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Example. Gene Therapy of primary cells with CRISPR:

Gene Editing to correct Pyruvate Kinase Deficiency
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Pyruvate Kinase Deficiency

Summary

1.

2
3.
4

Pyruvate Kinase Deficiency

Gene Editing Strategies

“Proof of concept”: PKDiPSC

Gene editing in Hematopoietic progenitors
a. “Oldtools”

b. Patient-specific gene editing tool

c. Gene editing to correct all PKD patients
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Definitive cure: Allogenic Hematopoietic Progenitor Transplantation
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“Proof of KDiPS

Induced Pluripotent Stem Cells

Long period of in vitro culturing to select “rare” gene edited Stem Cells

Cell
reprogramming

Gene editing
PKDiPSC
Patient’s cell

‘ Edited PKDiPSC
Hematopoietic
differentiation C/Qr‘la/ |
PKD patient @ @ amplification

Edited PKDiPSC

Corrected patient’s cell

Garate et al. Stem Cell Reports. 2015 Dec
8;5(6):1053-66. doi:
10.1016/j.stemcr.2015.10.002. 7
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SeV reprogramming vectors
hbFGF

PB-MNCI)

0-4d 5-9d 10-25d

) Non-Lymphoid i hES culture condition
culture condition

* #

1(R) (L) 2 345 67 8 9 10 11

PB2iPSC

PB2iPSC PKD2IPSC  PKD3iPSC

O
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i
S TCTCCCA rerC CCA
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AGCGATG GCGATE
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@ Exon 9/Intron 9 M M
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Garate et al. Stem Cell Reports. 2015 Dec 8;5(6):1053-66. doi: 10.1016/j.stemcr.2015.10.002.
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Puromycin @
Drug selection

PKDiPS ePKDiPS ePKDiPS
1.7kb
]
Kirl 4RI
— O] corpk IH[PurRTK}l-D—D—D—Dﬂ-D{J—D—E.—
HR)1(L) 2 6 78 9 10

PKD2iPS c78 gene edited clones

el e3 ed e9 el0 ell e7 el3 el2 el6 e22 e23 el5 el7

<«—1.7kb

Garate et al. Stem Cell Reports. 2015 Dec 8;5(6):1053-66. doi: 10.1016/j.stemcr.2015.10.002.
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PuroR clones Edited clones* Zfifeel I ooy N.HEJ n
alleles unedited allele
PKD2iPSC 13 77% 0% 40%
PKD3iPSC 40 76% 11% 31%

*2.85 edited PKDiPSC per 1x10° nucleofected cells / /

Nuclease
activity

Patient
specificity

10
Garate et al. Stem Cell Reports. 2015 Dec 8;5(6):1053-66. doi: 10.1016/j.stemcr.2015.10.002.



“Proof of concept”: PKDiPSC

SNP in PKD2 patient
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Sequencing of unedited allele

agqdgagagaaagaage
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Garate et al. Stem Cell Reports. 2015 Dec 8;5(6):1053-66. doi: 10.1016/j.stemcr.2015.10.002.
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PB2iPSC c33 PKD2iPSC c78 PKD2iPSC ell
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Garate et al. Stem Cell Reports. 2015 Dec 8;5(6):1053-66. doi: 10.1016/j.stemcr.2015.10.002.
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Exp 1

Erythroid differentiation

“Proof of concept”

Exp 3

Exp 2

Exp 1

Pyruvate

PKD3
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Garate et al. Stem Cell Reports. 2015 Dec 8;5(6):1053-66. doi: 10.1016/j.stemcr.2015.10.002.
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ATP amount redgiveto PEARPS o33
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Exp 1 Exp 3
PKD2 PKD3

ATP level: improved in Erythroid cell derived from Edited PKDiPSC

14
Garate et al. Stem Cell Reports. 2015 Dec 8;5(6):1053-66. doi: 10.1016/j.stemcr.2015.10.002.
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Cell
reprogramming

