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Gene Editing




Duchenne Muscular Dystrophy
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Nelson and Gersbach, Muscle Gene Therapy (2018)



Duchenne Muscular Dystrophy
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Why somatic cell gene editing for Duchenne?
« Clinical need
« Potential to create larger, perhaps full-length dystrophin protein
« Potential to edit genes in satellite cells
« Potential for long-term dystrophin restoration
« Multinucleated target cells means low level editing may be sufficient
« Correctable by exon excision

« Hotspot mutation regions can be addressed for large numbers of
patients

Nelson and Gersbach, Muscle Gene Therapy (2018)



Genome Editing with Engineered Nucleases

Targeted breaks in DNA stimulate natural DNA repair pathways

a) Homology Directed Repair b) Gene Disruption c) Gene Deletion

_+Nuclease .. +Nuclease J .. +Nuclease
1 ; : i : '
$ | ¢
] . : —_ e — —_
| HOR || NHE) | NHE3
—— — ‘

————————————————————

, , Splice site disruption .
Targeted insertions OR Exon excision

re-framing

Nelson and Gersbach, Annual Review Chem Biol Eng (2016)






Genome Editing with Engineered Nucleases

Targeted breaks in DNA stimulate natural DNA repair pathways

a) Homology Directed Repair

+Nuclease

|<—\

J, HDR

Targeted insertions

b) Gene Disruption

—
.. +Nuclease

:

NHEJ

Splice site disruption
OR
re-framing

Nelson and Gersbach, Annual Review Chem Biol Eng (2016)

c) Gene Deletion
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Single-Cut Reframing for DMD

WT dystrophin
44 < A5 46 .47 . 48 _ 49 . 50 51 52 53 54 55 < 56 /WTdystrophin protein

Deletion of exons 48-50

407 45| 46 47 @51 1520 Gusann wsanl a5 s Y DMD - out of frame,
no protein

Deletion of exons 48-51; applicable to ~13% patients

'BMD - truncated, partiall
44 45 | 46 47 51* 52 53 54 | 55 56 / ' P y

functional protein

Dave Ousterout

Ousterout et al. Molecular Therapy (2013), Molecular Therapy (2014), Nature Communications (2015)



Single-Cut Reframing for DMD

WT dystrophin
44 < A5 46 . 47 . 48 , 49 50 51 52 53 54 55 < 56 ‘/WTdystrophin protein

Deletion of exons 48-50

447 45 | 46 47 Bl 520 w53 15 55, w56 x DMD —out of frame,
no protein

Deletion of exons 48-51; applicable to ~13% patients

'BMD - truncated, partiall
44 45 | 46 47 51* 52 53 54 | 55 56 ' P y

functional protein

Reading Frame Correction by Targeted Genome
Editing Restores Dystrophin Expression in Cells
From Duchenne Muscular Dystrophy Patients

David G Ousterout’, Pablo Perez-Pinera’, Pratiksha | Thakore', Ami M Kabadi', Matthew T Brown’,
Xiaoxia Qin?, Olivier Fedrigo?, Vincent Mouly?, Jacques P Tremblay* and Charles A Gersbach'2*

DMD + WT CTCAGACTGTTACTCTGGTGACACAA  shift (frame)

32  CTCAGACTGTT----TGGTGACACAA ' (+2)

WT DMD TALEN 40 CTCAGACTGTTACTCTG-TGACACAA -1 (+2)

. o 67 CTCAGACTG-----=-=-== TGACACAA -9 (+3)
Dystrophin WS 96 CTCAGACTGTTACTC-GGTGACACAA -1 (+2)
106 CTCAGACTGTTACT----- GACACAA -5 (+1)

127 CTCAGACTGTTACTCTG---ACACAA -3 (+3)

GAPDH [ w 141 CTCAGACTGTTACT---GTGACACAA -3 (+3)
145 CTCAGACTGTTACTCTG---ACACAA -3 (+3)

Ousterout et al. Molecular Therapy (2013), Molecular Therapy (2014), Nature Communications (2015)



Single-Cut Reframing for DMD

ARTICLE
Received 16 Nov 2014 | Accepted 8 Jan 2015 | Published 18 Feb 2015

Multiplex CRISPR/Cas9-based genome editing for
correction of dystrophin mutations that cause
Duchenne muscular dystrophy

