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• Cellectis
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• Cimeio Therapeutics
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• GenCC
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Patents

• Several patents in the field of 

Gene Editing
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• Pfizer
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genetic disorders of hemoglobin

Hemoglobinopathies

• encompass all genetic disorders of hemoglobin

• originally found mainly in Mediterranean area and large parts of Asia and Africa

• among the most common inherited diseases worldwide (7% carriers)

• two main groups: 

• thalassemia syndromes: - and -thalassemia

• structural hemoglobin variants: e.g. HbS (sickle cell disease)

• highly variable clinical manifestations:

• from mild hypochromic anemia 

• to lifelong, transfusion-dependent anemia with multiorgan involvement
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treatment

hemoglobinopathies

• Supportive:

• periodic blood transfusions for life

• combined with iron chelation

• Curative:

• Allogeneic hematopoietic stem cell transplantation is the 

preferred treatment for severe forms of thalassemia

→ Gene Therapy
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Main methods

Gene Therapy

Gene EditingConventional Gene Transfer

Often: symptomatic, 

chronic application
Often: curative, 

one-off application

Often: curative, 

one-off application
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exemplified for sickle cell anemia

Gene Therapy Strategies

Gene Addition

- LV: overexpression of ß-GlobinT87Q

Genome Editing (correction)

- Correction of ßS allele (GTG→GAG)

Genome Editing (knockout)

- Introduction of a 

compensatory mutation

© Cambridge University Press: Yannaki, E., Emery, D., & Stamatoyannopoulos, G. (2010). Expert Reviews in Molecular Medicine
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a.k.a. Lentiglobin

Zynteglo®
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BCL11A as a master regulator

Regulation of -globin locus

activation

silencing
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Exa-Cel (Casgevy®) → hemoglobinopathies

First approved CRISPR Medicine

CRISPR-

Cas9
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side effects of employing engineered genome editors

Genotoxicity

ON-target OFF-target

indelsindelsdeletions/

inversions

loss-of-heterozygosity,

loss-of-imprinting

translocations

(reciprocal / non-r.)

≤99% ≤90% ≤3%~5-60%≤10%~1%

chromosome loss,

truncations

on-target aberrations off-target aberrations
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side effects of employing engineered genome editors

Genotoxicity

ON-target OFF-target

indelsindelsdeletions/

inversions

loss-of-heterozygosity,

loss-of-imprinting

translocations

(reciprocal / non-r.)

LOF

GOF

-

LOF

GOF

CNV

LOF

GOF

CNV

-

-

CNV

LOF

GOF

-

expression LOF: loss-of-function;  GOF: gain-of-function;  CNV: copy-number-variation

Worst-case-scenario: → LOF in tumor suppressor gene(s)

→ GOF in proto-oncogene(s)

→ GOF fusion gene product

≤99% ≤90% ≤3%~5-60%≤10%~1%

chromosome loss,

truncations



19

Frangoul et al. (2021) N Engl J Med

Casgevy®

Off-Target Analysis
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in silico – in vitro – in cellula

Off-Target Assays

ON-target OFF-target

indelsindelsdeletions/

inversions

loss-of-heterozygosity,

loss-of-imprinting

translocations

(reciprocal / non-r.)

≤99% ≤90% ≤3%~5-60%≤10%~1%

chromosome loss,

truncations

on-target aberrations off-target aberrations

CAST-Seq

→ identification of lead candidates

→ evaluation of mitigation strategies

→ preclinical risk assessment in clinically used cell type

→ LLOD 1 event in 10,000 cells

Patents: US11319580, EP3856928 

Turchiano et al. (2021), Cell Stem Cell

Rhiel et al. (2023), Front Genome Ed

Klermund et al (2024), Mol Ther
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CAST-Seq Analysis of BCL11A locus

On- / Off-Target Effects

C
T

X
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Double-Hit Strategy
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CAST-Seq analysis of BCL11A edited HSCs

Chromosomal translocation analysis

CTX                                    1U                                   2U                                     2D

CTX+1U                          CTX+2U                             CTX+2D
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CAST-Seq coverage plots of BCL11A edited HSCs