Gene editing
PKDiPSC
Patient’s cell
Gene editing of @

hematopoietic
Edited PKDiPSC
PKD patient ”

progenitors
Corrected patient’s cell

Hematopoietic
differentiation Clonal

@ amplification

Edited PKDiPSC

Ready to use cell source

Gene editing of hematopoietic progenitors is technically challenging
15
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Gene editing in Hematopoietic progenitors: Old tools:ﬁ‘z."'.*: —— W |;\

(O =

Puromycin
selection
Expansmn& ¢ Colony
E====) Forming Unit
(CFU)
CB-CD34* Nucleofection PuroR CD34*
Without Puromycin With Puromycin
4007p value 0.0714 Pvalue 0.0004
" With Puro
3001 {» 40
= 0o] o :
3 {‘ 3
LL L 204
(@) O
100
[ ]
0 T T T 0 —00e - T
CTL M ™ CTL M ™
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3.3kb
2.0kb
KIF3  KIR3
KIF2 ‘ KI'R2
—_— <
[ corPK [H]PuroRle{HI-O-HHH-O—B—
1(RIL(L) 2 3 4 5 6789 10 11

A 5 6E 7E 8 9E 10 11 12E 13 14 15 16171

-
1982bp — e - . — - HR CFU %HR

A 21 22 23E 24 28 27E29 30E 31 32
- CD34-HR1 29 96.7

19820p— A -
CD34-HR2 2 40.0

CD34-HR3 18 85.7
Mean 74.1
PKLR INTRON LHA
é;cCAGCGGGGTAI‘CTGCGGCGGGCCAGTGTGGCC> --------- é}CCTCTTCCTCCCE
éSCCAGCGGGGTRI‘CTGCGGCGGGCCAGTGTGGCC% --------- é}CCTCTTCCTCCCE
éSCCF—LGCGGGGTATCTGCGGCGGGCCI—LGTGTGGCC> """"" é}CCTCTTCCTCCCE SEM 174

*5.8 edited CFU per 1x10* nucleofected CFUs

Knock-in gene editing: feasible in HPCs
17
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S

[CRISPR-CasQ: PKLR TALEN vs PKLR sgRNA ]

Puro

- >
293H | > p96 plate ! > PuroR wells

_ _ TALEN DNA
Lipofection { s’yTR-TALEN-3’UTR mRNA
Cas9-PKLR sgRNA (all-in-one)

M —p — <+— 1/16

M+ pDNA TALEN —b o <fccEs - <— 10/16

- e ER - e o e S e Wy e

———— ——— —
- - -

M+ Cas9-PKLRsgRNA —==»  _  w—w _ <+ 4/16

M + MRNA TALEN == v o o o s o w—e— 13/16

Cas9-PKLR sgRNA (all-in-one): less efficient 18
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Gene editing in Helmatopmemro

Puromycin Puromycin
Gene editing of HSC Selection Selection
‘ o o Cell sorting‘
- + ' N i
CB-CD34 f > NSG engraftment’ > CFU analysis
(4mpt)
TALEN DNA
M +{
5’UTR-TALEN-3’UTR mRNA
M+ TALEN DNA M+ 5’UTR-TALEN-3'UTR mRNA

3 ! E
41 hco4s FITC ] 473 2 Jncoas FITe
A 1 0.044% / 7 Y SRRE

]

J hCD24 PECYT 162 0 hoDa4 PECY7
ot O
E. E E 10 10" -
) Lh
=S <
(a] 0 0
2 3 o4 .o s gl 0 1 ST,
! 10" 10 10 0y < 100 10 10 10 )10 100 10 10 10 >1(
mCD45.1-PE hCD34-PECy7 mCD45.1-PE hCD34-PECy7

A 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 A

TALEN mRNA: gene editing of engraftable
hematopoietic progenitors

1/27 19
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Technical challenge: Gene editing in Hematopoietic progenitors {V A

Gene editing
tools
@ ‘ Expan5|on/SeIect|on Functional test
> : (CFU, NSG)
CB-CD34+ edited CD34*
® i
(" ™

* Patient-specific gene editing tool

* Gene editing to correct all PKD patients
\_ J

3. New strategies of gene editing
* Most suitable for Hematopoietic Progenitors

20
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Patient-specific gene correction by CRISPR-Cas9/ssODN

Cas9
gRNA

- ~ ssODN

!