David G. Ousterout!, Ami M. Kabadi', Pratiksha I. Thakore!, William H. Majoros2, Timothy E. Reddy34
& Charles A. Gersbach'3:5

PAM
GAAGGACCATTTGACGTTCAGCTCCTACTCAGACTGTTACTCTGGTGA
EGPFDVQLLLRLLLW?*

I T VA = |

Out-of-frame (A48-50)

PAM
GMGGACCATTTGACG‘I‘TCAGCTCC‘I‘ACTCAGACTGT--'CT GA
EGPFDVQLLLRLS L V.. Frame restored by small
| Exon 47 | Exon 51 | targeted deletion

Ousterout et al. Molecular Therapy (2013), Molecular Therapy (2014), Nature Communications (2015)

+3 Frame: 7/17 (41%) GAPDH E

2 Intron 50 Exon 51 PAM
ARAATATTTTAGCTCCTACTCAGACTGTTACTCTGGTGACACAA
TTTTATAAAATCGAGGATGAGTCTGACAATGAGACCACTGTGTT

AR RARRARRARRARE)
sgRNA 5 -GCCUACUCAGACUGUUACUC......

b Deletions
TAGCTCCTACTCAGACTGTTACTCTGGTGACACAAC (x16) Length Frame
TAGCTCCTACTCAGACT-——————- GGTGACCCAAC -8 +2
TAGCTCCTAC-——====—=m—m TCTGGTGACACAAC -12 +3
TAGCTCCTACTCAGAC===mm=== TGGTGACACRAC (@) -8 +2
TAGCTCCTACTCAGAC——————mmmmm e =21 +3
TAGCTCCTACTCAGACTGTT—=——mmm=m—m, ACACAAC -9 +3
TAGCTCCTACTCAGACTG= === TGGTGAGGTGAC -6 +3
TAGCTCCTACTCAGAC====-TCTCTGGTGACACAAC —4 +1
TAGCTCCTACTCAGA--——— CCTCTGGTGACACAAC (@) -5 +2
TAGCTCCTACTCAGGCTG----TCTGGTGACACAAC -4 +1
TAGCTCCTACTCAGACT-~-ACTCTGGTGACACAAC -3 +3
TAGCTCCTACTCAGAC == == m == TGTTGACACRAC -8 +2
----------------------- CTGGTGACACAAC -56 +2
TAGCTCCTACTCAGACTGTTA-————— GACACAAC -7 +1
TAGCTCCTACTCAGACT-—-GCTCTGGTGACACAAC -3 +3

Insertions
CAGAC-===mm=mmmm = rerracrercercac (x16)  Length  Frame
CAGACCACCTGTGGICTCCTA-————— CTGGTGAC +9 +3
c d &
Total events: 17/33 (52%) & &L
+1 Frame: 3/17 (18%) —
+2 Frame: 7/17 (41%) Dystrophin [j] -



Genome Editing with Engineered Nucleases

Targeted breaks in DNA stimulate natural DNA repair pathways

a) Homology Directed Repair

+Nuclease

|<—\

J, HDR

Targeted insertions

b) Gene Disruption

—
.. +Nuclease
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NHEJ

Splice site disruption
OR
re-framing

Nelson and Gersbach, Annual Review Chem Biol Eng (2016)

c) Gene Deletion

—_——————————————
. +Nuclease
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| NHE3
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Exon excision




Genome Editing for Duchenne Muscular Dystrophy

WT dystrophin
44 < A5 46 . 47 . 48 _ 49 50 51 52 53 54 55 < 56 ‘/WTdystrophin protein

Deletion of exons 48-50

44 < 45 | 46 | 47 .51 .52 . 53 .54 55 . 56 DMD - out of frame,

no protein

Deletion of exons 48-51; applicable to ~13% patients

'BMD — truncated, partially
44 45 | 46 . 47 52 53 54 | 55 56

functional protein

Ousterout et al. Molecular Therapy (2013), Molecular Therapy (2014),
Nature Communications (2015)



Genome Editing for Duchenne Muscular Dystrophy

WT dystrophin
44 < A5 46 . 47 . 48 _ 49 50 51 52 53 54 55 < 56 ‘/WTdystrophin protein

Deletion of exons 48-50

447 a5 | 26 47 i i e Wi wate e DMD — out of frame,

no protein

Deletion of exons 48-51; applicable to ~13% patients

'BMD — truncated, partially
44 45 | 46 . 47 52 53 54 | 55 56

functional protein

Why exon deletion?
« NHEJ > HDR
» Predictable and reproducible protein product
« Large intronic regions allow for gRNA optimization
« Multi-exon skipping can increase applicability

