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History of Human Gene Therapy
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Blood T Cell Numbers and ADA (patient 1)
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The first cure of a genetic disease
1999, Fischer et al.
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SCIENCE VOL298 4 OCTOBER 2002

CLINICAL RESEARCH

Gene Therapy a Suspect
In Leukemia-like Disease

GENE TH ERAPY

Second Child in French Trial
Is Found to Have Leukemia
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6 NOVEMBER 2009 VOL 326 SCIENCE www.sciencemag.org
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Hematopoietic Stem Cell Gene

Therapy with a Lentiviral Vector in
HRREBICHITDENHMETFER | X-Linked Adrenoleukodystrophy

Nathalie Cartier,"?* Salima Hacein-Bey-Abina,>*** Cynthia C. Bartholomae,® Gabor Veres,’
htip:/iwww.aaas.org//news/releases/2009/1105sp_ald.shtml Manfred Schmidt,® Ina Kutschera,® Michel Vidaud,* Ulrich Abel,® Liliane Dal-Cortivo,>*
AAAS Laure Caccavelli,>® Nizar Mahlaoui,® Véronique Kiermer,® Denice Mittelstaedt,*®
Céline Bellesme,? Najiba Lahlou,* Frangois Lefrére,® Stéphane Blanche,® Muriel Audit,?

ADVANCING SCIENCE. SERVING SOCIETY Emmanuel Payen,*** Philippe Leboulch,>**1% Bruno I'Homme," Pierre Bougnéres,?

News: News Archives Christof Von Kalle,® Alain Fischer,*® Marina Cavazzana-Calvo,**3* Patrick Aubourg?*+
Science: Gene Therapy Technique Slows “Lorenzo’s Pt1
Oil” Brain Disease
A strategy that combines gene therapy with blood stem cell therapy may be a useful tool for EET
treating a fatal brain disease, researchers report in a new study in Science. = K..._ E2ni
SRR
. —
(Nature 461: 1173, 2009)
nature
AR 124 A%
www.nature.com/nature Vil 461 | Issue no. 7268 | 29 October 2009 125 R
Gene therapy deserves a fresh chance -5
Initial interest in gene therapy waned after the technology failed to live up to expectation. Progress made
since has received little attention, but suggests that the pervading sense of disillusionment is misplaced.
ST .
164 5 7 R
(Science 326: 805, 2009)
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The NEW ENGLAND JOURNAL of MEDICINE

“ ORIGINAL ARTICLE ”

JIIl E fﬁ B 0) E{i ? }lél\ 9? Adenovirus-Associated Virus Vector—

Mediated Gene Transfer in Hemophilia B
Nathwani et al., N Engl J Med (2011)
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= LV: Lentiviral vector

Vi RV: Retroviral vector

BIZFaROAR

AAV: Adeno-associated viral vector
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0 KEELFAEFEE (ASGCT)MTarget 10&NIHIZIRZE (2012)

Target 10: BELINIZERE ARG EEFABEXNRER
DOL—N—ERAE. QADARIESE . QI KIF. DXEHEREFRLIE.
ON—FV R, OMBnERZEHE. QRIEBECAMAT—,
®YS5tIF7HIM. QEBVY U /\E. DEMHERAE

® ASGCTIZEEFABEIOrI—ILORACTHDEENDHIEEIEZE(2012)

& KFHEREMNELFAHEIISA
1) GSK(ADAZXIESE . Wiscott AldrichfEIZEE. 2SN IBIE.
B EIANAT—%) (2010)

2) Baxter(Ml&%") (2012)

® FUKTHADELFABERED KR
® Glybera(BEERHEREIIH T HAAVRT2—) (2012)
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Indications Addressed by Gene Therapy Clinical Trials @

WILEY

\ Cancer diseases 64.3% (n=1223)

Other diseases 1.4% (n=27)
Gene marking 2.6% (n=50)
Healthy volunteers 2.5% (n=42)

% @ Monogenic diseases B.8% (n=1667)
® Cardiovascular diseases B.3% (n=158)
® Infectious diseases 8% (n=153)

Yl @ Neurological diseases 1.9% (n=36)
A ® Ocular diseases 1.5% (n=28)

= @ Inflammatory diseases 0.7% (n=13)
S
@

&

The Journal of Gene Medicine, & 2013 John Wiley and Sons Lid www, wiley.co uk/genmed/ clinical

(Jan 2013)
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& I ##igE R F A& (HSC Gene Therapy)

1.

2.

