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@ Genmodifizierung von Stammzelle

Human CD34+ cells

Crispr-Cas9 / \

Gene editing Gene addition

(s | £
7| =, SR
sgRNA ses
. chimera)
Kanchiswamy et al., 2016

CD34+ modifizierte Stammzellen

Myeloablative Konditionierung plus
Autologe Stammzelltransplantation




@\ Lentiviral vectors for gene therapy

Vector with transgene

Transfection

Packing cell P N\

———1 (Structural protein &
— ') enzymes)

: | (nuclear export)

Plasmids

Chandrakasan & Malik, 2014



Gene Editing:CRISPR/Cas9

Clustered regularly interspaced

. » sgRNA cloning
short palindromic repeats/Cas
{ ' pT7sgRNA Target sgRNA
|
Custom guide " — -
IVT Template  pya target (559 FRIA
sequence insert | IVT Reaction
Analyze Sequence T7PAM Protospacer
and design strategy
Cas9
ll"""l"lll"““lv""""ll
e o
\ / Transfect
""M"""l"""”,":mmm
|
L sgRNA and Cas9 Expressed
Vi
R A
Applications
gRNA 0 110 mosaaaanees Target Cell
Non-homologous Homologous 7
End Joining Recombination - ERETCEER
gRNA hybridizes to target sequence
and DNA breaks\/ are catalyzed by
*Gene Disruption ~ *Gene Insertion Cas9. Dependent on Cas9 mutant
*Gene Replacement type, breaks can be single stranded
Other *Gene Deletion nicks or double stranded breaks.

*Gene Interference
*Gene Activation
*Visualization

www.allelebiotech.com
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Hamoglobinopathien

Thalassamie Sichelzellanamie




Erstbeschreibung des Hamoglobins
durch Felix Hoppe-Seyler in Tubingen 1864

Felix Hoppe. Uber die chemischen und optischen Eigenschaften des Blutfarbstoffs.
Archiv fur physiologische Anatomie und Physiologie. (1864), 29; 233-235.



B-Thalassemia

most common autosomal recessive disorder worldwide
7% of world population carrier of B-thalassemia mutations

56.000 newborns/year with B-thalassemia major

Sickle Cell Disease (SCD)

Mutation der beta Kette (Hb S)

Homozygote und mildere heterozygote Formen

20-40% der Bevolkerung in Aquatorialafrika sind heterozygote Trager (1:250 erkrankt)
5-10 % der Afroamerikaner sind Trager

1:625 Geburten bei Afroamerikanern haben eine Sichelzellanamie
275.000 newborns/year with sickle cell disease



Beschreibung der Thalassamie
durch Thomas Cooley

¢ 1925

« Auffallige
Veranderungen an
Milz und Knochen bei
Kindern mit Anamien

* Cooley's Anemia

http://en.wikipedia.org/wiki/Thomas_Benton_Cooley

Am 8. Oktober 2014 wurde ein Asteroid nach ihm benannt: (4830) Thomascooley.



https://de.wikipedia.org/wiki/Asteroid
https://de.wikipedia.org/wiki/%284830%29_Thomascooley

Treatments /iy Kinderklinik
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B or y-globin vector Gene and

Conventional therapies
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Dreuzy et al. 2016. Current and future alternative therapies for B-thalassemia major.



qﬂ? Clinical trials

1984-1986: Identification of globin
regulatory elements (LCR)

1994: B-globin cassette with
core regulatory elements in
gamma retroviral vectors

1996: Advent of lentiviral vectors

| Safety studies
I I Research and Preclinical studies

Vector production GMP
and purification production

2000-2002: Cure of mouse
models of 3-TM and SCD

1982-2003: Development of mouse
models of hemoglobinopathies

French
studies

HGB-205 (3-Thal
and SCD)

2013-

Improved LentiGlobin™ vector

2008: First -
thal patient
successfully

treated 7

2015: First
sickle cell
patient
included

Clinical trials (phase 1/11)

