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Muta%on dans le gène β globine

c.20 A>T (p.Glu6Val) 

Polymérisa?on de l’HbS en 
condi%ons hypoxiques

Forma%on de fibres de  polymères : 
GR rigides, fragiles et défomés

HbS
α2βS

2

Globules rouges falciformés

La drépanocytose
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Vaso-occlusion

Anémie hémolytique

La drépanocytose : manifestations 
cliniques

Muta%on dans le gène β globine

• Périphérique : destruc%on des GR dans la circula%on
• Contribu%on centrale ?
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Phase précoce Phase terminale

Synthèse de l’hémoglobine

L’érythropoïèse
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Lignée érythroïde

Lignée hématopoïétique

Patients 
non-SCD (Wu C, et al. Blood 2005)

Dysérythropoïèse dans la drépanocytose
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Lignée érythroïde

Lignée hématopoïétique

Patients 
non-SCD

Patients 
SCD (Wu C, et al. Blood 2005)

Dysérythropoïèse dans la drépanocytose

Survie préféren,elle des cellules du donneur dans la lignée 
érythroïde des pa,ents transplantés
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Phase précoce Phase terminale

Synthèse de l’hémoglobine

Hypoxie (1-7%)

Polymérisation de l’HbS

Apoptose ?

%

Hypothèse
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While ineffective erythropoiesis has long been recognized as a 
key contributor to anemia in thalassemia, its role in anemia of 
sickle cell disease (SCD) has not been critically explored. 

Using in vitro and in vivo derived human erythroblasts we assessed the 
extent of ineffective erythropoiesis in SCD. Modeling the bone marrow 
hypoxic environment, we found that hypoxia induces death of sickle 
erythroblasts starting at the polychromatic stage, positively selecting 
cells with high levels of fetal hemoglobin (HbF). Cell death was associ-
ated with cytoplasmic sequestration of heat shock protein 70 and was 
rescued by induction of HbF synthesis. Importantly, we document that 
in the bone marrow of SCD patients similar cell loss occurs during the 
final stages of terminal differentiation. Our study provides evidence for 
ineffective erythropoiesis in SCD and highlights an anti-apoptotic role 
for HbF during the terminal stages of erythroid differentiation. These 
findings imply that the beneficial effect on anemia of increased HbF lev-
els is not only due to the increased life span of red cells but also a con-
sequence of decreased ineffective erythropoiesis. 

Fetal hemoglobin rescues ineffective  
erythropoiesis in sickle cell disease 
Sara El Hoss,1,2,3 Sylvie Cochet,1,2,3,# Auria Godard,1,2,3,#° Hongxia Yan,4 Michaël 
Dussiot,5 Giacomo Frati,6,7 Bénédicte Boutonnat-Faucher,8 Sandrine 
Laurance,1,2,3 Olivier Renaud,9,10,11,12 Laure Joseph,13 Annarita Miccio,6,7 
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1Université de Paris, INSERM UMRS1134, BIGR, Paris, France; 2Institut National de la 
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Malades, Paris, France; 6Laboratory of Chromatin and Gene Regulation during 
Development, INSERM UMR1163, Paris, France; 7Université de Paris, Imagine Institute, 
Paris, France; 8Service de Pédiatrie Générale et Maladies Infectieuses, Hôpital 
Universitaire Necker Enfants Malades, Paris, France; 9Institut Curie, Paris Sciences et 
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Recherche Médicale, INSERM U934, Paris, France;11Centre National de la Recherche 
Scientifique, INSERM UMR3215, Paris, France; 12Cell and Tissue Imaging Facility (PICT-
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ABSTRACT

Introduction 

Sickle cell disease (SCD) is an autosomal hereditary recessive disorder caused 
by a point mutation in the b-globin gene resulting in a Glu-to-Val substitution at 
the sixth position of the b-globin protein. The resulting abnormal hemoglobin 
(HbS) polymerizes under hypoxic conditions driving red blood cell (RBC) 
sickling.1 SCD is a multisystem disease characterized by hemolytic anemia, high 
susceptibility to infections, recurrent painful vaso-occlusive crises, strokes, acute 
chest syndrome and organ failure.2,3 