ADA RISFE 40N (AARA2AN)
RV = BMHSC
X-SCID:23 A
RV(20) > BMHSC 5AI-EME(1AFET)
SIN-RV(3) = BMHSC
2R ZFIEAE (CGD) :6.A
RV = PBHSC 2AICEHEERAEIZEEEMDS)
Wiskott—AldrichfiE &£ (WAS) : 13A
RV(10) > PBHSC 4A[-HIMJE
LV(3) > PBHSC
B-YS5t=x7:2A
LV > BMHSC 1AlZ&O—> &8

BIBAEAMOT7s— (ALD) -4 AN
LV > PBHSC

Bt EAMA 74— (MLD) (4N
LV > BMHSC

RV: Retroviral vector, SIN-RV: SIN Retroviral vector, LV: Lentiviral vector,
BMHSC: Bone marrow hematopoietic stem cells, PBHSC: Peripheral blood hematopoietic stem cells

> & MEFHREEFREERZ T2 AP, L1IAICHMAE N FELE., IANET



Clonal Expansion, Myelodysplasias, and Transformation

Pt(age)/disease/gene Vectors Effect (mo after treatment) Insertion sites Other genetic alternations
Translocation (6.13);
P4(1)/SCID-X1/yc(Fr) T-ALL, mature T cell (30) LMO2 CDKN2A deletion
SIL-TAL microdeletion
P5(3)/SCID-X1/yc(Fr) T-ALL, late cortical T cell (34) LMO2 Trisomy 10
MFG/ Notch mutation (1593F/S)
P7(11)/SCID-X1/yc(Fr) | MoMLV LTR | T-ALL, late cortical T cell (68) CCND2 CDKN2A deletion
P10(8)/SCID-X1/yc(Fr) T-ALL, late cortical T cell (33) LMO2, BMI1 Notch mutation (1707A/P)
Notch1l mutation (gain-of-function,
P8(10)/SCID-X1/yc(Br) T-ALL (24) LMO2 1559R/P), CDKN2A deletion,
TCRb/STIL-TAL1 translocation
Multiple predominant progenitor cell CpG methylation in promoter of the
DS1-EVI1 i . INK4B
P1(25)/XCGD/ clones (5), subsequent oligoclonal MDS1-EVI viral LTR (9); CDkN28B and p15 .
Gp91Phox hematopoieisis, monosomy 7 (21), MDS PRDM16 hypermethylation; phosphorylation of
P P ’ Y ’ SETBP1 H2AX and DNA double-strand breaks
(27) (27)
SFFV LTR
Multiple predominant progenitor cell CpG methylation in prommero&g‘f
P2(26)/XCGD/ clones (5), subsequent oligoclonal MDS1-EVI1 \r/]:g:aI;;Refc:mf/:;EErIf-szhi?S:o%|5ation of
hox ... ;
Gp91rho ?Alegr;\atopmelsw, monosomy 7 (33), MDS | PRDM16 H2AX and DNA double-strand breaks
(43)
Vector rearrangement ;
. AU3HIV LTR transcriptional aFtiv_ation of HMG2 in
P2(18)/Tha|assem|a/ + 2xcHS4 Dominant, myeloid-biased cell clone HMGA2 erythro'.d cells with increased
B-globin insulators expression of a truncated HMGA?2

mRNA insensitive to degradation by
let-7 micro-RNAs

(Blood 119: 1107, 2012)
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& A Z 2 (Insertional mutagenesis/oncogenesis)
®Insertional activation: Read—through. Trans—activation
®Insertional deregulation :Interruption. Aberrant splicing
EAERML(IS) D E M
oL rOVAILARYZ—DISIF T F LTIHELY
OMLVARYA—(RV) IR BRELFDEERIRREFEICFE-O TS
OHIVAYS—(LV) (LB FEEEEEICHRASNS

MR D4FE M

® 5 I 57 il (HSC)