Industrial scale-up
of GMP production

US and
international -
studies

—

|

HGB-204 (B-Thal)

2013-

HGB-206 (SCD)
2014-

Other gene therapy trials,
with lentiviral vectors

(see Table 2)

Negre et al., 2016



Clin

ical trials for gene therapy

| ost

Table 1. Human clinical trials to date for gene therapy of §-TM and/or severe SCD in France and internationally with our lentiviral veciors (HPVEES and then BB305)

Eitimated
Resuls as of primary
Gang Vactar lacation  Protocol number Sponsar Condition Conditioning Intarvantion Phasa Titha Start date Decamber 2015 compiation
AT 000hin - HPVSRY  France LGOO1 study'™®  bluebind bio fHhalassermia  Myelsablative  Tramsplantation of 171 A Phase |/Il Open Label Study Sept First fE/ f0-vreated patient  Terminated
(formerly Genatix major and conditioning HSCs transduced with Anticipated Benefit 2008 in the world, independent
Pharmaceuticals] sevede sickle ax vivo with a Evaluating Genatic Therapy of transfusions for more
oell dissase lemtiviral vactor of the fi-Hemoglobinopathies than 7 years
(Sickle Cell Anamia and
F-Thalassamia Major] by
Transplantation of Autolegous
CO34+ Stem Calls Modified
ex-wivo with a Lentivical
BA-TED Globin (Lentiglobin™)
Vetctor

p*®0bin - BBIS  France NCTO2151526 bluebird bio f-halassamia  Myelablative  Transplantation of 11 A Phase 1/2 Dpen Label Study July First f5/f5-reated patient  Degember
(HGB-205 major and conditioning HSCs transduced Evaluating the Safety and 2013 in the world, with =50% m7
study]'® severe sickle ax wivo with a Efficacy of Gene Therapy ST870-globin2 SE/R0

ool dismase lemtiviral vector of the f-Hemoglobinopathies patients independant of
(Sickla Cell Anemia and transfusions, 1 0/ /0
f-Thalassamia Major| by treated recently
Transplantation of Autologous
C034+ Stem Cells Transducad
Ex Wive with a Lentiviral
PATEI0-Globin Vector
{LentiGloin™ BBI0S Drug
Product)

AT 00bin ¢ BBI0S  USA, NCTO745120  bluebind bio f-Thalassemia  Myeloablative  Transplantationof 111 APhase 1,2 Open Label Study  August 10 subjects infused: September
Thailand, (HGB-204 miajor conditioning HSCs transduced Evaluating the Safety and 2013 5 B0/ R0, 3 pOYBE, m7
Mustralia study]'® ax Weowith a Efficacy of Gene Therapy in 1 0/, and 1 with

lentiviral vactor Subjects with f-Thalassamia another genotype
Major by Transplantation Transfusion indepandance
of Autologous CD34+ Cells far the majarity
Transduced Ex Vivo with
a Lentiviral f-AT870HGlobin
Vector (LentiGlobin™ BBI0S
Dvug Product]

AT 00hin - BRI USA NCTOZ140554  bluebind bio Severe sikle  Myekablative  Transplantation of | Phase 1 Study Evaluating Gene  August 3 f5/AS subjects treated.  March
(HGB-206 ool dismase conditioning HSCs transduced Therapy by Transplantation 014 No clinical results 2Mme
study]'™ ax v with a of Autolagous CDM+ Stesm available yet

lentiviral vactor Cells Transduced Ex Wivo

with the LentiGlobin BBIOS
Lentiviral Vector in Subjects
with Severe Sickle Call
Diszase

Results were given at several international meetings.

