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Hematopoiesis





The Mature Erythrocyte  I
(This is not your average cell)

ÅOne quarter of cells in human body are RBCs

Å2.4 million erythrocytes produced per second

ÅDevelop in the bone marrow

Å7ς8 microns in size (µm)

ÅCirculate for about 100ς120 days

ÅEach cycle of circulation takes 20 seconds

ÅErythrocyte components recycled by macrophages

ÅMust maintain slippery exterior

ÅMust maintain integrity in circulation



Hemoglobin



Erythropoiesisoccursin the bonemarrow niche
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Regulation of Erythropoiesis

1011 erythrocytes /day

Iron, vitamines (B12, B9),

Hormones (T4, Androgens, IGF-1,..) 

Anemia

Hypoxia
Polycythemia

Hyperviscosity

Stroma

Cytokines +++, Others ?

Stable Balance

Fine regulation of erythropoiesisis a matter of life and death

ÁNo red cell = No life ÁToo much red cells = No life



ROLES OF CYTOKINES

Proliferation

Survival

Differentiation



Erythropoiesisoccursin the bonemarrow niche

Hematopoietic 
Stem Cell

Sinusoid

Erythroblasts

Osteocytes

Megakaryocyte

Macrophages

Bone Marrow

O2 and metabolites (Glucose, Iron, and other)

Erythroblastic islands
Marcel Bessis1958

Plasmocytes



GATA1: The master transcriptionalfactor regulatorof erythropoiesis

Erythroid Commitment

Pluripotent Progenitors



GATA1: The master transcriptionalfactor regulatorof erythropoiesis
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BhoopalanSVet al. 2020

EPO is the main regulatorof erythropoiesis, allowing the GATA1 
induceddifferentiation program 
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GATA1

BhoopalanSVet al. 2020

EPO is the main regulatorof erythropoiesis, allowing the GATA1 
induceddifferentiation program 
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Model of erythropoiesisregulation: O2 regulatesEPO synthesis
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Model of erythropoiesisregulation: Apoptosisas a key regulator
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Model of erythropoiesisregulation: Apoptosisas a key regulator
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What regulatessensitivityof erythroblaststo Epo?

Epo Receptor

Epo 

Differentiation of the erythroid lineage



What determinethe sensitivityof progenitorsto Epoin the BM niche?
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TransferinReceptor: A Key Regulatorof Erythropoiesis

Hematopoietic Stem 
Cell

Multipotent Committed

ReticulocyteProerythroblast Basophilic 
erythroblast

Polychromatic
erythroblast

Orthochromatic
erythroblast

BFU-E CFU-E

ǒ Cell Proliferation

ǒ DNA Synthesis

ǒMitochondrial Metabolism (ROS)

ǒ Hemoglobin synthesis



TransferrinReceptoractivation synergizeswith Eposignaling
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IgAbindsand stimulation activation synergizeswith Eposignaling

Dussiotet al Nature Medicine2012
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Transferrin Receptor Expression and Iron: Key Factors Underlying 
Erythroblast Sensitivity to Erythropoietin

Dussiotet al Nature Medicine2012
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Cell Death and Erythroid 
Differentiation Arrest



Transferrin Receptor Expression and IgA: Key Factors Underlying 
Erythroblast Sensitivity to Erythropoietin

Dussiotet al Nature Medicine2012
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ProerythroblastBFU-E CFU-E

Survival and Differentiation

Caspase-3 is a key player in apoptosisof erythroid precursors



Irreversible 
mitochondria 
depolarization

ProerythroblastBFU-E CFU-E

Survival and Differentiation

Cell Death/ No Differentiation

Caspase-3 is a key player in apoptosisof erythroid precursors

Å Caspase-3 
Activation

Å GATA1 cleavage
Å Apoptosis



But transient caspase activation is required for terminal erythroid
differentiation

