 were higher than that of untreated cells at
the highest tested MOI of 10,000 for PSCs and 5,000 for HSPCs (Fig. 13c-d). Flow
cytometry analysis for frequency of gene targeted cells confirmed these findings in PSCs
(Fig. 32a). With AZD7648 treatment, the non-gene targeted alleles showed an increase in WT
allele frequency and a small fraction of deletion INDEL alleles which were absent in the
untreated cells (Fig. 32b). In HSPCs, frequency of gene targeted cells at an AAV6-MOI of
500 with AZD7648 treatment was higher than that of untreated cells at an AAV6-MOI of
5000 (Fig. 33a). Similar to the results in PSC, AZD7648 treatment resulted in an increase in
the frequency of WT alleles and a small fraction of alleles with deletion INDELSs in the non-
gene targeted alleles (Fig. 33b).

[0189] Thus, these results show that AZD7648 treatment allows for reducing the amounts

of RNP and AAV6 with maintenance of high gene targeting efficiencies.

[0190] AZD7648 treatment improves gene targeting in T and B cells. We then
compared the effect of various DNA-PKcs inhibitors (AZD7648, M3814, VX984 and
BAY8400) at two different concentrations (2 uM and 0.5 uM) for improving gene targeting
at the CCR5 locus in primary human T cells. Allelic gene targeting efficiency and viability
count indicated that treatment 0.5 uM was less toxic than 2 pM with similar gene targeting
efficiency for all compounds. At 0.5 uM, AZD7648 and M3814 showed the highest
improvement in gene targeting efficiency when compared to the other two compounds (Fig.
34a). Next, we further tested and optimized the AZD7648 treatment for gene targeting in T
cells. Following a concentration gradient analysis, we found that 0.5 uM was the optimal
concentration of the compound for gene targeting at the CCR5 safe harbor locus in T cells,
similar to the findings in other cell types (Fig. 14a, Fig. 34b). Importantly, we observed a
minimal drop in viable cell count at 72h post-gene targeting with different concentrations of
AZD7648 when compared to mock and untreated controls (Fig. 34c). In the non-gene
targeted alleles, AZD7648 treatment (1 and 0.5 uM) increased the frequency of WT alleles
with a concomitant decrease in the alleles with 1-bp insertion INDEL and there was a small
fraction of alleles with deletion INDELs which was absent in untreated cells. At 0.1 uM,
AZD7648 treatment did not affect the INDEL pattern in the non-targeted alleles. (Fig. 34d).
Next, we tested the effect of compound treatment when titrating down the AAV6 donor
amounts for gene targeting at the CCR5 locus. At the different AAV6 MOIs tested (1,000-
10,000), we found that allelic gene targeting efficiency with AZD7648 was consistently
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higher with a corresponding increase in HDR to INDEL ratio. Notably, the HDR to INDEL
ratio at an MOI of 1000 with AZD7648 treatment was nearly 3-fold higher than the untreated
control at an MOI of 10,000 (Fig. 14b). We also found that the frequency of gene targeted
cells remained consistently high with AZD7648 at different AAV6 MOIs with very little drop
in viable cell count (Fig. 35a-b). In the non-gene targeted alleles, AZD7648 treatment
induced a small fraction of deletion INDELs which was absent in untreated cells and this
pattern was largely unaffected by the amount of AAV6 (Fig. 35¢). We then tested the effect
of AZD7648 treatment in T cells for the knock-in of a chimeric antigen receptor (CAR),
which is therapeutically relevant for cancer immunotherapies. For this, we assessed the
CD19-CAR knock-in at the 7TRAC gene locus in T cells using a previously reported gene
editing strategy®’ (Fig. 14c). At two different AAV6 MOIs tested (1250 and 2500), we found
that gene targeting with AZD7648 treatment resulted in a 1.4-fold increase in the frequency
of CD19-CAR+ T cells compared to the untreated controls (Fig. 14d). To confirm that gene
targeting with AZD7648 treatment does not affect the T cell function, we assessed the
cytotoxicity activity of the CD19-CAR+ T cells against a CD19+ Nalm6 leukemia cell line
expressing GFP. CD19-CAR+ T cells and Nalm6 cells were co-cultured at a 1:1 ratio and the
cytotoxic activity of T cells was assessed by flow cytometry for GFP at 24h and 48h. CD19-
CAR+ T cells generated with and without AZD7648 treatment showed similar cytotoxic
activity confirming that gene targeting with AZD7648 does not affect the T cell function
(Fig. 35d). Thus, AZD7648 treatment can enhance the efficiency of therapeutically relevant

gene targeting in T cells without affecting the function.

[0191] We tested gene targeting at the CCRS locus in B cells with different concentrations
of AZD7648. We observed a 2-fold increase in gene targeting efficiency with AZD7648
between the concentrations of 4 to 0.5 uM and a 1.7-fold increase at 0.1 uM. This
improvement in gene targeting frequency and HDR to INDEL ratio in B cells was moderate
at this locus when compared to the other cell types tested (Fig. 36a). In the non-gene targeted
alleles, AZD7648 treatment at 4, 2, 1, 0.5 uM showed an increase in the frequency of WT
alleles and a small fraction of alleles with deletion INDELs which was absent in the untreated
cells. At 0.1 uM, AZD7648 treatment did not affect the pattern of INDELs in the non-gene
targeted alleles similar to results in HSPCs and T cells (Fig. 36b).

[0192] Gene correction of CFTR mutation with AZD7648 in CF patient derived
HBECs. We tested the effect of AZD7648 for gene targeting in primary human bronchial
epithelial cells (HBECs). First, we performed an AZD7648 concentration gradient analysis in
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WT HBECs for editing the CF mutation, AF508, in exon 11 of the CF7R gene Fig. 19c,
upper panel). Similar to other cell types, we found 0.5 uM as the minimum optimal
concentration in HBECs for improving gene targeting as measured by allelic gene targeting
efficiency (Fig. 14e). We then tested the effect of AZD7648 for gene targeting at exon 1 of
the CFTR gene for integration of a 1 kb plus sequence in HBECs (Fig. 36¢). Following gene
targeting, we found that AZD7648 treatment improved the frequency of GFP+ cells by
around 2-fold (Fig. 36d-e). Next, we tested the AZD7648 treatment for gene targeting to
correct the AF508 mutation in CF-patient derived HBECs”. The gene correction efficiency in
the untreated cells was around 30%, which improved by 2.5-fold with AZD7648 treatment.
Correspondingly, we observed an 18.5-fold increase in the HDR to INDEL ratio with the
AZD7648 treatment indicating the dramatic drop in INDEL frequency (Fig. 14f, Fig. 36f).
Importantly, the viable cell count was not affected in the gene targeted cells with AZD7648
treatment when compared to the untreated cells (Fig. 14g). Thus, these results show the

applicability of AZD7648 treatment for correction of the most common CF mutation in

patient derived HBECs.

[0193] Overall, these results confirm the applicability of AZD7648 treatment for improving

gene targeting across different genomic loci in a wide variety of human primary cells.
Discussion

[0194] Despite the development of methods for improving targeted integration in human
primary cells, the ratio of HDR-based targeted integration to INDELs often remains at 1 or
lower, which is a limitation for the application of targeted integration for therapeutic and
research purposes®?. Small molecule-based inhibition of DNA-PKcs has been reported as a
potential method for improving the frequency of HDR-based targeted integration through
transient inhibition of the NHEJ pathway** *L 3L 5 However, there is lack of a
comprehensive evaluation of various commercially available small molecule DNA-PKcs
inhibitors to identify the most potent and selective compound for improving gene targeting.
This is particularly important as highly potent and selective small molecule DNA-PKcs
inhibitors have been recently developed due to the relevance of DNA-PKcs as a target for
anti-cancer therapy®® *. Following a screening of these recently developed compounds, we
have identified AZD7648 as the most potent DNA-PKcs inhibitor for improving gene
targeting efficiency. Transient inhibition of DNA-PKcs for 24 hours during gene editing with

AZD7648 was sufficient to enhance the gene targeting efficiency with a concomitant increase
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in the HDR to INDEL ratio across different genomic loci in various therapeutically relevant

human primary cells.