19,18, 84

Negre et al., 2016



Clinical trials for gene therapy

Table 2. Human clinical trials for gene therapy of i-TM or severe SCD with other lentiviral vectors

Estimated primary
Gang Vactar Location  Profocol number Sponsar Cand tian Cangitaning It arvantion Mase Title Start date Rasults complelion
fHglobin TNS9355 USA  MWCTHEISE90™  Mamaorial Sloan [FThalassemia Partial cytoseduction Transplantation of | A Phasa | Clinical Trial for the  July Four patients treated.  July 2016
Kettering majr (Bu 8 myg/kg) for HSCs transduced Treatmant of f-Thalassamia mz2 Thrae f0/f+ and
Cancer Center 3 patients, 2x vivowith a Major with Autologous one {0/ 7). Dne
rrvekablative lentiviral vector C034+ Hematopoiatic patient had a
conditioning Progeniter Cells Transduced significant
(Bu 14 mgfkgl with TNS2.355 a Lentiviral decreass
for 1 patient Vector Encoding the Normal in transfusion
Human f-Globin Gene requirements.
+globin GG USA  NWCTOZ186418° Children’s Hospital Severe sickle  Unknown Transplantation of Il Gene Transfar for Patients July No results July 217
Medical Canter, cell diseass HSCs transduced with Sickle Cell Disease 2014 available
Cincinnati 8% vivo with a Using a Gamma Globin yet
lentiviral wector Lentivirus Vector: An Dpen
Labal Phasa I/Il Pilot Study
FASI-globin Lentif #ASIFE  USA  NCTOZ247843° University of Severe sickle  Unknown Transplantation of | Clinical Ressarch Study of August No results Apil 2017
(T870, G1e0, Califomia, cell dissase HSCs transduced Autologous Bone Mamow 014 available
EZ2A) Childran’s ax Wi with a Transplantation for Sickle wat
Hospital, lentiviral vector Cell Disease (SCO) Using
Loz Angeles Bone Marrow CD34+ Cells
Maodified with the
Lenti/fAS3-FB
Lentiviral Vector
Holobin GLOBE Italy  NCTO2453477'%84 RCCS San [fFThalassemia  Myeloablative Transplantation of VIl A Phase |11 Study Evaluating  May First patient August 2019
Raffaele major conditioning HSCs transduced Safaty and Efficacy of m5 recently
ax vivowith a Autologous Hematopoiatic treated

lentiviral vector
{intrabone injection]

Stem Calls Ganatically
Modified with GLOBE
Lentiviral Vector Encoding
for the Human Beta Globin
Gene for the Treatment of
Patiants Affectad by
Transfusion Dependent
Beta-Thalassemia

*Clinicaltrial s gov

Results were provided at international meetings. ™"

Negre et al., 2016



Gene-editing mit Crispr/Cas9: In Planung

Editing
Program approach Research IND-enabling Ph I Partner  Structure

Ex vivo: Hematopoietic

IND/CTA filing A

CTX001: B-thalassemia Disruption in late 9017 VERTEX Collaboration
CTX001: Sickle cell disease (SCD) Disruption ”“i\ Collaboration
Hurler syndrome (MPS-1) Caorrection Wholly-owned
Severe combined immunodeficiency (SCID)  Correction S Joint venture

CASEBIA

Ex vivo: Inmuno-oncology

CTX101: CD19-positive malignancies Various Wholly-owned
Immuno-oncology — Other Various Wholly-owned
In vivo: Liver

Glycogen storage disease la (GSD 1a) Carrection Wholly-owned

e

Hemophilia Carrection [ Joint venture
CABEBRIA
In vivo: Other organs

Duchenne muscular dystrophy (DMD) Disruption Wholly-owned

Cystic fibrosis (CF) Carrection \'I-Liﬁl-‘.x License option

http://www.crisprtx.com/our-programs/our-pipeline.php



Review article

Transcriptional regulation of fetal to adult hemoglobin switching:
new therapeutic opportunities
Andraw Wilber,' Arthur W. Nienhuis,? and Derak A. Persons?