O KFH!) 2/ Bk (PBL) : 2% . THIfEBELEEEZFADIEA
X REBDFEME

® 72 & N &4 (X-SCID, CGD., WAS) M AE TH A H MJF

O EC MR E (ALD, MLD) TIXEEAEEZTL VALY
RyA—DEEN

OLTR-RVT D& A IMJE D FEE

®SIN-RV, SIN-LVTII B MEAFETLVELY



Mechanisms of Insertional Oncogenesis

Retrovirus vector

Oncogene
o Read-through LTR  Transgene LTR
U3 RUS |SD | Prom Ex1 Ex2

Expected

Premature polyA

Aberrant splicing

® Trans-activation

f\ LTR-Enhancer m

NN EEEE l> —/-s-b
® Post-transcriptional deregulation MIRNA
target

AN

Aberrant splicin
g J SD Cryptic SD Cryptic

SA SA



Retroviral Integration

Comparison of MLV/SIV integrations Association between histone modification
and RV integrations
400 Random b 'r 50 kb :
500 ] MLV clusters : : | — i
. MLV all [ : TR : |
gzoo MLV SIvV - | I | | | |
B . . HIV clusters L | | |_| | I
100 | 1 £ HIV all i : : | :u || |: :I 1 ll:
~ | | |
. —__nﬂ ﬂ_‘_‘ , ’ ASL V clusters L : : : : : :
o o %Dfm:::ales\mthin R:::qgenesimro?::% o ASL Vall B I I ]l : I I :
W 432*1,000 (MLV) O 328*1,000 (SIV) ~ | I | | I |
el _ :i A d odn D ow w
B | | | | |
- o [USGIS S
8 me [ | I | l
i s A | HLLLI Lu.il. .ﬂ:L Alb
g H3K4me3 i :L Ii.é : : : :
£ i | [ | | |
4 H3K36me3 | |
| ﬂ B A T
| Bl B H3K27me3 : t : : : :

+ + + + + } 4 4
kb
I MLV (n=432) TSIV (n=328) - - - randoms (n=65,000)

enhancer / promoter gene body
SPEN locus  (chr1 p31. 1)
Hematti et al, PLoS Biology (2004) Vol. 2, e423 ChiP-on-chip analysis

Cavazza et al., Hum Gene Ther (2013) 24:119
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1. ROA—DUER

2. ERI4FEMIIE A (Targeted gene integration)
1) fEEH#EA#2Z (Homologous recombination)
2) XYLT7—EZFRAL-EREFHRZE (Genome editing)
3) 7T /BEEIAILA(AAV) DAAVSIFEEEI~DHEA
4) TLE45EI (Safe harbor) NDEILFHEA

3. iIPSHIRIZIEMLET HiEGFRE



Improvement of the safety of retroviral vector

1. MLV based retroviral vector = HIV based lentivirus vector

2. Safety modification of vector backbone

LTR SD LTR

1. Deletion of the 3'LTR enhancer
I = SIN vector

Us RUS Transgene
2. Use of the non-viral internal
gIN SDm SIN

| promoter (PGK, EFla)

=

Internal promoter

3. Elimination of SD

4. Addition of the stronger polyA

yd ! 5. Insertion of the insulator

polyA Insulator

6. Addition of the suicide gene

1°] W
O D=0l (571)

IRES HSV-TK



Targeted gene integration

1. Homologous recombination
1) Plasmid (knockout mouse)
2) Adeno-associated virus (AAV) vector
3) Adenovirus vector
2. Nuclease mediated integration (Genome editing)
1) ZFN (Zinc-finger nuclease)
2) TALEN (Transcription activator-like effector nuclease)
® Non-homologous end joining (NHEJ)
® Homology directed repair (HDR)
3. AAV-Rep mediated integration into the AAVS1 site in Chr. 19
4. Genomic safe harbors (GSH)

Criteria: (1)Outside a gene transcription unit (2)> 50kb from
5’end of any gene (3)> 300kb from oncogene (4)> 300kb from
any miRNA (5)Outside of ultra-conserved regions



Genome editing with artificial nucleases

Non-homologous end joining Homology directed repair
(NHEJ) (HDR)

MHE] HDR
Direct mperfect Pravide donar -
ligation of two ends with small

Gene disruption change Gene cormection
[small deletions
or insertions)
Provide adaptor "'_":_ @Ar, " o Provide donor with E—
— with sticky ends ol single transgene i
e " :_'

—_—f

Tag ligation %ﬁw Targeted gene addition
= / g m
ZFN-induced DSB - —

¥ Simultaneous donor with
cleavage with a multiple transgenes
S, T second distal ZFN
Large deletion [>=100 bp) ] ) ] Transgene stacking
Zinc-finger nuclease (ZFN) induced
double strand break (DSB) VAR M—

Nature Rev Genetics (2010) 11: 636



Gene Therapy using iPS derived HSC

Skin fibroblasts (-/-)

ﬁ ==m ReEprogramming
Oct4/Sax2/Klt4/c-Myc

iIPS cell (-/-)
ﬁ == Cenetransfer
Gene repair
Targeted integration
IPS cell (+/-) Safe harbor screening

& ﬁ &= Differentiation

HSC (+/-)
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Geographical Distribution of Gene Therapy Clinical Trials @

The Journal of Gene Medicine, © 2013 John Wiley and Sons Lid

(by Country) e

Multi-country 3.9% (n=74)
USA 63% (n=1199)

UK 10.4% (n=198)
Germany 4.3% (n=81)
Switzerland 2.6% [n=49)
France 2.4% (n=45)
MNetherlands 1.7% [n=32)
Australia 1.6% (n=30)
China 1.5% [n=29)
Belgium 1.2% (n=22)
Canada 1.2% [n=22)
Other countries 6.4% (n=121)

www. wiley.co.uk/genmed/ clinical

(Jan 2013)
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