[0195] DNA-PKcs is a key player in the NHEJ-based repair of spontaneous and gene
editing-induced DSB®° and thus it is essential to confirm the effect of AZD7648 treatment on
off-target editing as it could affect the genomic stability in the gene targeted cells. To confirm
the safety of gene targeting with AZD7648 treatment, we assessed the off-target activity in
gene targeted HSPCs and found a small increase of 2 to 3-fold in the frequency of off-target
deletion INDELSs potentially due to the activation of MMEJ pathway. Despite this increase in
off-target activity, the high specificity of HiFi Cas9 based gene editing is largely maintained
as it has been found to be 20 to 35-fold more specific than gene editing with the WT Cas9’
°2_If there were a biologically important rationale, specific off-target INDELs can be blocked
using a gRNA/dead Cas9 RNP to block that site’” *°. Moreover, a previous study has shown
that the genomic stability was largely maintained in human iPSCs with a catalytically
inactive mutation in DNA-PKcs even after treatment with a DSB-inducing drug bleomycin or
extensive passaging. Interestingly, this study showed that the genomic translocations induced
by bleomycin drug treatment and number of mutations accumulated with passaging was
fewer in the DNA-PKcs mutant human iPSCs than the WT cells®. Finally, we note that these
DNA-PKcs inhibitors have been given in vivo to humans as part of clinical trials without
noted adverse events (NCT03907969, NCT02644278 and NCT02316197). Thus, transient
(24 hours) small molecule-based inhibition of DNA-PKcs during gene editing may not affect

the genomic integrity in the gene targeted cells.

[0196] PSCs hold great potential for applications such as disease modeling, drug screening
and cell-based therapeutics® °*. Gene targeting of PSCs is broadly relevant for realizing the
full potential of these applications”. Although the feasibility of single cell cloning allows for
the purification of gene targeted PSCs, low gene targeting efficiency often results in a long
and tedious process to isolate the clones with desired edits. With the AZD7648 treatment we
consistently achieved 50 to 90% allelic gene targeting efficiency in PSCs with low to no
INDELSs across different genomic loci. This high gene targeting efficiency will make it easier

to screen and isolate bi-allelic gene targeted single cell PSC clones.

[0197] Therapeutic gene editing of HSPCs for autologous cell therapy holds the potential
for treatment of currently incurable diseases of the blood and immune system’" ™ 759 Gene

targeted HSPC-based autologous cell therapy has already entered clinical trials for sickle cell
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disease (NCT04819841)7>. However, xenograft studies assessing the engraftment potential
have shown that the gene targeted HSPCs possess a lower long- term engraftment capacity
which could potentially limit the therapeutic benefit®® " 8197 One possible explanation for
this could be the lower levels of gene targeting in the quiescent stem cells with long-term
engraftment capacity. Since, AZD7648 treatment significantly enhances targeted integration
frequency in both bulk HSPCs and long-term hematopoietic stem cells, it may also increase
the frequency of gene targeted cell engraftment, especially since AZD7648 allows lower
amounts of both AAV6 and Cas9-RNP to be used while maintaining high levels of gene
targeting. In addition, this enhanced gene targeting approach can also be useful for research
applications such as disease modeling with HSPCs without the need for selection and

enrichment of the targeted cells.

[0198] AZD7648 treatment also improved gene targeting in other primary cell types such
as T cells, B cells and HBECs which shows the broad relevance of this approach across
different cell types. Gene targeting in T cells is highly relevant for developing cancer
immunotherapies” and here we have shown that AZD7648 treatment can improve T cell
gene targeting at therapeutically relevant CCR5* and TRAC loci®” 1. HBECs are being
considered as a potential cell source for developing autologous cell therapies to treat CF’> 1%
192 Gene targeting with AZD7648 treatment improved the gene correction efficiency of the
most common CF mutation at the CF7R locus (AF508) by several fold in patient derived
HBECs”®. Thus, this gene targeting approach can improve the therapeutic efficacy of the

potential ex-vivo gene targeted autologous cell-based therapies for CF.

[0199] One potential challenge associated with Cas9/gRNA-based gene editing is to find an
active gRNA that creates high rates of INDELs near the genomic target site for achieving
high efficiency gene targeting!®®. Here, we have shown that application of AZD7648
treatment for gene editing with seemingly inactive and low activity gRNAs can result in high
gene targeting efficiency of ~50% in both human PSCs and HSPCs. Remarkably, using a low
active gRNAs, high frequencies of gene targeting were achieved with low to no INDELSs.
Thus, this gene targeting approach could expand the number of gRNAs that can be used for
gene targeting due to the possibility of rescuing seemingly inactive gRNAs. This will be
particularly important for contexts where there is limited availability of gRNA target sites

near the genomic region of interest.
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[0200] Furthermore, we found that AZD7648 treatment allows for titrating down the
amount of Cas9 RNP and AAV6 donor without compromising the gene targeting efficiency.
Reducing the AAV6 dose for gene targeting can help reduce the toxicity associated with
AAV transduction in primary cells®® ’®. Although the off-target activity associated with Cas9-
gRNA gene editing is significantly reduced through the use of the high-fidelity version of
Cas9 nuclease’!, the use of lower amounts of high-fidelity Cas9 and gRNA for gene editing
could further reduce the off-target activity. Thus, titrating down the amounts of Cas9 RNP
and AAV6 together to define the optimal amounts for gene targeting with AZD7648 could
help achieve high gene targeting with reduced toxicity and off-target effects.

[0201] In conclusion, we have developed a gene targeting approach for achieving high
gene targeting efficiency for precise knock-in of short to large sequences with low to no
INDELs across different genomic loci in various human primary cells. This approach will
broaden the application of targeted integration in human cells as a tool for therapeutic and

research applications.
Methods

[0202] DNA-PKGcs inhibitors. Small molecule DNA-PKcs inhibitors used in this study are
all commercially available. AZD7648 (Cat: S8843) and M3184 (Cat: S8586) were from
Selleck Chemicals. VX984 (Cat: HY-19939S), KU57788 (Cat: HY-11006), LTURM34 (Cat:
HY-101667) and BAY8400 (Cat: HY-132293) were from MedChemExpress. All DNA-PKcs
inhibitors were resuspended in DMSO to make either 2 mM or 4 mM stocks and were diluted

in cell culture medium to make up the indicated final concentrations for gene targeting.