' mant of Su , Southemn Hinosis Lnhe School of Medicing, o, IL; and “De t of Hemaiology, StJude Children's Reseanch ial,
Foery,

Mamghis, TH

In humans, embryonic, fetal, and adult
hemoglobine are sequentially expressed
in developing erythroblasts during ontog-
eny. For the past 40 years, this process
hae been the subject of intensive study
because of its wvalue to enlighten the
biclogy of deve lopmental gene regulation
and because fetal hemoglobin can signifi-
cantly ameliorate the clinical manifesta-

Fetal

ticns of both sickle cell disease and
-thalassemia. Understanding the normal
process of loss of fetal globin expression
and activation of adult globin expression
could potentially lead to new therapeutic
approaches for these hemoglobin disor-
ders. Herein, we briefly review the history
of the study of hemoglobin switching and
then focus on recent discoveries in the
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field that now make new mamp-al.m:: ap-
Er]rﬂ'l'md-capeclﬁc h'iuckduwn of fetal
gene repressors of enforeed expression
of fetal gene activators may provide clini-

cally applicable approaches for genetic freat-
ment of hemoglobin disorders that would
bensfit from increased fetal hemoglobin
levels. (Blood. 2041;117(15):3945-3053)

ic of h
Interaction of the LCR with (he Individual globln gene promoters. The various
proteins demonstrated experimentally to be involved in regulating the change in
expression from y-globin to g-globin and individual effects of FOP and KLF1 on
transcriptional regulation of SOX6 and BCL11A, respectively.

Figure 2. Sch

g model based on looping and
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Gene therapy for B-Thalassemia

lineage
restriction

of somatic
cells

B-thalassemia
patient

Finotti et al., 2015
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Septische Granulomatose (CGD)
(3 Patienten mit gp91phox)

Kang EM et al., Retrovirus gene therapy for X-linked chronic granulomatous disease
can achieve stable long-term correction of oxidase activity in peripheral blood neutrophils.
BLOOD 2010; 115: 783.

L R T <O O Resting PMA Stimulation
V.V | &1 g1
vy T o % g
#r > 2 .
T T T T T 1 77 T T T T T T ! ' —> £2 £
=32 ] =2
1 234568 -6 5 -4 3 2 A 0 1 2 Normal :* 3"
281 28]
<> Palitermin (patients 2 and 3 only) contro' % oS
Days of GCSF administration 1 Colis thawed (collected previously and stored) 2] 2]
(minimum two weeks prior V Busulfan infusion - N
fo gene therapy) - Rapamycin begins (patient 3 only) = = = T = = = -
* ‘ 10? 10! 102 w0?  10f 10? 1! 102 10 10f
apheresis + Cell infusion No Ph4 Ph4- Stinulated
8 =1
2 2 Mean DHR
& & Fluorescence
X-CGD §°  of
= 3 3
- (5] p=3
Patient 3& 281
8] 2]
e T T T o T T T
1t ! w2 10 1pd w00 10! 102 [T
Mo PMA PMA- Stimulsted

DHR Fluorescence
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De Ravin SS. et al. CRISPR/Cas9 gene repair of hematopoetic stem cells from
Patients with X-linked chronic granulomatous disease.
Science Translational Medicine 2017; 9: eaah 3480
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Kohn DB., Kuo CY. New frontiers in the therapy of primary immunodeficiency:
From gene addition to gene editing.
J. Allergy Clin Immunol 2017; 139: 726.

1. CD34+ HSCs are 3. A normal copy of the gene is
Il d from an = —=” @ incorporated into stem cells usin
collected f al o (G / pol g

affected individual. a viral vector (gene addition), or

- the defective DNA is corrected at
_ \ ] - its endogenous location using
— =4 Q site-specific endonucleases

2. Cytoreductive
conditioning is administered

to make room in the bone
marrow niche.

4. Gene-modified HSC capable of long-term, @

multi-lineage blood cell production are returned
to the patient.