Ousterout et al. Molecular Therapy (2013), Molecular Therapy (2014), :
Nature Communications (2015) Dave Ousterout



Genome Editing for Duchenne Muscular Dystrophy

DMD patient cells

mdx mouse

hDMD mouse

DMD genotype
Dystrophin mRNA transcript

[4aH 45 H 46 H 47 H 48 | 49 H 50 {51 H{ 52 |

IE | stop

After correction

[ea] {52]

CR1 CR5
Intron 50 PAM  PAM Intron 51
GCTTTGATTTCCCTAGGG. -// . . CCCACCAGTTCTTAGGCAR w— woa 5t | CR1/5 treated
GCTTTGATTTCC. .. e .+ .AGTTCTTAGGCAA (x2) DNA
GCTTTGATT...............een.. .. ..CTTAGGCAR genomic
—_— )
GCTTTGATTTCC. ... ... (+41bp) ....... CTTAGGCAA | \
cR2 CR5 FE—
Intron 50 PAM PAM Intron 51— 80 won 51
TCTTAACCATTACCATAG. . // . . CCCACCAGTTCTTAGGCAAC CR2/5 treated
TCTTA genomic DNA
TCTTAACCATTACCA. . r
TCTTAACCATTACCATAG. . ..o vvvnvnns
S :

Dystrophin 28 = |—

GAPDH | S s S s s s

DMD/A51
correced clone

Ousterout et al., Nature
Communications (2015),
Molecular Therapy (2013, 2015)

: DSB
i NHEJ
21 [ [22 ] [ 24 | [ 25 |
A 4
NHEJ
L-ITR R-ITR
NLS
1 CMV SaCas9
bGHpA
Guide Guide

SGRNA SGRNA ‘

300 100 7 &< ———
80 — * s 4.;,‘\‘
70 250 g a0 LA S
-~ 60 T o & TN
T 2 =] ~ T
£ s0 EZUO g 60 by !~$ e
: : § by B-8-573
£ E1s0 8 t
H H g 40 =
30 100 g | - wT
20 § 20{ —— sram
10 0 5 - - CosigRNA
&
o s 8 0 s 2 ° 123456 7 8 910
9 3 5 9
& & FF & ¢ G«?’Q_e"' Cycle number
§ §
specific specific Repeated eccentric
twitch force (Pt) tetanic force (Pt) contraction

Nelson et al., Science (2016)

gRNA A gRNA B

Exon51 —Y— Exon52 —'— Exon53

upstream downstream

Exon 51

Exon 50 —— Exon 53

Exon 54
Heart @ 8 weeks post-treatment
A52/MDX hDMD/MDX 20X
DYSTROPHIN
DAPI
AAV9-Tail Vein
(4-8E12 vg)

Rearing postures

Distance moved Grip strength

*
*

Rearing postures
Grip strength (gforce)

Robinson-Hamm et al.,
unpublished




Genome Editing for Duchenne Muscular Dystrophy

Realizing the promise of gene editing:
* Immunogenicity
* Durability
« Satellite Cell Targeting

* Restoration of a Full-Length Dystrophin



Genome Editing for Duchenne Muscular Dystrophy

Realizing the promise of gene editing:

* Immunogenicity



Host Immune Response to CRISPR/Cas9

Serum SaCas9 IgG (ug/mL)

a-Cas9 antibody response
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Neonate

Nelson et al., Nature Medicine (2019)



Host Immune Response to CRISPR/Cas9

Serum SaCas9 IgG (ug/mL)

a-Cas9 antibody response

Jmol 1
sl 711V AAVY
1005 || ® & Untreated
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Neonate

a-Cas9 T cells
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2 N

a-Cas9 response following treatment of adults but not neonates
Used ubiquitous promoter — tissue-restricted promoters may help

Nelson et al., Nature Medicine (2019)



Genome Editing for Duchenne Muscular Dystrophy

Realizing the promise of gene editing:

« Durability



Persistence of Editing in Skeletal and Cardiac Muscle

Intramuscular Systemic
e B g e ¢
8week 0 8wk 6 months q% 0 8wk 1 &e ar

Nelson et al., Nature Medicine (2019)



Persistence of Editing in Skeletal and Cardiac Muscle

Intframuscular

Jors4.