Zermatiet al, J. Exp. Med. 2001

Rock 1 Lamin B Acinus

Cleavage
Inducing 

morphological 
changes

Transient caspase
activation

EricSolary



AndGATA1 is not cleavedby Caspase-3 duringerythroid differentiation

Zermatiet al, J. Exp. Med. 2001
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ProerythroblastBFU-E CFU-E

Survival and Differentiation

Cell Death

Transient caspase activation 
and erythroid differentiation

Caspase-3: A key player in terminal erythroid differentiation and 
apoptosis

Irreversible 
mitochondria 
depolarization

Caspase-3 Activation 
and 

Apoptosis



Caspase 3 is critical both for 
differentiation and apoptosis

« Blocking this celldeath process may
preventred bloodcellgeneration»



Caspase 3 is critical both for 
differentiation and apoptosis

« Blocking this celldeath process may
preventred bloodcellgeneration»

Celldifferentiation is an abortive cell
deathprogram and the decisionbetween

deathand differentiation is made 
downstreamCaspase activation

How is GATA1 protected from cleavagedownsteamof caspase 3 
activation in the presenceof Epo?



Roleof chaperon proteins in cellular homeostasis



Roleof chaperon proteins in cellular homeostasis

1. Protein« folding »

2. Prevention of damaging
aggregates

3. Disaggregationof aggretates

4. Protectingcancer cellsfrom
death by downstreamcaspase 
activation

HeatShockProtien70 (HSP70)

Is HSP70 the right candidate ?
Carmen Garrido



GATA1HSP70 GPAGATA1/HSP70

HSP70 is constitutively expressedin bonemarrow erythroid cells

Ribeil, Zermatiet al Nature 2007
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HSP70 accumulatesin the nucleus duringerythroid differentiation, 
colocalizingwith GATA1 at the time of caspase 3 activation
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HSP70 accumulatesin the nucleus duringerythroid differentiation, 
colocalizingwith GATA1 at the time of caspase 3 activation
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The fate of erythroblastsςbetweendeathand survivalς
dependson HSP70 nuclearlocalization

RibeilJA et al, Nature 2007

Cell Death and Erythroid 
Differentiation Arrest

Survival and Erythroid 
Differentiation

Transient  Caspase Activation
And HSP70 in the nucleus

Irreversible Caspase Activation
And HSP70 in the cytosol

Guillemet al , Hematologica2021



What is responsiblefor mitochondrial depolarizationand  
caspase activation duringerythroid differentiation?



DeathreceptorFas and FasLinteractions activatecaspases during
erythroid differentiation within the blood islands

Transient Caspase Activation 
and Differentiation

Transient Caspase 
activation

Hematopoietic Stem 
Cell

Multipotent

ReticulocyteProerythroblast Basophilic 
erythroblast

Polychromatic
erythroblast

Orthochromatic
erythroblast

BFU-E CFU-E

Negative

feedback

Erythroblastic islands
Marcel Bessis1958

De Maria et al, Nature 1999



Fas and FasLinteractions activatecaspases duringerythroid
differentiation within the blood islands

Irreversible Caspase 
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How doesEPO control FAS-inducedcaspase activation?



Apoptosis

Lamarque, Courtois et al , CDD 2022

Fasinducedmitochondrial depolarizationthrough Bidcleavageand 
Baxactivation

Irreversible 
Mitochonndrial
depolarization



Lamarque, Courtois et al , CDD 2022

Transient
Mitochondrial 
depolarization

EpomodulatesBidcleavageboth through induction of Caseinekinase 
and Caspase 10 activation

Irreversible 
Mitochondrial 
depolarization

Apoptosis

Differentiation



EpomodulatesBidcleavagethrough CaseineKinase a expressionand 
Caspase 10 activation :  Implication in 5q-MDS
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EpomodulatesBidcleavagethrough CaseineKinase-a expressionand 
Caspase 10 activation :  Implication in 5q-MDS

No 
Differentiation
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Lamarque, Courtois et al , CDD 2022
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Lenalidomide