\ ﬂ_g (gene editing).
=24

TABLE I. Diseases treated with gene therapy using HSCs in
clinical trials

PIDs

ADA-SCID
X-SCID

WAS

X-CGD

Leukocyte adhesion deficiency (LAD)
Lysosomal storage and metabolic disorders

X-linked adrenoleukodystrophy (X-ALD)

Metachromatic leukodystrophy (MLD)
Hemoglobinopathies

B-Thalassemia

Sickle cell disease
Stem cell defects

Fanconi anemia




Table 1. Open Phase I/ll Clinical Trials of HSC Gene Therapy for PIDs

Disease  Vector

X-SCID

ADA-
SCID

WAS

CGD

“This trial is recruiting patients aged 2-30 years.

SIN-yRV

SIN-LV

SIN-LV

SIN-LV

SIN-LV

SIN-LV

SIN-LV

SIN-yRV

SIN-LV

SIN-LV

Promoter

EFS

EFS

EFS

EFS

EFS

WAS

WAS

Myeloid
specific

Chimeric

Chimeric

Conditioning  Stem Cell

None

Busulfan
6 mg/kg

Busulfan
6 mg/kg
Busulfan
5 mg/kg

Busulfan
4 mg/kg

RIC
busulfan/
fludarabine®

RIC
busulfan/
fludarabine®

Busulfan

MAC
busulfan®

MAC
busulfan®

Source
BM

PBSCs

BM

BM/PBSCs

BM/PBSCs

BM/PBSCs

BM/PBSCs

PBSCs

PBSCs

BM

Centre

Boston,
Cincinnati,
Los
Angeles,
London,
Paris
Memphis,
NIH
Clinical
Center
Bethesda®

Memphis,
Seattle

London

Los
Angeles,
Bethesda

Milan

Boston,
London,
Paris

Frankfurt

London,
Paris,
Frankfurt,
Zurich

Los
Angeles,
Boston,
Bethesda

®RIC, reduced intensity conditioning; MAC, myeloablative conditioning.

Kohn DB., Kuo CY. New frontiers in the therapy of primary immunodeficiency:
From gene addition to gene editing.

J. Allergy Clin Immunol 2017; 139: 726.

Recruiting
Since

2010

2010

2012

2011

2013

2010

2011

2013

2013

2015

No
Patients

11

14

16

13

ClinicalTrials.
gov Identifier

NCT01410019
NCTO01129544
NCTO1175239

NCT01306019

NCT01512888

NCT01380990

NCT01852071
NCT02022696

NCT01515462

NCT01410825
NCTO1347242
NCT01347346

NCT01906541

NCT01855685

NCT02234934
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Triad of Wiskott Aldrich Syndrome

eczema-thrombocytopenia-immunodeficiency syndrome

Thrombozytopenie mit kleinen Thrombozyten
Ekzema (nicht immer)
Otitiden (Immunodefizienz))
-schlechte AntikOrperbildung auf
Carbohydrat-Antigene
-verminderte T-Zellfunktion



Abina SH. et al., Outcome following gene therapy in patients with severe
Wiskott-Aldrich-Syndrome.
JAMA 2015; 313: 1550.
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Results—Six out of the 7 patients were alive at the time of last follow-up (mean and median
follow-up time: 28 and 27 months respectively) and showed sustained clinical benefit. One patient
died 7 months after treatment from pre-existing drug- resistant herpes virus infections. Eczema
and susceptibility to infections resolved in all 6 patients. Autoimmunity improved in 5/5 patients.
No severe bleeding episodes were recorded after treatment, and at last follow up 6/6 patients were

free from blood product support and thrombopoietic agonists. Hospitalization days were reduced



Fazit

Gentherapie kann eine Option sein/werden flr angeborene
monogene hamatologische Erkrankungen

Problem der Gentoxititat: sekundare maligne Erkrankungen?
Transiente oder langlebige Genkorrektur?
Regulatorische Herausforderungen

Uberlegenheit der Gentherapie im Vergleich zur allogenen
Stammzelltransplantation?



Anurathapan U. et al., Hematopoietic stem cell transplantation for homozygous
B thalassemia and B thalassemia/hemoglobin E patients from haploidentical donors .
Bone Marrow Transplant 2016; 51: 813
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