While the pathobiology of circulating RBC has been extensively analyzed in 
SCD, erythropoiesis is surprisingly poorly documented. In b-thalassemia, ineffec-
tive erythropoiesis is characterized by high levels of apoptotic erythroblasts dur-
ing the late stages of terminal differentiation, due to an accumulation of free α-
globin chains.4-6 Ineffective erythropoiesis is the major cause of anemia in b-tha-
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Sang circulant 
Pa#ent et contrôle

Cellules CD34+

Phase I (SCF, IL3, IL6) Phase II Normoxie (Epo, SCF, IL3) 20% O2

Erythropoïétine

Hypoxie (Epo, SCF, IL3) 5% O2

J3 J5 J7 J9 J11

Analyse

Différenciation érythroïde in vitro
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Prolifération en normoxie et en hypoxie
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Taux de cellules apoptotiques et de cellules F plus élevés pour les 
cellules SS, avec une augmentation sous hypoxie

Cellules apopto%ques Cellules F

Apoptose et cellules F : cellules AA et SS
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Sélection positive des cellules F

Mort préférentielle des cellules non-F
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Mécanisme moléculaire ?
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Noyau

Cytoplasme

Hsp70

GATA-1

Casp-3

Drépanoctyose

Hsp70

Hypoxie

Apoptose

Noyau

Cytoplasme

GATA-1

Casp-3

Casp-3

β-Thalassémie

(Arlet et al., 2014 )

HSP70
α

α
α

Apoptose

Séquestration cytoplasmique de HSP70



20
21

 ©
 S

oc
iét

é F
ran

ça
ise

 de
 Tr

an
sfu

sio
n S

an
gu

ine
, T

ou
s d

roi
ts 

rés
erv

és
 - T

ou
te 

rep
rod

uc
tio

n m
êm

e p
art

iel
le 

es
t in

ter
dit

e.

20
19

 ©
 S

oc
iét

é F
ran

ça
ise

 de
 Tr

an
sfu

sio
n S

an
gu

ine
, T

ou
s d

roi
ts 

rés
erv

és
 - T

ou
te 

rep
rod

uc
tio

n m
êm

e p
art

iel
le 

es
t in

ter
dit

e.

20
21

 ©
 S

oc
iét

é F
ra

nç
ais

e d
e T

ra
ns

fus
ion

 S
an

gu
ine

. T
ou

s d
ro

its
 ré

se
rvé

s -
 To

ute
 re

pr
od

uc
tio

n m
êm

e p
ar

tie
lle

 e.

20
19

 ©
 S

oc
iét

é F
ra

nç
ais

e d
e T

ra
ns

fus
ion

 S
an

gu
ine

. T
ou

s d
ro

its
 ré

se
rvé

s -
 To

ute
 re

pr
od

uc
tio

n m
êm

e p
ar

tie
lle

 e

20
19

 ©
 S

oc
iét

é F
ra

nç
ais

e d
e T

ra
ns

fus
ion

 S
an

gu
ine

. T
ou

s d
ro

its
 ré

se
rvé

s -
 To

ute
 re

pr
od

uc
tio

n m
êm

e p
ar

tie
lle

 es
t in

ter
dit

e.

20
19

 ©
 S

oc
iét

é F
ra

nç
ais

e d
e T

ra
ns

fus
ion

 S
an

gu
ine

. T
ou

s d
ro

its
 ré

se
rvé

s -
 To

ute
 re

pr
od

uc
tio

n m
êm

e p
ar

tie
lle

 e

20
19

 ©
 S

oc
iét

é F
ra

nç
ais

e d
e T

ra
ns

fus
ion

 S
an

gu
ine

. T
ou

s d
ro

its
 ré

se
rvé

s -
 To

ute
 re

pr
od

uc
tio

n m
êm

e p
ar

tie
lle

 e

20
19

 ©
 S

oc
iét

é F
ra

nç
ais

e d
e T

ra
ns

fus
ion

 S
an

gu
ine

. T
ou

s d
ro

its
 ré

se
rvé

s -
 To

ute
 re

pr
od

uc
tio

n m
êm

e p
ar

tie
lle

 e

20
19

 ©
 S

oc
iét

é F
ra

nç
ais

e d
e T

ra
ns

fus
ion

 S
an

gu
ine

. T
ou

s d
ro

its
 ré

se
rvé

s -
 To

ute
 re

pr
od

uc
tio

n m
êm

e p
ar

tie
lle

 e

(El Hoss et al., Haematologica 2021)