—{ H—( —8— -

{

Patient-specific gene editing

AAAAA

21
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Patient-specific gene editing @g_l :

[ Tool desing: mutation specific sgRNA and therapeutic ssODN ]

sgRNA

CRISPOR Breaking-Cas * Correct the mutation: restore aminoacid sequence
Benchling IDT

* Eliminate PAM or near nucleotides of the target
* High On-target score _ o ,
sequence sequence without modifiying de amino

* Low Off-target score acids sequence: Prevent cutting of gene edited

» Specific for the mutation: allele

mutated allele specificity Introduction of a restriction site without

modifiying de amino acids sequence: Restriction

Fragment Length Polymorphisms (optional)

* Symmetric: 40nt around cutting site

22
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https://benchling.com/
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Patient-sp

PKD2-specific gene correction:

|
PKLR gene mm ]-.-[ )'é)'( ]'[ ]'[ ]'[ H M H -

1(R)1(L) 2 10 11

Mutation SNP

-tcaaggagatgatcaagygccgggatgaacattgecgcgactcaacttectTccacggcoctococcacgaggtgcocgggacTggcoccgcoccgggcagtgggtogyg

jagttcctctactagttccggoccctacttgtaacgecgectgagttgaagaAggtgccgagggtgectoccacgeceocctgAccggecggecccgtcaccceacc

, 105 ! 110 ! 1 , 115 1 ! , 120 L 125
Leu Lys Glu Met Ile Lys Ala Gly Met f=n Ile Ala Arg Leu Asn Phe Phe His Gly Ser Hiz Glu

PELR

c359 C=T SNP G=T

23
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PKD2-specific gene correction: patient specific sSgRNA
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|
PKLR gene mm ]-.-[ )'é)'( ]'[ ]'[ ]'[ H M H -

1(R)1(L) 2 10 11

DSB 1 DSB 2

l.l

:tcaaggagatgatcaaggccgggatgaacattgcgcgactcaacttctchJcggctcccacgaggtgcgggachgccgccgggcagtgggtgg
1 1 1 1 1 1

jagttcctctactagttcococggococctacttgtaagqgogoctgagttglaagaAggtigoccgagggtgeftccacgoccoctgAccggoggeoccgtcacccocacc

! 105 ! ! ! ! 110 ! | 115 120 ! ! ! 425
Leu Lys Glu Met Ile Lys Ala Gly Met ﬁ-.sn I|E Ala Arg Leu Asn FPhE FPhe HiE Gy Ser HE  slu
PKLR
SNP G=T
€359 C=T

24
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PKD2-specific gene correction: patient specific sSODN
PKLR gene mm ]-.-[ )'é)'( ]'[ ]'[ ]'[ H M H -
1(R)1(L) 2 10 11
Gene editing?
ss0ODN Ex3

fagtl Igl
|atgatcaaggccgggatgaacattgcgcgactcaacttcr—ﬂcacggctcccacgaggtgcgggacnggccgccgggcagt
tcaaggagatgatcaaggccgggatgaacattgocgecgactcaacttctToccacggoctococcacgaggtgecgggacTggoccgoccocgggcagtgggtgyg

agttcctctactagttccocggeoccocctacttgtaacgocgoctgagttgaagaAggtgeococgagggtgoctoccacgeoccoctgAccggeocggocccgtocacccocacec

105 A A 110, A A 1315 A 120 A 125
eu Lys Glu Met Ile Lys Ala Gly Met fsn Ile Ala Arg Leu &Asn Phe Phe His Gly Ser His Glu

PKLR
H
SNP G=T
. sg2Ex3 |
B

€359 C>T 25
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PKD2-specific gene correction: mutation-specific guide RNA. NGS (Matias Morin)

Specie percentage

1007

45.27 49.12
oo o
101
2405 2.28
=
11
0.17
0.01 T T T T
Q Q Q Q
S & &S
N & o
A Q 6\
*® &
CTL