On-Target Aberration Analysis
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Take Home Messages

✓ Genome Editing (nucleases, base editors) is a clinical reality 

with ~70 active interventional clinical trials worldwide

with 1st CRISPR Medicine approved in the EU (Casgevy®, ~2 Mio.€ / treatment)

✓ Genome Editing (nucleases, base editors)

can be highly specific = few to no off-target effects

on-target effects still difficult to mitigate

✓ Exa-Cel (Casgevy)

safe and efficacious in treatment of SCD and TDT

therapeutic effect: rapid increase in HbF levels → persistent

one-off medication to cure patients with SCD and TDT

long-term effects ???
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Extra Slides
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Outlook
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15 approved gene therapy medicinal products in the EU (as of Feb. 2024)

Approved Gene Therapies

Indication
Appli-

cation

Vector 

system
Target

Trade-

name

Approv. 

by EMA
Manufacturer

H
e
re

d
it

a
ry

 d
is

e
a
s
e
s

ß-Thalassemia, Sickle-cell anemia (HBB) Ex vivo CRISPR CD34+ cell Casgevy® 2024 Vertex / Crispr Therapeutics

ADA - severe combined immunodeficiency (ADA) RVV CD34+ cell Strimvelis® 2016 Fondazione Telethon Italy

Metachromatic Leukodystrophy (ARSA) LVV CD34+ cell Libmeldy® 2020 Orchard Therapeutics

Inherited retinal dystrophy (RPE65) In vivo AAV2 retina Luxturna® 2018 Spark Therapeutics / Novartis

Spinal muscular atrophy (SMN1) AAV9 nerves Zolgensma® 2020 AveXis / Novartis

L-amino acid decarboxylase deficiency (DDC) AAV2 brain Upstaza® 2022 PTC Therapeutics

Hemophilia A (Factor VIII) AAV5 liver Roctavian® 2022 BioMarin Europe

Hemophilia B (Factor IX) AAV5 liver Hemgenix® 2023 CSL Behring

C
a
n

c
e
rs

B-cell leukemia / B-cell lymphoma (CD19)

Ex vivo LVV

RVV

LVV

T cell

Kymriah®

Yescarta®

Breyanzi®

2018

2018

2022

Novartis

Kite Pharma / Gilead

Celgene / Bristol-Myers Squibb

Mantle cell lymphoma (CD19) RVV T cell Tecartus® 2020 Kite Pharma / Gilead

Multiple myeloma (BCMA)
LVV

LVV
T cell

Abecma®

Carvykti®
2021

2022

Celgene / Bristol-Myers Squibb

Jansen

Melanoma (GM-CSF) In vivo HSV1 tumor Imlygic® 2015 Amgen
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as of May 2024  (© ClinicalTrials.gov)

active interventional clinical trials

ZFN TALEN
CRISPR-Cas

Nucleases

Base & Prime 

Editors

14 clinical trials:

✓ Cancer (CAR T) 

✓ Sickle cell disease

✓ Thalassemia

✓ CGD

✓…

----------------------------

✓ Hypercholesterin.

✓ Her. Deafness

✓ DMD

4 clinical trials:

✓ HIV

✓ Sickle cell disease

----------------------------

4 clinical trials:

✓ Cancer (CAR T) 

----------------------------

43 clinical trials:

✓ Cancer (CAR T) 

✓ HIV

✓ Sickle cell disease

✓ Thalassemia

✓…

----------------------------

✓ ATTR

✓ HIV

✓ Her. angioedema

✓ Her. blindness

✓…

in
 v

iv
o

e
x
 v

iv
o

For many: 

✓ Efficacy

✓ Safety

Long-term

− Efficacy?

− Safety?

Genotoxicity
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Editing the Genome

Delivering Genome Editing Tools

ex vivo genome editing

CRISPR-Cas

protein or 

TALEN mRNA

patient’s cells

transplantation

HDR template

in vivo genome editing

LNP

AAVx

injection

Blood stem cells

T lymphocytes

Liver

Eye
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