8 week 0 8'W|( 6 rhonths
Intramuscular
10% 26 m
= 8%; =
S 6% 5
g 4%: * g
Ll
0%

Tibialis Anterior

Systemic
g ® @
9 :
P20 8wk 1 year
Systemic
8wk O
10% 1year B
8%.- p<005
.
6% | -
4%-
2%. T I .
0% .

Heart  Tibialis Anterior Diaphragm

Significant increase in DNA editing frequency from 8 weeks to 1 year

Nelson et al., Nature Medicine (2019)



Persistence of Editing in Skeletal and Cardiac Muscle

AAV-CRISPR
1 year

8 weeks

mdx 1 year

WT C57/BL6
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Significant increase in editing frequency from 8 weeks to 1 year

Nelson et al., Nature Medicine (2019)



Genome Editing for Duchenne Muscular Dystrophy

Realizing the promise of gene editing:

« Satellite Cell Targeting



Satellite Cells are the Stem Cells of Skeletal Muscle

Basal lamina Satellite cell
1
Myofiber €D Nucleus e

Satellite stem IIIIIIIIIIII IIIl
cell @ Satellite cell activation

Does AAV transduce

Myofiber satellite cells in vivo?
O
Does CRISPR edit satellite
Expansion of progenitor cells . .
'Stem celij Progenitor cell for myoﬁbg:r>epair or regeneration Cel IS 1N Vi VO?
o g0 —. o o
=TS Does satellite cell editing
B facilitate long-term
Myoblasts fuse to existing Myoblasts escape through basal lamina . .
myofiber during repair process ( 3 and fuse to regenerate a new myofiber dystroph in restoration?
Mﬁ_: O




AAV-CRISPR Gene Editing of Satellite Cells

Pax7-[ Exon 1 InGFP ]—
(A

Kwon et al., unpublished



AAV-CRISPR Gene Editing of Satellite Cells

Pax7-[ Exon 1 InGFP ]—
(A

Kwon et al., unpublished



AAV-CRISPR Gene Editing of Satellite Cells

Pax7-[ Exon 1 InGFP }—

o mouse 1 mouse 2 mouse 3

3 . GFP: + = + - + -

GAAT GAAACTCAT CAAiACT CTGAATCTGTTT
Intron 22 E Intron 23
]

GRNA1 RNA2

Kwon et al., unpublished



Diverse AAV Serotypes with
Various Tissue Tropisms

AAV3

AAVS
Liver, heart
Liver, heart, ‘ Liver, heart, | .. . o2 4
g Liver, heart . Heart, lung, . Ly NS Liver, skeletal | Heart, Liver, | brain, Lung,
skeletal Heart, Liver 3 Liver skeletal :
and muscle Liver muscle brain, muscle skeletal
muscle muscle
muscle
\_ AN J \_ J \_ \_

Vance et al., 2015




Systematic Assessment of
AAYV Transduction of Satellite Cells

Pax7-nGFP +/-
Ai9 +/-
mdx +/0

AAV: CMV-CRE

Rosa26 — CAG P STOP
8wks  tdTomato+
\/ E GFP+

Kwon et al., unpublished



Efficient Genetic Labelling of Satellite Cells
by Multiple AAV Serotypes

Recombination Efficiency of

Pax7-GFP+ cells
80 -

60 -+

40-

%TdTomato of GFP+

20+

Local AAV Delivery
(4.72E+11 vg/TA muscle)

n=5, mean + SEM; 8 weeks post-injections Kwon et al., unpublished



Efficient Genetic Labelling of Satellite Cells
by Multiple AAV Serotypes

Recombination Efficiency of AAV9 Systemic Recombination Efficiency of
Pax7-GFP+ cells Pax7-GFP+ cells

80+ 60-

60~ .
t o
% L 401
s % ik
o o AC A
= 40- - mD vD
2 W B ol R 5
2 = 201 T ’C —A

20- = A .

