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GENES AND GENE THERAPY



THE DAWN OF CONTEMPORARY GENETICS

Gregor Johann Mendel (Hynčice, 20 July 1822 
– Brno, 6 January 1884)



Ercolano (96 a.C.)-
Roma (53 d.C.)  



Definition of GENE
ca. 1966

• Unit of inheritance
• Unit of mutation
• Functional unit

(gene expression)



THE HUMAN GENOME

3 x 109 bp





‘Classic” Mendelian Diseases
• Dominant: Huntington Disease
• Recessive: Cystic Fibrosis
• X-linked: Hemophilia



Twins aged 9
Homozygous

sickle cell
anaemia

(Courtesy
of parents

Ibadan, Nigeria)
1974



Polymerization of deoxy-Hb S is a fast reaction; 
sickling of a red cellis a slower gradual process



Crizanlizumab

Voxelotor
Hydroxyurea

Modified 
from 

Luzzatto 
& Makani

NEJM
380,187,

2019)



DIFFERENT POINTS OF VIEW 
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The genotype of a person is an absolute entity;
the phenotype depends on what you are looking at.
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A DIAGRAM
OF GENE 

EXPRESSION

(From
L.L Cavalli-

Sforza
Elements
of Human 
Genetics, 

1969)



A critical step between transcription and translation:
maturation/splicing of the primary transcript

(From Bunn & Forget, 1982)



(From Swee Lay Thein
Cold Spring Harb Perspective Med, 2013}

Many different point mutations can cause
b-thalassemia by different mechanisms



Washington Post. 1980 Oct 8:A1, A15.
Doctor tried gene therapy on two humans.
Jacobs P.
PMID: 11646108 [PubMed - indexed for 
MEDLINE

MISGUIDED ENTHUSIASM FOR GENE THERAPY

Two patient with severe b-thalassaemia
had bone marrow radiation;
followed by intra-marrow injection
of a plasmid with a b-globin cDNA
insertion



‘Classic” Mendelian Diseases
• Dominant: Huntington Disease1

• Recessive: Cystic Fibrosis2

• X-linked: Hemophilia3

1 HD is caused by gain of function mutations of HTT,  
that confer toxic properties to the huntingtin protein
2 CF is caused by loss of function mutations of 
CFTR, encoding a chloride channel
3 Hemophilia A is caused by loss of function
mutations of F8, encoding coagulation factor VIII



A protocol for gene therapy
of an inherited blood disease

1. Clone gene
2. Insert in vector
3. Transfer into haematopoietic stem

cells (HSC)
4. Obtain appropriate expression in 

progeny of HSC

(LL, in F Boiron & O Cohen-Hagenauer,
Symposium on gene transfer, Paris, 1982)



(From Swee Lay Thein
Cold Spring Harb Perspective Med, 2013}

Large deletions can cause b-thalassemia
and other related syndromes



DISCOVERY OF AN ENHANCER

(From Frank Grosveld et al., 
Hemoglobin Switch Meeting, 1990)



MAJOR ROLE OF BCL11A
IN THE HUMAN HEMOGLOBIN 

FETAL TO ADULT SWITCH

(From Shen et al., Nat Commun 12:4991,2021)



Genetic
engineering

comes
into its own

when it is
reflected

in children
cartoons

From 
TOPOLINO,

1990



ATROPHIC BENIGN 
EPIDERMOLYSIS BULLOSA

(From Jonkman et al., Cell 88:543,1997)

Areas of normal
skin result

from mosaicism
for a revertant of 

one of the two
COL17A1 mutant

alleles



SELF-CORRECTION BY BACK MUTATION 
OF FUMARYLACETOACETASE DEFICIENCY 

IN THE LIVER OF A PATIENT 
WITH TYROSINEMIA TYPE I

(From Kvittingen et al., JCI 94:1657,1994)



Somatic mutations can mitigate 
or correct human disease 

• Back-mutation in Tyrosinemia type I
(Evittingen et al 1994)

• Intragenic recombination in Bloom’s 
syndrome (Ellis et al 1995)

• Back-mutation in ADA deficiency SCID 
(Hirschhorn et al 1996)

• Revertant mosaicism in Epidermolysis
bullosa (Jonkman et al 1997)









Non è possibile 
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l'immagine.
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High levels of human b-globin expression 
result in correction of abnormal red cell morphology 

in HBBth3/+ bone marrow chimeras

(From May et al, 
Nature 408:82,2000)



(From Boulad et al., Nat Medicine 28:63,2022)

Lentiviral-mediated b-globin gene transfer (vector TNS-9) 
after non-myelo-ablative conditioning

provides substantial reduction in transfusion requirement
in patients with severe b-thalassemia