Falciformation de polychromatiques
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Érythropoïèse terminale dans la moelle 
osseuse de pa8ents SS
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1 Proerythroblast

2 Early Basophilic E.

16 Reticulocytes

16 Orthochromatic E.

4 Late Basophilic E.

8 Polychromatic E.

5%

10%

20%

40%

Erythropoïèse terminale : 4 mitoses



20
21

 ©
 S

oc
iét

é F
ran

ça
ise

 de
 Tr

an
sfu

sio
n S

an
gu

ine
, T

ou
s d

roi
ts 

rés
erv

és
 - T

ou
te 

rep
rod

uc
tio

n m
êm

e p
art

iel
le 

es
t in

ter
dit

e.

20
19

 ©
 S

oc
iét

é F
ran

ça
ise

 de
 Tr

an
sfu

sio
n S

an
gu

ine
, T

ou
s d

roi
ts 

rés
erv

és
 - T

ou
te 

rep
rod

uc
tio

n m
êm

e p
art

iel
le 

es
t in

ter
dit

e.

20
21

 ©
 S

oc
iét

é F
ra

nç
ais

e d
e T

ra
ns

fus
ion

 S
an

gu
ine

. T
ou

s d
ro

its
 ré

se
rvé

s -
 To

ute
 re

pr
od

uc
tio

n m
êm

e p
ar

tie
lle

 e.

20
19

 ©
 S

oc
iét

é F
ra

nç
ais

e d
e T

ra
ns

fus
ion

 S
an

gu
ine

. T
ou

s d
ro

its
 ré

se
rvé

s -
 To

ute
 re

pr
od

uc
tio

n m
êm

e p
ar

tie
lle

 e

20
19

 ©
 S

oc
iét

é F
ra

nç
ais

e d
e T

ra
ns

fus
ion

 S
an

gu
ine

. T
ou

s d
ro

its
 ré

se
rvé

s -
 To

ute
 re

pr
od

uc
tio

n m
êm

e p
ar

tie
lle

 es
t in

ter
dit

e.

20
19

 ©
 S

oc
iét

é F
ra

nç
ais

e d
e T

ra
ns

fus
ion

 S
an

gu
ine

. T
ou

s d
ro

its
 ré

se
rvé

s -
 To

ute
 re

pr
od

uc
tio

n m
êm

e p
ar

tie
lle

 e

20
19

 ©
 S

oc
iét

é F
ra

nç
ais

e d
e T

ra
ns

fus
ion

 S
an

gu
ine

. T
ou

s d
ro

its
 ré

se
rvé

s -
 To

ute
 re

pr
od

uc
tio

n m
êm

e p
ar

tie
lle

 e

20
19

 ©
 S

oc
iét

é F
ra

nç
ais

e d
e T

ra
ns

fus
ion

 S
an

gu
ine

. T
ou

s d
ro

its
 ré

se
rvé

s -
 To

ute
 re

pr
od

uc
tio

n m
êm

e p
ar

tie
lle

 e

20
19

 ©
 S

oc
iét

é F
ra

nç
ais

e d
e T

ra
ns

fus
ion

 S
an

gu
ine

. T
ou

s d
ro

its
 ré

se
rvé

s -
 To

ute
 re

pr
od

uc
tio

n m
êm

e p
ar

tie
lle

 e

(El Hoss et al., Haematologica 2020)
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• Perte du facteur mito%que entre le stade polychroma%que et le stade orthochroma%que

Cellules F

• Survie préféren%elle des cellules F

Erythropoïèse terminale in vivo : moelle 
osseuse de patients SS
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Noyau

Cytoplasme

HSP70
GATA-1

Casp-3

HSP70

Survie et maturation 
cellulaire

Hypoxie

Noyau

Cytoplasme

Hsp70

GATA-1

Casp-3

Apoptose

?
Hsp70

L’induction de l’HbF corrige la 
dysérythropoïèse

1. Pharmacologique : Pomalidomide
2. Géné,que : CRISPR/Cas9 (mimer 

la persistance héréditaire d’HbF)
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Apoptose

Circulation

+
Traitements :
• Hydroxycarbamide
• IMR-687 (PDE9 inhibitor)
• Voxelotor
• Thérapie génique

+

L’HbF protège une sous-population 
d’érythroblastes en différenciation de 

l’apoptose

Anémie?
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