mE oA AE
VE
0 ] ] ] ] ] ] c 1 1 | || |
L et " 4 R s & R R
A A ~ & &
o
Local AAV Delivery Systemic AAV9 Delivery
(4.72E+11 vg/TA muscle) (2E+12 vg/mouse)

n=5, mean + SEM; 8 weeks post-injections Kwon et al., unpublished



Efficient Genetic Labelling of Satellite Cells
by Multiple AAV Serotypes

Kwon et al., unpublished



Regenerative Potential of
CRISPR-Edited Satellite Cells

Serial Engraftment Strateqy:
Pax7-nGFP

mdx donor Isolate GFP+
-9 cells
- o/(.:;:‘», . :, 9 ’/ »
AAV9-CRISPRs o
@ pre-injured
mdx host
Uninjected Injected

mouse: 1L 2L 3L 1R 2R 3R Pos cirl

) el \— — Vs —

T —

— o e A23

Deletion PCR at Dmd locus

Intron 22

AAT G AA

o ’V‘

) . ‘

I\ A /

(\/ ‘

[ 1/ |

\[ |/ /
ALy
200

Intron 23

ACTCATCAAI ACTCTGAATCTG

{ N\ ) n nl/\ AWA
\ ‘;‘ \/ \ /'\ “, | \ 1 \
210 220

Kwon et al., unpublished



Genome Editing for Duchenne Muscular Dystrophy

Realizing the promise of gene editing:

« Restoration of a Full-Length Dystrophin



Genome Editing with Engineered Nucleases

a) Homology Directed Repair

.. +Nuclease
_
'
—_—=
¢ HDR
— —

Targeted insertions

b) Gene Disruption c) Gene Deletion

.. +Nuclease o . +Nuclease

; .

—— — T e—
¢ NHEJ ¢ NHE]
e ————— [ p——
Splice site disruption .
Exon excision
OR
re-framing

Nelson and Gersbach, Annual Review Chem Biol Eng (2016)



Full Length Dystrophin Restoration by Targeted Integration

HITI gRNA target site

Adrian Pickar Oliver, PhD



Full Length Dystrophin Restoration by Targeted Integration

HITI gRNA target site

AAV-Cas9 [ITR CM\>- SaCas9
AAV-rhDMD-HITI | ITR ue>-b-m.- ITR

ITR

Adrian Pickar Oliver, PhD



Full Length Dystrophin Restoration by Targeted Integration

HITI gRNA target site

AAV-Cas9 [ITR CM\>- SaCas9
AAV-ThDMD-HITI [ ITR ue>-—b-mb— ITR

L Cas9+gRNA

. m P
~ .
~ -

~
N .

~ Mg
e -
~ .
~ -
. -
~ -
~ -

ITR

Pickar-Oliver et al., unpublished



Full Length Dystrophin Restoration by Targeted Integration

HITI gRNA target site

AAV-Cas9

AAV-rhDMD-HITI

ITR

ITR

CM\>- SaCas9

ITR

L Cas9+gRNA

. m P
.
-
.
-
.

l HITI

Pickar-Oliver et al., unpublished



Full Length Dystrophin Restoration by Targeted Integration

—
oo —(EED EEKCED EEXCEY-

Pickar-Oliver et al., unpublished



Full Length Dystrophin Restoration by Targeted Integration

—
e . —CEPEIK  EEXEEL

cDNA:
hDMDA52
Q
% 2 @ g12-Ex52 (1:1)  g12-Ex52 (1:5) g7-Ex52 (1:1) g7-Ex52 (1:5)
<
500bp
300bp

Pickar-Oliver et al., unpublished



Full Length Dystrophin Restoration by Targeted Integration

—
e . —CEPEIK  EEXEEL

cDNA:
hDMDA52
a
E 2 A g12-Ex52 (1:1)  g12-Ex52 (1:5) g7-Ex52 (1:1) g7-Ex52 (1:5)
z
500bp
300bp
hDMD A52
Protein: % ” "
g o 0 g7-Ex52 (1:1) g7-Ex52 (1:5)
e

o SR - o
T - —————————— /7D

Pickar-Oliver et al., unpublished



Summary

Genome editing for DMD typically focuses on removing gene
segments to restore functional, truncated dystrophin

Single gene editing strategy can treat ~50% of DMD patients

Robust anti-Cas9 host immune response that resolves without
intervention

In vivo CRISPR-based genome editing restores long-term
dystrophin expression in many studies with no reported adverse
effects

Unintended genomic outcomes, including AAV integration, into on-
target and off-target sites

Full-length dystrophin restoration is possible but requires patient-
specific approaches

Additional research required to understand implications of
immune response, long-term presence of delivery vectors,
and alternative genome modifications
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