Specie percentage

1007

] 45.59 43.21
1 33.7-fold chage
- —
107 5.895
2.07 212 E
13
0.175
-
0.117
0.01 T T T T T T
Q \ \3 N3 \3 \3
& /\G;\ «"’e & & &
NY & <o < bz
A S A AN &
K\ éo & \
sgl Ex3

Specie percentage

1007

43.24 47.05
- 0.9-fold chage
—
107
1.61
1 0.77 0.615

) l_’f_

°
0.17 0
°
0.01 T T T T T T
I S S
o A A o o AN
) NY R\ AN <o be'
% N\ % O o
K\ N > A\
) &
sg2 Ex3

26
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Patient-specific gene editing tool :

(7

PKD2-specific gene correction: mutation-specific HDR. NGS (Matias Morin)

1007

=t i/ A
| |A\ JVANCED
Hematopoietic Innovative Therapies | | rapies Un

4411 34.12 8.3-fold 14.8-fold
Topo Cloning Analysis ] & E. chage ~ chage
1 | 1 | 1
ACATTGCGCGACTCAACTTCTCCCACGGCTCCCACBAGGTGCGBGACBGGCCGCT
o 5.12
— - [ J
© o 1.998 1.95 )
0o [ ]
0 o ACATTGCGCBACTCAACTTCTTECACGGCTCCCACGAGGTAGCGGGACTBGCCGCT &
'.(-U' T) 5 ole [ ] |
5= = 0.615
= (O |||I V\ ||rI ﬂ.llllH II||III m NV\ || ﬂ Y 14 .
E S ul I\ III ||J|I|II M| |_,|n' |' ”/\‘\II ﬂ\ .'-|I 'l'.J a
J_lf \{\L _L 4“4_0_._'1 4:.)2 \ 460 J .g 0.17 ?
v o qchTGCGCGACTCAACTTACGGCTCCCP.CGAGGTGCGGGAC.GGCCGC( ) ry 0.17
g3 ’ © T
t (=U II"I Ilnl [ "|'IIIi Illlln I'"|”| ]n III"'qu'\-"- |II.I' I| \ I"' ﬂ! _O_
8 o] |I|.||.|"I.'|I (AU YU ." 1 ' l'"-"'_", "n'u'n'.ll' rb'l .'..'_ 0.117 °
] 0.015
Corrective SNP associated ] ?
nucleotides to mutated allele |
0.01 T T T T T L] 1 T T
\3 \J \3 \3 3 S ] \ Q \
SO OO Qﬁe & Qf—?
RO A &R & ©
. o o o g @ @ > By D N
Patient-specific gene editing tools N &
A Q
Q

sgl Ex3 ssODN
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Gene editing to correct all PKD patients g-‘-- i ﬁv ‘A

[ CRISPR/Cas9 RNP and AAV6-delivery of donor templates: (Matthew Porteus) ]
Stanford
University
Dr. Porteus lab
Electroporation of AAVs as donor
CRISPR/Cas9 as RNP delivery system

Cas9%
PKLR gene —E-(:}-D—[ sl W K )

e
=,
-

AAV Donor coRPK

—
KA
> ﬂ

-roRPK.I[H]'D'[HH r

J

coRPK

AN

e

28
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CRISPR/Cas9 RNP and AAV6-delivery of donor templates: (Matthew Porteus)
o PKLR gene
PKLR-RNP g
<_
1007
80
3\0’ 60
’
g 40
z
20
0
SG1 SG3 SG4 SG5 SG6
rAAV-6 Donors
Reporter Donor Therapeutic Donor
PKLR C‘&ﬂ"“ h PRI G&"‘” h
ocus | locus | I |
: B 425bp /' . 425bp | 465bp /"\ 425bp )
Donor LHA Tusc { TurboGFP  beHpova | RHA Donor tHA g coRPK [ [hGHRSNAT y RHA

Modified locus UBC TurboGFP = bGH polyA Modified locus T coRPK Flag  bGH polyA 29
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Gene editi

Gene editing tools testing: human erythroleukemia cell line (K562)