[0203] Cas9 and sgRNA used for genome editing. High-fidelity Cas9°! purchased from
Aldevron (SpyFi Cas9, Cat: 9214) was used for all genome editing experiments. gRNAs used
for genome editing were purchased from either Synthego or TriLink Biotechnologies. gRNAs
were chemically modified to include 2'-O-methyl-3'-phosphorothioate at the first and last 3
nucleotides, as described previously!®*. Following are the genomic target sites for the

different gRNAs used in this study,
CCR5 (sgll): 5’-GCAGCATAGTGAGCCCAGAA-3’,
CCR5 (sgl): 5’- TCCTTCTTACTGTCCCCTTC-3’,

CCR5 (sg4): 5’-GGCAGCATAGTGAGCCCAGA-3’,
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HBEB: 5°-CTTGCCCCACAGGGCAGTAA-3’,

HBAI: 5-GGCAAGAAGCATGGCCACCG-3’,
HBG1/2: 5°-CTTGTCAAGGCTATTGGTCA-3’
STINGI-sg3: 5-ACACTGCAGAGATCTCAGCT-3’,
STING1-sg5: 5-CACACTGCAGAGATCTCAGC-3’,
IL2RG-sgl: 5°- TGGTAATGATGGCTTCAACA-3’,
IL2RG-5g5: 5°- ATTCCTGCAGCTGCCCCTGC-3’,
1L2RG-5g6: 5°-CGACAATTCTGACGCCCAAT-3’,
IL2RG-sg7: 5’-AGCTGCCCCTGCTGGGAGTG-3’,
TRAC: 5’-GAGAATCAAAATCGGTGAAT-3’
CFTR-Ex11 (AF508): S’-TCTGTATCTATATTCATCAT-3’
CFTR-Ex1: 5- TTCCAGAGGCGACCTCTGCA-3’

[0204] AAVG6 vector construction, production and purification. For construction of the
AAYV transfer plasmid, pAAV-MCS plasmid (Agilent) backbone was used. pAAV-MCS
plasmid was digested with Notl-HF enzyme (NEB) and sequences of the homology arms and
insert were cloned into the backbone using NEBuilder® HiFi DNA Assembly Master Mix
(NEB, cat: E2621L). After the cloning, transfer plasmids were sequence verified and purified
using PureLink™ Expi Endotoxin-Free Maxi Plasmid Purification Kit (Thermo Fisher
Scientific, Cat: A31217). AAV6 vectors were either produced in-house or acquired through
Vigene or Signagen. For in-house production, 293T cells were seeded in five to ten 150-mm
dishes at 10 million cells per dish. After 24h, each dish with 293T cells was transfected with
22 ng of packaging/helper plasmid, pPDGM6 (Gift from David Russell, Addgene plasmid #
110660) and 6 ng of the transfer plasmid in 1 ml of OptiMEM I (Gibco, cat: 31985088) using
PEI (polysciences, cat: 23966-1). 72h post-transfection, AAV6 was purified using the
AAVpro purification kit (Takara, cat: 6660) as per manufacturer’s instructions. AAV6 titer
was determined by droplet digital PCR (ddPCR) as per manufacturer’s instructions using

previously described primer/probe set'?°.
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[0205] PSC culture and genome editing. Gene editing experiments were performed with
three PSC lines: H9 embryonic stem cells (ESC) (WiCell) and the previously described 1205-
4 and 1208-2 iPS cell lines'®. PSCs were maintained in feeder free conditions on Matrigel
(corning, cat: 354277) coated plates in mTeSR1 medium (STEMCELL technologies, cat:
85850). For gene editing, 24h prior to nucleofection PSCs were pretreated with 10 uM of
Y27632 (Cayman Chemical, cat: 10005583). For each nucleofection, RNP complex was
prepared with 5 ug of Cas9 protein and 2 pg of gRNA and incubated for 15 mins at room
temperature. PSCs were dissociated into single cells using Accutase (Innovative Cell
Technologies, cat: AT104). 500,000 cells were resuspended with the RNP complex diluted in
20 ul of P3 primary cell nucleofector solution (Lonza, cat: V4XP-3032). Resuspended cells
were added to one well of a 16-well Nucleocuvette Strip (Lonza) and nucleofection was
performed in the 4D nucleofector (Lonza) using the program, CA137. Nucleofected PSCs
were plated in mTeSR1 medium supplemented with 10 uM of Y27632 at a density of
100,000 cells per well in 48-well plate, AAV6 vector and DNA-PKcs inhibitors were added
to the medium at indicated concentrations. After 24h incubation, the existing medium was
removed and fresh mTeSR1 supplemented with 10 uM of Y27632 was added to the cells.
From the following day, PSCs were cultured in mTeSR1 without Y27632. Gene targeting
efficiency was analyzed at 4-6 days post-editing.

[0206] For single cell cloning, gene targeted PSCs were plated at a density of 250 cells per
well of a 6-well plate in mTeSR1 medium supplemented with 1X CloneR™2 (STEMCELL
technologies, cat: 100-0691) and incubated at 37°C for 2 days. After 2 days, medium was
switched to fresh mTeSR1 medium supplemented with 1X CloneR™2. 2 days later, the cells
were switched to and maintained in mTeSR1 medium with daily media changes. At D7-D10,
single cell colonies were picked by scraping and were then propagated individually. Gene
targeting was assessed in single cell clones by ddPCR as mentioned above and by PCR
amplifying the region spanning the knock-in to determine the frequency of mono-, bi-allelic

and non-targeted clones.

[0207] Cell viability measurement. MTT assay was used for measuring the gene edited
PSC viability. Gene edited PSCs were plated in 96-well plates and cell viability was assessed
at 24h, 48h and 72h post editing. For this, 0.5 mg/ml of MTT (Cat: HY-15924,
MedChemExpress) diluted in the growth medium was added to the cells and the plates were

incubated at 37°C for 2 hours. After this incubation, MTT was removed, and cells were lysed
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using 100 pl of lysis buffer (0.1N HCI and 0.5% SDS in isopropanol). After lysis, absorbance
was measured at 570 nm with 650 nm as the reference using a SpectraMax M3 plate reader
(Molecular devices). The absorbance values were used to calculate the cell viability of gene
edited cells as a percentage relative to the mock cells. For measuring the viability of HSPCs,
T cells and HBEC:s, cell suspension was mixed with Trypan Blue (Gibco, cat: 15250061) and
viable cell counts were determined using TC10 cell counter (Biorad) at 3-5 days post gene
editing. Viable cell counts were represented as percentage relative to the mock or untreated

cells as indicated.

[0208] Pluripotency marker analysis. Mock, RNP only and gene targeted PSCs were
assessed for the expression of pluripotency markers, SSEA4, OCT3/4, SOX2 and NANOG.
For SSEA4 expression analysis, dissociated PSCs were stained with Alexa Fluor 647
conjugated anti-SSEA4 antibody (Biolegend, cat: 330407) and flow cytometry was used to
measure the percentage of SSEA4 positive cells. OCT3/4, SOX2 and NANOG expression
was assessed following immunofluorescence staining of fixed PSCs. For this, PSCs were
fixed with 4% paraformaldehyde (Electron Microscopy Sciences, cat: 15710) for 20 mins at
room temperature. Cells were then permeabilized with 0.3% Triton X-100 (Thermo Fisher
Scientific, cat: 85111) for 20 mins at room temperature and then incubated with a blocking
solution of 3% bovine serum albumin (BSA) (Gold biotechnology, cat: A-420-10) in PBS for
1 hour at room temperature. After blocking, cells were incubated with primary antibody
diluted at 1:200 in 3% BSA and incubated at 4°C overnight. Primary antibodies against
OCT3/4 (cat: sc-5279), SOX2 (cat: sc-365823) and NANOG (cat: sc-293121) were all from
Santa Cruz Biotechnology. Following day, cells were washed once with PBS and then
incubated for 45 mins at room temperature with Alexa Fluor-647 conjugated anti-mouse
secondary antibody (Thermo Fisher Scientific, cat: A21235) and DAPI (Santa Cruz
Biotechnology, cat: sc-3598) diluted at 1:500 and 1:5000 respectively in 3% BSA. After this
incubation, cells were washed once with PBS and were stored in fresh PBS at 4°C until
imaging. The stained cells were imaged using BZ-X710 microscope (Keyence) and the
images were analyzed using the ImageJ software (NIH). The area of Alexa Fluor-647 and
DAPI staining were measured following manual thresholding and the ratio of these areas was
used to determine the percentage of cells positive for the corresponding markers. The

percentage values were capped at 100% to account for the staining artifacts.