Apoptosis of 5q -compartment
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Abnormalities

ςgermlineor somaticmutations/ environmentalfactorsς

in this network mayresult in pathologicalerythropoiesis

Metabolites



Defectsin Erythropoiesis

Erythroid Lineage
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Geneticor environmentalfactors



Defectsin Erythropoiesis

Erythroid Lineage

Defects in terminal erythroid 
differentiation

Defects in erythroid commitment

HealthyErythropoiesis

DefectiveErythropoiesis

Ineffective Erythropoiesis

Geneticor environmentalfactors



‍-Thalassemia- Pathophysiology
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Bone Abnormalities
Extra-medullary erythropoiesis



‍-Thalassemia- Pathophysiology

Gsff!ù!dibjot

ù!bhhsfhbuft

Iron overload

Anemia

ERFE/hepcidin

Other factors ? Abnormalred cells Healthyred cells

Fetal 
Hemoglobin

Bone Abnormalities
Extra-medullary erythropoiesis



Why do mutations in the HBB generesultsin defectivelate
stage differentiation?



HSP70 is sequesteredin the cytosol by alpha chainaggregates

Arlet JB et al, Nature 2012
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HSP70 is sequesteredin the cytosol by alpha chainaggregates

Arlet JB et al, Nature 2012

Cell Death and Erythroid 
Differentiation ArrestHSP70 sequestrationdecreasesGATA1 Level
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HSP70 is sequesteredby alpha chainglobinaggregatesand maybe a 
target of XPO-1 inhibitors

Inhibitor

Survival and Erythroid 
Differentiation

Arlet JB et al, Nature 2012
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Do thalassemicprecursorsexpress differentiation/ proliferation
factorsthat canbe therapeuticallytargeted? 

Secretedfactorsthat couldplay a role in ineffective erythropoiesisand 
diseasemanifestations (bone, muscle, heart, endothelial cells) ?



DussiotM and Maciel TT et al,  Nature Med 2014

GDF-11 (TGF-bmemberfamily) expression is increased
in ‍- Thalassemicmiceand humans
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GDF-11
TGF-ʲ
Activin A/B

GDF-11: A memberof the TGF- f̡amily of pleitropic cytokines

ActIIR

Adaptedfrom: Agapovaet al. KidneyInternational 2016



Luspaterceptis a TRAP receptorof GDF-11

Can GDF-11 TRAP improve ineffective erythropoiesis?

GDF-11

Luspatercept
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Modified extracellular 
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(GDF-8/11)

Human

IgG1 Fc domain

Luspatercept
ActRIIB / IgG1 Fc recombinant 

fusion protein

DussiotM and Maciel TT et al, Nat Med 2014; Suraganiet al Blood 2014 
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Luspaterceptcorrects ineffective erythropoiesis
in a ‍-thalassemiamouse model (Hbbth1/th1 )
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Luspaterceptresults in decreased 
splenomegaly in Hbbth1/th1 mice 

DussiotM and Maciel TT et al, Nat Med 2014; Suraganiet al Blood 2014 
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DussiotM and Maciel TT et al, Nat Med 2014; Suraganiet al Blood 2014 
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LuspaterceptreducesROS generation, a-globin, hemoglobin
precipitatesin ‍-thalassemia

ROS levels

Hbbth1/th1/ Untreated

Hbbth1/th1/ Luspatercept
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DussiotM and Maciel TT et al Nature Medicine2014



DussiotM and Maciel TT et al Nature Medicine2014

Luspaterceptrestoration of terminal erythroid differentiation occurs
through GDF-11 trapping
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Luspaterceptreducesblood transfusion needsin thalassemicpatients 
and improvessomemanifestations of ineffective erythropoiesis

FDA  and EMA approvalfor Transfusion-DependentBeta-Thalassemia(2020)

Pre-Treatment 6 weeks Post-Treatment



SickleCellDisease- Pathophysiology

Free HbS