I ol

Reporter Therapeutic
AAV +RNP AAV+RNP
526bp 759bp

m &) <J_—| LHA RHA | LHA RHA

LHA UBC  TurbeGFP | bGHpellA RHA

516bp 852bp

|J_-> <£ |J_—> <J__] 603bp

310b
LHA 1  CORPK  ros |BoHpeiA @ RHA p. -—

526bp 759bp 516bp 852bp

Reporter donor+RNP Therapeutic donor+RNP
T RPK coRPK
Vg - Target
Samples Mock CORPK-AAV ., . CORPK-AAV

+ RNP + RNP

Stable expression of
coRPK driven
by endogenous
promoter

30% GFP* 2 wpt

30
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m Hematopoietit

topoietic Innovative Therapies

[Gene editing of human HSPCs: ]

RNP-EP

l * FACS Analysis
o 1 lT >O@ ) . Clonogenic analysis

* Transplant into NSG mice
CB-CD34*cells AAV6 Donor Edited CB-CD34* cells
transduction

[ FACS Analysis ]

2 dpt
CD34*cells
[
2 10° 2o
oc N
: @Al 41.3%
- o 270
g 10% "“I"I
£ 1 (&
Q \
| .
4:.'! 10° =
o
Q
(V]
o
a s Miaas nanso nanssnansen
]

31
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Gene editing to correct all PI(D' patien'fs

iR ..
[ Gene editing of human HSPCs: ]
150
Reporter donor+RNP 24.8%

= tGFP+ CFUs

[ tGFP- CFUs
1001
50

GFP-AAV+RNP N=5
- 4 S -

RHA

LHA

32
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Gene editing of human HSPCs:

RHA

LHA

Therapeutic donor+RNP

852bp

s

LHA

100 A

coRPK rog | BGH poliA

80 1

60

40 A

HDR in CFUs

%

204

35.5% 38.5%

El +HDR%
3 -HoRrR®%

Endogenous PKLR LHA

GFP

-AAV CoRPK-AAV

cOoRPK

OGCAOGCTOOGCCAGOTTACAOGAGTOGOTOAA crTcccecTC

AGCATGAGCATC

oo Ny

»  20-40% of CFUs were positive for specific HR

N=2

33
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Gene editing of human HSPCs: In vivo assay

RNP-EP

7x105-106 edited cells
+10%irCD34" cells

CB-CD34* cells AAV6 Donor Edited CB-CD34* cells
transduction

Analysis 3mpt

250K —

200K —

Reporter donor+RNP

160K =

MNe

FSC-A

hCD45
Myeloid cells Lymphoid cells HSPCs

34
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Gene editing of human HSPCs: In vivo assay

% hCD45+ in mice BM

100 9

80 1

60 -

40 -

201

U

1 mpt

@ GFP-AAV+RNP
® (ORPK-AAV+RNP
® control irCD34

=

AN
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Conclusions: == W A e

jes | I

Gene Editing torcorrect Pyruvate Kinase Dejiciency.

Knock-in gene editing correct PKD phenotype

Knock-in strategy is feasible in hematopoietic progenitors

Patient-specific gene correction is feasible with RNP/ssODN

Increase efficacy?

Clinically applicable?
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“Proof of concept”: PKDiPSC | V A e
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PKD3iPS

PKD2 iPS teratoma

Endoderm: FoxA2 \ Ectoderim: NpIlITubulin Mesoderm: aSMA
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- Conclusions v

endogenous promoter

» Specific integration and stable expression of coRPK cDNA driven by PKLR

» Up to 40% specific integration of the donor was detected in hematopoietic
progenitors generated from gene edited CB-CD34*cells

> No evidence of toxicity associated with the procedure

immunodeficient mice

» Gene edited HSCs were able to engraft in primary and secondary

RNP+rAAV6 donor is an efficient tool to
mediate HDR in the PKLR locus

e®

% ¢
Patient’s CD34* cells

‘ / Gene editing of
hematopoietic
| \ % progenitors

PKD patient Corrected CD34* cells
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