[0209] Trilineage differentiation of PSCs and analysis. Gene targeted PSCs (H9 ESC

and 1205-4 iPSC) were assessed for three germ layer differentiation potential using
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STEM(diff™ Trilineage Differentiation Kit (STEMCELL Technologies, cat: 05230) as per
manufacturer’s instructions. Following the differentiation, cells were dissociated with
Accutase, stained with antibodies against respective extracellular markers and then the cells
were fixed and permeabilized using the eBioscience™ Foxp3 / Transcription Factor Staining
Buffer Set (Thermo Fisher Scientific, cat: 00-5523-00) and stained with antibodies against
intracellular markers following manufacturer’s instructions. Following are the primary
antibodies used for staining, ectoderm: PAX6 (BD Biosciences, cat: BDB562249) and NES
(Biolegend, cat: 656805), mesoderm: CD56 (Biolegend, cat: 318305) and T (R&D systems,
cat: IC2085A), endoderm: CXCR4 (Biolegend, cat: 306505) and SOX17 (BD Biosciences,
cat: BDB562594). Flow cytometry analysis was used to measure the percentage of cells

double positive for the corresponding markers of the three germ layers.

[0210] ddPCR analysis of targeted integration. Gene targeting efficiency for the knock-
in of multi-kb sequences was measured through digital droplet PCR (ddPCR) analysis. For
this, genomic DNA was extracted from cells using the QuickExtract™ DNA Extraction
Solution (QE) (Lucigen, Cat: QE09050). Pellets of 100,000 to 200,000 cells were
resuspended in 40 to 50 pul of QE solution. This cell suspension was incubated at 65°C for 6
mins and then 100°C for 10 mins. The quick extracted genomic DNA was digested with
either BamHI-HF or HindIII-HF (NEB) enzymes at 37°C for 1 to 2 hours. 1-2 pl of the
digested genomic DNA was used as a template for ddPCR reaction with 10 ul ddPCR
supermix for probes (no dUTP) (Biorad, cat: 1863025), 0.5 ul each of fluorophore labeled
target and reference primer/probe assays in a total volume of 20 ul. ddPCR droplets were
generated in the droplet generator (Biorad) with 70 ul of droplet generation oil (Biorad, cat:
1863005) and 20 pl of sample as per manufacturer’s instructions. 40 pl of the generated
droplet sample was used for the PCR with the following cycle: 95°C for 10 mins, 50 cycles of
94°C for 30 secs, 60°C for 30 secs and 72°C for 2 mins and 98°C for 10 mins. After PCR, the
droplets were analyzed using the QX200 Droplet Digital PCR reader (Biorad) and Quantasoft
software was used to determine the number of copies of the target and reference DNA in the
droplets. The allelic gene targeting efficiency was calculated as the percentage of target DNA
copies relative to that of the reference. The sequences of reference primer/probe assay

specific to CCRL2 genomic sequence are as follows,
Forward primer (FP): 5’- GCTGTATGAATCCAGGTCC-3,

Reverse primer (RP): 5’- CCTCCTGGCTGAGAAAAAG -3’
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Probe: 5’- HEX/TGTTTCCTC/ZEN/CAGGATAAGGCAGCTGT/3IABKFQ -3’

[0211] The target primer/probe assays were designed such that one primer anneals to the
insert and other primer anneals outside the homology arm (In-Out PCR). Following are the

sequences of the different target primer/probe assays used,

CCR5-FP: 5’-GGGAGGATTGGGAAGACA-3’

CCR5-RP: 5’-AGGTGTTCAGGAGAAGGACA-3’

CCR5-probe: 5’-6-FAM/AGCAGGCAT/ZEN/GCTGGGGATGCGGTGG/3IABKFQ-3’
HBB-FP: 5’-GGGAAGACAATAGCAGGCAT-3’

HBB-RP: 5’-CGATCCTGAGACTTCCACAC-3’

HBB-probe: 5’-6-FAM/TGGGGATGC/ZEN/GGTGGGCTCTATGGC/3IABKFQ-3°
HBAI-YFP-FP: 5’-AGTCCAAGCTGAGCAAAGA-3’

HBAI-YFP-RP: 5°- TAGTGGGAACGATGGGGGAT-3’

HBA1-YFP-probe:5’-6-FAM/CGAGAAGCG/ZEN/CGATCACATGGTCCTGC/3IABKFQ-
3 2

HBA1-HBB-FP: 5°- GCTGCCTATCAGAAAGTGGT-3’

HBA1-HBB-RP: 5°- ATCACAAACGCAGGCAGAG-3’
HBA1-HBB-probe:5’-6-FAM/CTGGTGTGG/ZEN/CTAATGCCCTGGCCC/3TIABKFQ -3’
1L2RG-target-FP: 5-GGGTGACCAAGTCAAGGAAG-3’

1L2RG-target-RP: 5-GATGGTGGTATTCAAGCCGA-3’

11.2RG-target-probe:
5’-6-F AM/CAAGCGCCA/ZEN/TGTTGAAACCCAGCCTGCCC/3IABKFQ-3’

IL2RG-reference-FP: 5'-GGGAAGGTAAAACTGGCAAC-3’
IL2RG-reference-RP: 5’-GGGCACATATACAGCTGTCT-3’

11.2RG-reference-probe:
5’- SHEX/CCTCGCCAG/ZEN/TCTCAACAGGGACCCAGC/3IABKFQ-3’
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[0212] ICE analysis for quantification of gene editing. ICE CRISPR analysis tool
(Synthego) was used to determine the allelic distribution of WT, INDEL and HDR
frequencies for gene targeting involving knock-in of short sequences and for calculating the
frequency of WT and INDEL alleles for gene targeting involving knock-in of multi-kb
sequences. Quick extracted genomic DNA from mock and gene edited samples were used as
a template for PCR to amplify the gene edited region using the PrimeSTAR GXL DNA
Polymerase (Takara, cat: ROS0A). Following PCR, the amplicons were detected on agarose
gel and purified from the gel using Genelet Gel Extraction Kit (Thermo Fisher Scientific, cat:
K0692). The purified DNA was Sanger sequenced through MCLAB or GENEWIZ. The
sequencing chromatograms were analyzed through the ICE tool with mock sample sequence
as the reference following manufacturer’s instructions. Following are the sequences of

primers used for PCR and Sanger sequencing,

CCR5 (stop codon):

FP: 5’-CATGACATTCATCTGTGGTGGC-3’

RP: S’-TCTCATTTCGACACCGAAGC-3’

Sequencing primer (seq): 5’-GCACAGGGTGGAACAAGATGG-3’
CCR5 (UBC-GFP-bGH-pA):

FP: 5’-CTCATAGTGCATGTTCTTTGTGGGC-3’

RP: 5’-CCAGCCCAGGCTGTGTATGAAA-3’

Seq: 5’-GCACAGGGTGGAACAAGATGG-3’

HBB (SCD, UBC-GFP-bGHpA):

FP: 5°-AGGAAGCAGAACTCTGCACTTCA-3’

RP: 5’-AGTCAGTGCCTATCAGAAACCCAAGAG-3’
Seq:5’-GAGGGAGGGCTGAGGGTTTGA-3’

CFTR (AF508)

FP: 5’-CCTTCTACTCAGTTTTAGTC-3’

RP: 5’-TGGGTAGTGTGAAGGGTTCAT-3’
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Seq: 5’-AGGCAAGTGAATCCTGAGCG-3’

HBAI (transgene-2A-YFP, HBB)

FP: 5’-TGCTTTTTGCGTCCTGGTGTT-3’

RP: 5’-AACGCCTGATCTTGACAGCCC-3’

Seq: 5’-AGATGGCGCCTTCCTCGC-3’

STINGI (V155M):

FP: 5’-CTCTCGCAGGCACTGAACAT-3’

RP: S’-TCACTTTACCTCTCAGAACTGCAC-3’

Seq: 5’-GGTGTGACCTGCCCTGAGCTG-3’

HBG1/2 (13-bp del):