(From Alain Fischer Nature Revs Immunol 2022)



MODALITIES OF GENE THERAPY

• Lentiviral insertion into genome
• AAV episomal insertion
• Gene editing
• Ex vivo gene therapy
• In vivo gene therapt





bS

mRNA

Simplified diagram of the b-globin gene cluster in 
a patient with homozygous sickle cell anaemia



bS

mRNA

LCR-bA

A lentiviral vector inserts
into the genome of hematopoietic stem cells 

a bA globin gene with appropriate regulators and insulators

(As in Ribeil et al., NEJM 376:848,2017)



SUCCESFUL GENE THERAPY 
IN A PATIENT WITH SICKLE CELL ANAEMIA

(Ribeil et al, NEJM 376:848,2017)

Courtesy of Marina Cavazzana-Calvo



HEMATOLOGIC
COURSE

OF 3 PATIENTS 
WITH SICKLE CELL 

DISEASE 
AFTER LENTIVIRAL-

MEDIATED GENE 
THERAPY

(From Magrin et al.,
Nature Medicine

28:71,2022)



(From Magrin et al., Nature Medicine 28:71,2022)

Amelioration of pathophysiology of sickle cell disease
after gene therapy

SICKLING
ADHESION TO

THROMBOSPONDIN-COATED
SURFACE



bS

mRNA

shRNA

A lentiviral vector inserts into the genome of 
hematopoietic stem cells  a short inhibitory RNA that 

prevents translation of BCL11A, thus de-repressing the g
globin genes 

(As in Esrick et al., NEJM 384:205,2021)



bS

mRNA

Disruption of erythroid enhancer
by CRISPR-Cas9 editing

Lipid NanoParticles convey to hematopoietic stem cells a
guide RNA that targets BCL11A that is then disrupted by  

Cas9 nuclease, with consequent de-repression  
of the g globin genes 

(As in Frangoul et al., NEJM 384:252,2021)



HSCT (BMT) Gene Therapy
‘Conditioning’ Myelo-ablative

(moderate to heavy)
Myelo-ablative 
(mild to heavy)

Successful
therapeutic outcome

Replacement of SS 
cells with donor cells
(AA or AS)

SS cells converted to 
AS cells; or marked
increase in Hb F

Frequent occurrence Mixed donor
chimerism (MDC):
>30% OK

?

Phenocopy of AS 
heterozygote

No Yes, potentially

GVHD Frequent No

SCD: Gene Therapy versus HSCT



An intronic
point mutation

can cause 
severe 

b-thalassemia

(From 
Busslinger, 
Moschonas & 

Flavell, Cell
27:289,1981)



(From Hardouin et al., Blood 141,1169,2023)

IN VITRO  CORRECTION BY BASE EDITING 
OF THE SEVERE 

b-THALASSEMIA SPLICING MUTATION IVS I-110



(From Hardouin et al.,
Blood 141,1169,2023)

Base-edited HSC 
from a patient with severe 

b-thalassemia provide
normal a/b globin

biosynthetic ratio after xeno-
transplantation into

immuno-deficient mice 



bS

mRNA

Disruption of erythroid enhancer
by CRISPR-Cas9 editing

Lipid NanoParticles convey to hematopoietic stem cells a
guide RNA that targets BCL11A that is then disruoted by  

Cas9 nuclease, with consequent de-repression  
of the g globin genes 

(As in Frangoul et al., NEJM 384:252,2021)



(From Frangoul et al.,NEJM 384:252,2021)

CRISPR-mediated inactivation of BCL11A 
causes impressive increase in Hb F

in a patient with severe SCD



In March 2021 betibeglogene autotemcel, 
licensed in 2019 by FDA and EMA, 
was temporarily suspended because: 
- 2 patients developed MDS
- 1 patient developed AML 

• Insertional mutagenesis?
• Role of ‘conditioning regimen’?
• Pre-existing somatic mutations?



(From Brunson et al., Blood 130:1597,2017)





Intravenous infusion of Factor IX AAV vector
corrects severe hemophilia B

F9
Promoter
mutation

Amit C Nathwani et al. 



(From Jones & DeBaun, Blood 138:942,2021)
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• Adding SCD
to the triad of conditions (HIV, tuberculosis, malaria)

for which cost of treatment is born by the Global Fund.
• BMT solidarity programme: 

for every BMT (HSCT) procedure in Europe/US, 
0.1% of the expense could be deposited into a fund 
to support BMT in accredited centers in Africa. 

• Rare Disease treatment matching programme: 
for every patient treated with a super-expensive drug

(e.g. eculizumab) reimbursed by NHS/insurance, the
manufacturer offers the drug to one patient with the
same disease in Africa.

Amer J Hematol
97:1505,2022
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