HBG1-FP and seq: 5’-AACCACTGCTAACTGAAAGAGACT-3’
HBG2-FP and seq: 5’-GCACTGAAACTGTTGCTTTATAGGAT-3’
HBG1/2 common-RP: 5°-GGCGTCTGGACTAGGAGCTTATTG-3’
11.2RG (codon optimized cDNA-bGHpA):

FP: 5°-GGGTGACCAAGTCAAGGAAG-3’

RP: 5’-AATGTCCCACAGTATCCCTGG-3’

Seq: 5’-AGCCCGTGTCACACAGCACAT-3’

[0213] Cells were lysed with RIPA buffer (Thermo Fisher Scientific, cat: PI89900)
supplemented with Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher
Scientific, cat: PI78440) upon incubation for 15 mins at 4°C. Protein concentration was
determined using BCA assay kit (Thermo Fisher Scientific, cat: PI23227) following
manufacturer’s instructions. Cell lysates were denatured by adding 1X Laemmli sample
buffer (Bio-Rad, cat: 1610747) and heating at 100°C for 5 mins. 20 ug of total protein was
loaded on to 4-15% Mini-PROTEAN® TGX™ Precast Protein Gels (Bio-Rad, cat: 4561084)
and electrophoresis was performed. Following electrophoresis, the protein was transferred on
to PVDF membrane (Bio-Rad, cat: 1620177). The membrane was blocked in 5% dry milk in

TBST for 1 hour at room temperature and then incubated with primary antibody diluted in
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5% BSA in TBST at 4°C. Following day, the membrane was washed 3 times with TBST for
5 mins per wash and then incubated with HRP conjugated secondary antibody diluted in 5%
dry milk for 45 mins at room temperature. After secondary antibody incubation, the
membrane was washed 3 times with TBST for 5 mins per wash. For detection, membrane
was incubated in SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Fisher
Scientific, cat: 34095) for 5 mins and the blot was imaged using Image Lab software.
Following are the primary antibodies used: Anti-f-Actin antibody (BioLegend, cat: 643802),
Anti-DNA-PKcs antibody (Cell Signaling Technology, cat: 38168S), Anti-DNA-PKcs
(phospho-Ser2056) antibody (Abcam, cat: ab18192) and Anti-AKT (phosphor-Ser473)
antibody (Cell Signaling Technology, cat: 4060S). Secondary antibodies used were, Anti-
mouse IgG-HRP antibody (Cytiva, cat: NA931) and Anti-Rabbit [gG-HRP antibody (Cytiva,
cat: NA934).

[0214] CD34+ HSPC culture and genome editing. Human CD34+ HSPCs were isolated
from cord blood (provided by Binns program for Cord Blood Research). HSPCs were
cultured in either StemSpan SFEM II (STEMCELL Technologies, cat: 09655) or SCGM
(Cellgenix, cat: 20802) medium supplemented with 100 ng/ml of stem cell factor (PeproTech,
cat: 300-07), 100 ng/ml of thrombopoietin (PeproTech, cat: 300-18), 100 ng/ml of FLT3—
ligand (PeproTech, cat: 300-19), 100 ng/ml of IL-6 (PeproTech, cat: 200-06), 20 U/ml of
penicillin, 20 mg/ml of streptomycin (Cytiva, cat: SV30010) and 35 nM of UMI171
(APExBIO, cat: A89505). HSPCs were cultured at a cell density of 0.25-0.5 million cells/ml
of the growth medium at 37°C, 5% O2 and 5% CO2. For gene editing of HSPCs, RNP
complex was prepared with 6 ug of Cas9 and 3.2 pug of gRNA and incubated for 15 mins at
room temperature and then diluted in 20 ul of P3 primary cell nucleofector solution (Lonza,
cat: V4XP-3032). 0.5-1 million cells were resuspended in 20 pul of the RNP nucleofection
solution and the nucleofection was performed using the program DZ-100. Nucleofected
HSPCs were plated at the cell density mentioned above with the indicated amounts of AAV6
and AZD7648. After a 24h incubation, cells were switched to fresh growth medium without
AAV6 and AZD7648. Gene targeting efficiency was assessed at 3 days post-gene editing.
For ssODN donor-based gene targeting experiments, 200 bp long ssODN Alt-R™ HDR
Donor Oligos were used (IDT). ssODN was delivered into the cells through nucleofection.
ssODN was added to the nucleofection solution with RNP at a concentration of 2.5 or 5 uM

and HSPCs were nucleofected and cultured as mentioned above.
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[0215] Colony forming units assay and genotyping of clones. For colony forming units
(CFU) assay, 250 to 500 HSPCs were plated in SmartDish 6-well plates (STEMCELL
Technologies, cat: 27370) containing MethoCult H4434 Classic (STEMCELL Technologies,
cat: 04444). After 14 days, colonies were counted and scored using STEMvision automated
counter (STEMCELL Technologies) to determine the number of BFU-E, CFU-M, CFU-GM,
and CFU-GEMM colonies. To determine the ratio of monoallelic vs biallelic integration,
individual colonies of each type were picked and genomic DNA was extracted with QE.
ddPCR was used to determine the clones with mono- vs bi-allelic integration as mentioned.

WT and INDEL frequencies in the clones were determined using ICE analysis.

[0216] FACS sorting of LT-HSC and MPP. Cord-blood derived human CD34+ HSPCs
were gene targeted at the CCRS locus for the knock-in of UBC-GFP-bGHpA sequence with
and without AZD7648 treatment. Mock and AAV6 only cells were used as negative controls.
2 days post gene targeting, HSPCs were stained with a cocktail of antibodies: APC anti-
CD34 (BioLegend, cat: 343510), BV785 anti-CD90 (BioLegend, cat: 328142), BV650 anti-
CD38 (BioLegend, cat: 356619), BV605 anti-CD45RA (BioLegend, cat: 304134) and BV510
anti-Lineage cocktail (BioLegend, cat: 348807) after blocking with Human TruStain FcX
(BioLegend, cat: 422301). Cell viability was assessed using LIVE/DEAD™ Fixable Near-IR
Dead Cell Stain Kit (Thermo Fisher Scientific, cat: L10119). LT-HSC and MPP cells were
isolated by FACS sorting for CD34+, CD90+, Lin-, CD45RA-, CD38- (LT-HSC) and
CD34+, CD90-, Lin-, CD45RA-, CD38- (MPP) in FACS Aria II sorter part of the FACS core
facility in the Stanford Institute for Stem Cell Biology and Regenerative Medicine. Allelic
gene targeting efficiency in LT-HSC and MPP was measured by ddPCR analysis as described

above. FACS data analysis was performed using FlowJo software.

[0217] NGS analysis for off-target effects. For this, we used commercially available
Amplicon-EZ next generation sequencing service from AZENTA, Inc. Previously
characterized top off-target site for CCR5 (OT39), HBB (OT1) and HBAI (OT1) gRNAs
were analyzed. PCR was used to amplify a 350-450 bp region encompassing the off-target
sites from genomic DNA of the gene targeted HSPCs. Following are the primers used for

PCR,
CCRS5 (OT39, chromosome 14):
FP: 5’-CAGCCCAGCTTCTGAGTTTTATATG-3,

RP: ’-TGTGTTGATGTCATCCTTGTCC-3’
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HBB (OT1, chromosome 9):

FP: 5’-CACTGCATCAGAATCATTTGGAGAATC-3,
RP: 5’-GGAACCATGGGAAGCATGTGATGT-3’
HBAI (OT1, chromosome 1):

FP: 5’-CTCTGACTCACCAACTGGGC-3,

RP: §’-GCGTTTTCTCTTCTAGGGATCTGC-3’

[0218] Following Illumina adapter sequences were added to the forward and reverse

primers for next generation sequencing,
Forward: 5’-ACACTCTTTCCCTACACGACGCTCTTCCGATCT-3’
Reverse: 5’-GACTGGAGTTCAGACGTGTGCTCTTCCGATCT-3’

[0219] Following PCR, the amplicons were purified using Genejet PCR purification kit
(Thermo Fisher Scientific, cat: KO701). The samples were normalized to a concentration of
20 ng/ul and 25 ul volume was submitted for Amplicon-EZ NGS service (AZENTA, Inc).
DNA library preparations, sequencing reactions, and bioinformatics analysis were conducted
at AZENTA, Inc. DNA Library Preparation was done using NEBNext Ultra DNA Library
Prep kit following the manufacturer’s recommendations (NEB). DNA amplicons were
indexed and enriched by limited cycle PCR. DNA libraries were validated on the Agilent
TapeStation (Agilent Technologies) and were quantified using Qubit 2.0 Fluorometer
(Invitrogen) and multiplexed in equal molar mass. The pooled DNA libraries were loaded on
the ITllumina instrument according to manufacturer’s instructions. The samples were
sequenced using a 2x 250 paired-end (PE) configuration. Image analysis and base calling
were conducted by the Illumina Control Software on the Illumina instrument. The raw
[llumina reads were checked for adapters and quality via FastQC. The raw Illumina sequence
reads were trimmed of their adapters and nucleotides with poor quality using Trimmomatic
v.0.36. Paired sequence reads were then merged to form a single sequence if the forward and
reverse reads were able to overlap. The merged reads were aligned to the reference sequence
and variant detection was performed using AZENTA proprietary Amplicon-EZ program.
INDEL frequency at the target site was quantified and plotted as the frequency of reads with

insertions and deletions.
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[0220] T cell culture and genome editing. Leukocyte reduction system (LRS) chambers
from healthy donors (Stanford Blood Center) were used for isolation of T cells. Peripheral
blood mononuclear cells (PBMCs) isolated on a Ficoll density gradient were used for
obtaining T cells using the CD4+ T Cell Isolation Kit (Miltenyi, cat: 130-096-533). For
CD19-CAR targeting experiments, isolated af+ T cells were used. T cells were cultured in
X-VIVO 15 media (Lonza, cat: 04-418Q) supplemented with 5% human AB serum (Sigma,
cat: H3667) and 100 IU/ml recombinant human IL-2 (PeproTech, cat: 200-02) at 37°C,
ambient O2 and 5% CO2. Medium changes were performed every 2-4 days and cultured cells
were maintained at a target density of 0.5-1 million cells/ml unless otherwise indicated. T
cells were activated with Dynabeads Human T Cell Activator (Gibco, cat: 11161D) for 72-96
hours and beads were removed before nucleofection. For gene targeting, electroporation was
performed as previously described®’. gRNA was complexed with Cas9 at a molar ratio of
2.5:1 (gRNA:protein) and nucleofected in P3 primary cell nucleofector solution (Lonza) into
activated T cells using a 4D-Nucleofector (Lonza) in 16-well cuvette strips. 1 million
activated T cells were used per nucleofection using the program EO-115. The cells were
resuspended directly after nucleofection in 80 pl of complete T cell medium and then diluted
to the target density. For gene targeting, cells were incubated within 15 minutes after
electroporation with AAV6 for transduction at the indicated MOI with or without the
AZD7648. After 3-4 h, the suspension was diluted with complete medium to reach the target
cell concentration of 1 million cells/ml. After a 24h incubation, cells were switched to fresh

medium. Gene targeting was analyzed at 3-4 days post gene editing.

[0221] CAR T cell cytotoxicity assay. CD19-directed CAR T cells generated in the
presence or absence of AZD7648 were challenged with target CD19-expressing GFP+ Nalm6
leukemia cell line. The effector and target cells were cocultured at a ratio of 1:1 in RPMI
medium supplemented with 10% bovine growth serum. The cytotoxicity effect of the CAR T
cells or the depletion of target leukemia cells was monitored daily over two days by
measuring the levels of GFP+ cells by flow cytometry using Beckman Coulter Accuri or

CytoFLEX flow cytometer.

[0222] B cell culture and genome editing. Primary human B cells were isolated from LRS
chambers obtained from the Stanford Blood Center via negative selection using a human B
Cell Isolation Kit II (Miltenyi Biotec, cat: 130-091-151) according to manufacturer’s
instructions. Cells were cultured in Iscove’s modified Dulbecco’s medium (IMDM) (Thermo

Fisher Scientific, cat: 12440053) supplemented with 10% bovine growth serum (Hyclone,
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cat: SH30541.03HI), 1% penicillin-streptomycin (Cytiva, cat: SV30010), 55 uM of 2-
mercaptoethanol (Sigma-Aldrich, cat: M3148), 50 ng/ml of IL-2 (Peprotech, cat: 200-02), 50
ng/ml of IL-10 (Peprotech, cat: 200-10), 10 ng/ml of IL-15 (Peprotech, cat: 200-15), 100
ng/ml of recombinant human MEGACDA40L (Enzo Life Sciences, cat: ALX-522-110-C010),
and 1 pg/ml of CpG oligonucleotide 2006 (Invivogen, cat: tlrl-2006-1) at a density of 1
million cells/ml, as described previously!?”. B cells were cultured at 37°C, 5% CO2, and

ambient oxygen levels.

[0223] For genome editing, gRNA targeting CCR5 was complexed with Cas9 protein were
complexed at a 2.5:1 (Cas9: gRNA) molar ratio at room temperature for 20 min. B cells were
nucleofected 4-5 days after thawing using the Lonza Nucleofector 4D (program EO-117)
using 1 million cells per condition. Immediately following nucleofection, cells were
incubated with AAV6 donor vector (UBC-GFP) at a MOI of 25,000 and varying
concentrations of AZD7648 in 100 ul of basal IMDM in a 96 well plate for 3-4 hours'%®.
Cells were then replated at 1 million cells/ml in complete B cell activation media.
Approximately 24 hours after nucleofection, the cells were replated in fresh media to remove

AZD7648. Gene targeting was assessed at 3-days post-editing.

[0224] Cell culture and genome editing of HBECs. Human bronchial epithelial cells
(HBECs) were obtained from Lonza Inc., the Primary Airway Cell Biobank at McGill
University, the Cystic Fibrosis Foundation Cell Bank or the University of North Carolina.
HBECs were cultured in Pneumacult Ex-Plus medium (STEMCELL Technologies, cat:
05040) at 3,000-10,000 cells/cm?2 in tissue culture flasks. Cells were cultured at 37°C in 5%
02 and 5% CO2. The media was supplemented with 10 uM ROCK inhibitor (Y-27632, Santa
Cruz Biotechnology, cat: sc-281642A).

[0225] For genome editing, HBECs were resuspended at a density of 5 million cells/mL in
OptiMEM 1. Nucleofection was performed using Lonza 4D 16-well Nucleocuvette™ Strips
(Lonza, V4XP-3032). 6 ng of high fidelity Cas9 and 3.2 pg of sgRNA (molar ratio = 1:2.5)
were complexed at room temperature for 10 minutes and then mixed with 20 pl of cell
suspension in OptiMEM 1. Cells were electroporated using the program CA-137. AAV6 was
added at an MOI of 100,000 and AZD7648 was added at indicated concentrations.

[0226] Statistical analysis. GraphPad Prism 9 software was used for all statistical analysis.
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[0227] Although the foregoing invention has been described in some detail by way of
illustration 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.
10. Exemplary embodiments

[0228] Exemplary embodiments provided in accordance with the presently disclosed
subject matter include, but are not limited to, the embodiments and the following

embodiments:

[0229] Embodiment 1. A method of genetically modifying a primary human cell, the

method comprising:

(1) introducing into the cell a site-directed nuclease (SDN) targeted to a cleavage

site at a genetic locus of interest;

(i) introducing a homologous donor template into the cell, wherein the
homologous donor template comprises a nucleotide sequence that is homologous to the locus

of interest; and
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(1i1) introducing a DNA-PK inhibitor into the cell,

wherein the site-directed nuclease cleaves the locus at the cleavage site, and the
homologous donor template is integrated at the site of the cleaved locus by homology

directed repair (HDR).

Embodiment 2. The method of embodiment 1, wherein the DNA-PK inhibitor is a compound

represented by the following formula:

wherein:

R!is a cyclohexyl, tetrahydrofuranyl or oxanyl ring, each of which is optionally

substituted by one or more groups selected from hydroxyl, methoxy, and methyl; and
R? is hydrogen or methyl,
or a pharmaceutically acceptable salt thereof.

[0230] Embodiment 3. The method of embodiment 2, wherein R! is oxanyl.

[0231] Embodiment 4. The method of embodiment 3, wherein R! is oxan-4-yl.

0232] Embodiment 5. The method of any one of embodiments 2 to 4, wherein R? is
[ I y ,

hydrogen.

[0233] Embodiment 6. The method of any one of embodiments 2 to 5, wherein the DNA-
PK inhibitor is AZD7648 represented by the following formula:
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SOQPNL
\
or a pharmaceutically acceptable salt thereof.

[0234] Embodiment 7. The method of embodiment 1, wherein the DNA-PK inhibitor is
VX984 represented by the following formula:

D NTSN

N/I/NH

s

N~ D
N
~
o
07 “NH

or a pharmaceutically acceptable salt thereof.

[0235] Embodiment 8. The method of embodiment 1, wherein the DNA-PK inhibitor is
BAY8400 represented by the following formula:

O

—
/N l ,,,N
F%N N
F J
N/

or a pharmaceutically acceptable salt thereof.
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[0236] Embodiment 9. The method of any one of embodiments 1 to 8, wherein the DNA-
PK inhibitor has very high specificity for the catalytic subunit of DNA-PK (DNA-PKcs).

[0237] Embodiment 10. The method of embodiment 9, wherein the DNA-PK inhibitor with
very high specificity for DNA-PKcs has an IC50 in the range of about 40 nM to about 1 uM
for DNA-PKcs and an IC50 of greater than 1 uM for other PIKK family kinases.

[0238] Embodiment 11. The method of embodiment 10, wherein the other PIKK family
kinases are ATM, ATR, PI3Ka, PI3K, PI3Ky, PI3KJ, and/or mTOR.

[0239] Embodiment 12. The method of any one of embodiments 1 to 11, wherein the SDN
is an RNA-guided nuclease and the method further comprises introducing into the cell a
single guide RNA (sgRNA) targeting the cleavage site, wherein the sgRNA directs the RNA-

guided nuclease to the cleavage site.

[0240] Embodiment 13. The method of embodiment 12, wherein the sgRNA comprises 2'-

O-methyl-3'-phosphorothioate (MS) modifications at one or more nucleotides.

[0241] Embodiment 14. The method of embodiment 13, wherein the MS modifications are

present at the terminal nucleotides of the 5 and 3’ ends.

[0242] Embodiment 15. The method of any one of embodiments 12 to 14, wherein the
RNA-guided nuclease is Cas9.

[0243] Embodiment 16. The method of any one of embodiments 12 to 15, wherein the
sgRNA and RNA-guided nuclease are introduced into the cell as a ribonucleoprotein (RNP).

[0244] Embodiment 17. The method of embodiment 16, wherein the RNP is introduced

into the cell by electroporation.

[0245] Embodiment 18. The method of any one of embodiments 12 to 17, wherein the
sgRNA is introduced into cells at a concentration of less than about 150 ug/ml, 75 pg/ml, 30
ug/ml, or 15 pg/ml.

[0246] Embodiment 19. The method of any one of embodiments 12 to 18, wherein the
RNA-guided nuclease is introduced into cells at a concentration of less than about 300 pg/ml,

150 pg/ml, 60 pg/ml, or 30 pg/ml.
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[0247] Embodiment 20. The method of any one of embodiments 1 to 19, wherein the
homologous repair template is introduced into the cell using an adeno-associated virus

serotype 6 (AAV6) vector.

[0248] Embodiment 21. The method of embodiment 20, wherein the AAV6 vector is
transduced into the cell at a multiplicity of infection (MOI) of less than about 2500, 1000, or
500.

[0249] Embodiment 22. The method of embodiment 21, wherein the MOI is about 500.

[0250] Embodiment 23. The method of any one of embodiments 1 to 22, wherein the
primary human cell is a CD34" hematopoietic stem and progenitor cell (HSPC), a T cell, a B

cell, an airway basal stem cell, or a pluripotent stem cell (PSC).

[0251] Embodiment 24. The method of any one of embodiments 1 to 23, wherein the locus
of interest is a gene selected from the group consisting of Hemoglobin Subunit Beta (HBB),
C-C Motif Chemokine Receptor 5 (CCRS), Interleukin 2 Receptor Subunit Gamma (IL2RG),
Hemoglobin Subunit Alpha 1 (HBAT), Stimulator Of Interferon Response cGAMP Interactor
1 (STING1) and Cystic Fibrosis Transmembrane Conductance Regulator (CFTR).

[0252] Embodiment 25. The method of any one of embodiments 1 to 24, wherein the
frequency of HDR at the locus of interest in the cell is higher than the frequency in an
equivalent cell in the presence of the SDN and homologous donor template, but in the

absence of the DNA-PK inhibitor.

[0253] Embodiment 26. The method of embodiment 25, wherein the frequency of HDR at
the locus of interest in the cell is at least about 10%, 20%, 30%, 40%, or more higher than the
frequency in an equivalent cell in the presence of the SDN and homologous donor template,

but in the absence of the DNA-PK inhibitor.

[0254] Embodiment 27. The method of any one of embodiments 12 to 26, wherein the
sgRNA induces low to no indels at the locus of interest in the presence of the SDN but in the

absence of the DNA-PK inhibitor.

[0255] Embodiment 28. The method of any one of embodiments 1 to 27, wherein the
frequency of indels at the locus of interest in the cell is lower than the frequency in an
equivalent cell in the presence of the SDN and homologous donor template, but in the

absence of the DNA-PK inhibitor.
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[0256] Embodiment 29. The method of embodiment 28, wherein the frequency of indels at
the locus of interest in the cell is at least about 10%, 20%, 30%, 40%, 50%, 60%, 70%, or
more lower than the frequency in an equivalent cell in the presence of the SDN and

homologous donor template, but in the absence of the DNA-PK inhibitor.

[0257] Embodiment 30. The method of any one of embodiments 1 to 29, further
comprising introducing a second SDN into the cell targeted to a second cleavage site at a
second genetic locus, and introducing a second homologous donor template into the cell

comprising a nucleotide sequence that is homologous to the second genetic locus,

wherein the second SDN cleaves the second genetic locus at the second cleavage
site, and the second homologous donor template is integrated at the site of the cleaved second

locus by HDR.

[0258] Embodiment 31. The method of embodiment 30, wherein the frequency of HDR is
higher at both the locus of interest and the second genetic locus in the presence of the DNA-

PK inhibitor than in the absence of the DNA-PK inhibitor.

[0259] Embodiment 32. The method of embodiment 30 or 31, wherein the frequency of

indels is lower at both the locus of interest and the second genetic locus in the presence of the

DNA-PK inhibitor than in the absence of the DNA-PK inhibitor.

[0260] Embodiment 33. A method of treating a genetic disorder in a human subject in need

thereof, the method comprising:
providing an isolated primary cell from the subject;

genetically modifying the primary cell using the method of any one of embodiments
1 to 32, wherein the integration of the homologous donor template at the locus of interest in
the cell corrects a mutation at the locus or leads to the expression of a therapeutic protein in

the cell that is absent or deficient in the subject; and
reintroducing the genetically modified cell into the subject.

[0261] Embodiment 34. The method of embodiment 33, wherein the genetic disorder is 3-
thalassemia, sickle cell disease (SCD), severe combined immunodeficiency (SCID),
mucopolysaccharidosis type 1, Cystic Fibrosis, Gaucher disease, Krabbe disease, X-linked

chronic granulomatous disease (X-CGD), or a combination thereof.
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WHAT IS CLAIMED IS:

1. A method of genetically modifying a primary human cell, the method
comprising:

(1) introducing into the cell a site-directed nuclease (SDN) targeted to a
cleavage site at a genetic locus of interest;

(1)  introducing a homologous donor template into the cell, wherein the
homologous donor template comprises a nucleotide sequence that is homologous to the locus
of interest; and

(ii1)  introducing a DNA-PK inhibitor into the cell,

wherein the site-directed nuclease cleaves the locus at the cleavage site, and
the homologous donor template is integrated at the site of the cleaved locus by homology

directed repair (HDR).

2. The method of claim 1, wherein the DNA-PK inhibitor is a compound

represented by the following formula:

4
.
39

wherein:

R!is a cyclohexyl, tetrahydrofuranyl or oxanyl ring, each of which is
optionally substituted by one or more groups selected from hydroxyl, methoxy, and methyl,
and

R? is hydrogen or methyl,

or a pharmaceutically acceptable salt thereof.

3. The method of claim 2, wherein R is oxanyl.
4. The method of claim 3, wherein R! is oxan-4-yl.
5. The method of claim 2, wherein R? is hydrogen.
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6. The method of claim 2, wherein the DNA-PK inhibitor is AZD7648

represented by the following formula:

o

H
N« N Nao-N
e N T\/I\: >=0
N s N. .= N
\
or a pharmaceutically acceptable salt thereof.

7. The method of claim 1, wherein the DNA-PK inhibitor is VX984

represented by the following formula:

D NN
N/l/NH
s
N“D
N
>
s
0% > NH

or a pharmaceutically acceptable salt thereof.

8. The method of claim 1, wherein the DNA-PK inhibitor is BAY8400

represented by the following formula:

N

or a pharmaceutically acceptable salt thereof.
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0. The method of claim 1, wherein the DNA-PK inhibitor has very high
specificity for the catalytic subunit of DNA-PK (DNA-PKcs).

10. The method of claim 9, wherein the DNA-PK inhibitor with very high
specificity for DNA-PKcs has an IC50 in the range of about 40 nM to about 1 uM for DNA-
PKcs and an IC50 of greater than 1 uM for other PIKK family kinases.

1. The method of claim 10, wherein the other PIKK family kinases are
ATM, ATR, PI3Ka, PI3Kp, PI3Ky, PI3KJ, and/or mTOR.

12. The method of claim 1, wherein the SDN is an RNA-guided nuclease
and the method further comprises introducing into the cell a single guide RNA (sgRNA)
targeting the cleavage site, wherein the sgRNA directs the RNA-guided nuclease to the

cleavage site.

13.  The method of claim 12, wherein the sgRNA comprises 2'-O-methyl-

3’-phosphorothioate (MS) modifications at one or more nucleotides.

14. The method of claim 13, wherein the MS modifications are present at

the terminal nucleotides of the 5’ and 3' ends.
15. The method of claim 12, wherein the RNA-guided nuclease is Cas9.

16. The method of claim 12, wherein the sgRNA and RNA-guided

nuclease are introduced into the cell as a ribonucleoprotein (RNP).

17. The method of claim 16, wherein the RNP is introduced into the cell

by electroporation.

18. The method of claim 12, wherein the sgRNA is introduced into cells at

a concentration of less than about 150 ug/ml, 75 pg/ml, 30 ug/ml, or 15 pg/ml.

19. The method of claim 12, wherein the RNA-guided nuclease is
introduced into cells at a concentration of less than about 300 ug/ml, 150 ug/ml, 60 pg/ml, or
30 pg/ml.

20. The method of claim 1, wherein the homologous repair template is

introduced into the cell using an adeno-associated virus serotype 6 (AAV6) vector.
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21. The method of claim 20, wherein the AAV6 vector is transduced into
the cell at a multiplicity of infection (MOI) of less than about 2500, 1000, or 500.

22. The method of claim 21, wherein the MOI is about 500.

23. The method of claim 1, wherein the primary human cell is a CD34"
hematopoietic stem and progenitor cell (HSPC), a T cell, a B cell, an airway basal stem cell,

or a pluripotent stem cell (PSC).

24, The method of claim 1, wherein the locus of interest is a gene selected
from the group consisting of Hemoglobin Subunit Beta (HBB), C-C Motif Chemokine
Receptor 5 (CCRS), Interleukin 2 Receptor Subunit Gamma (IL2RG), Hemoglobin Subunit
Alpha 1 (HBA1), Stimulator Of Interferon Response cGAMP Interactor 1 (STING1) and
Cystic Fibrosis Transmembrane Conductance Regulator (CFTR).

25. The method of claim 1, wherein the frequency of HDR at the locus of
interest in the cell is higher than the frequency in an equivalent cell in the presence of the

SDN and homologous donor template, but in the absence of the DNA-PK inhibitor.

26. The method of claim 25, wherein the frequency of HDR at the locus of
interest in the cell is at least about 10%, 20%, 30%, 40%, or more higher than the frequency
in an equivalent cell in the presence of the SDN and homologous donor template, but in the

absence of the DNA-PK inhibitor.

27. The method of claim 12, wherein the sgRNA induces low to no indels
at the locus of interest in the presence of the SDN but in the absence of the DNA-PK

inhibitor.

28. The method of claim 1, wherein the frequency of indels at the locus of
interest in the cell is lower than the frequency in an equivalent cell in the presence of the

SDN and homologous donor template, but in the absence of the DNA-PK inhibitor.

29. The method of claim 28, wherein the frequency of indels at the locus
of interest in the cell is at least about 10%, 20%, 30%, 40%, 50%, 60%, 70%, or more lower
than the frequency in an equivalent cell in the presence of the SDN and homologous donor

template, but in the absence of the DNA-PK inhibitor.
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30. The method of claim 1, further comprising introducing a second SDN
into the cell targeted to a second cleavage site at a second genetic locus, and introducing a
second homologous donor template into the cell comprising a nucleotide sequence that is
homologous to the second genetic locus,

wherein the second SDN cleaves the second genetic locus at the second
cleavage site, and the second homologous donor template is integrated at the site of the

cleaved second locus by HDR.

31 The method of claim 30, wherein the frequency of HDR is higher at
both the locus of interest and the second genetic locus in the presence of the DNA-PK

inhibitor than in the absence of the DNA-PK inhibitor.

32.  The method of claim 30 or 31, wherein the frequency of indels is lower
at both the locus of interest and the second genetic locus in the presence of the DNA-PK

inhibitor than in the absence of the DNA-PK inhibitor.

33. A method of treating a genetic disorder in a human subject in need
thereof, the method comprising:

providing an isolated primary cell from the subject;

genetically modifying the primary cell using the method of any one of claims
1 to 32, wherein the integration of the homologous donor template at the locus of interest in
the cell corrects a mutation at the locus or leads to the expression of a therapeutic protein in
the cell that is absent or deficient in the subject; and

reintroducing the genetically modified cell into the subject.

34. The method of claim 33, wherein the genetic disorder is 3-thalassemia,
sickle cell disease (SCD), severe combined immunodeficiency (SCID),
mucopolysaccharidosis type 1, Cystic Fibrosis, Gaucher disease, Krabbe disease, X-linked

chronic granulomatous disease (X-CGD), or a combination thereof.
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