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Iron is life¥ No iron = no life!
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Iron binds oxygen to@ﬁsure its transport and storage

270 millions of hemoglobin / RBC

- J/j 1080 AtogS of iron / RBC
’ 2,4 rgjﬁfon RBCs / second
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Thg@ron paradox
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Iron is essential for fusdamental biological processes
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Iron is essential for fuﬁdamental biological processes

Recycling of senescent
red blood cells by
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Iron is essential for fystdamental biological processes
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Iron is essential for fLmdamentaI biological processes
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Iron is essential for fystdamental biological processes

Recycling of senescent
red blood cells by
macrophages

Spleen

Ferroportin
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Ferritin
4500 Fe

~ 2g Fe

Dietary iron
absorption
(enterocytes)




&
Q"b

. . &5 . .
Iron is essential for fystdamental biological processes

Recycling of senescent
red blood cells by
macrophages
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Ferroportin
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Hepcidin is the main g€gulator of iron homeostasis
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& Spleen

Ferroportin

hepcidin

Pigeon et al., JBC, 2001
Nicolas et al., PNAS, 2001

=3 Nemeth et al., Science, 2004
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Hepcidin is the main g€gulator of iron homeostasis
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Hepcidin is the main x‘égulator of iron homeostasis
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Hepcidin is the maingegulator of iron homeostasis
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Inflammation

ER stress

°<~;\\°° Iron deficiency
Hypoxia

Increased erythropoietic activity
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Erythropoiesis

Blood

Erythroblasts

Basophilic Polychromatic Acidophil Reticulocyte  Erythrocyte
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Erythropoiesis

Blood

Erythroblasts

Basophilic Polychromatic Acidophil Reticulocyte  Erythrocyte
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EPO is the masteg@@regulator of erythropoiesis
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E ProE Basophilic 'chromatic Acidophil

» Erythroid proliferation

> Red cells survival

Reticulocyte

EPO EPO
receptor
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Erythrocyte

JAK2
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%‘x‘gene activation and transcription of
& regulators of RBC growth and maturation
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Erythropoiesis

Blood

Erythroblasts

Basophilic Polychromatic Acidophil Reticulocyte  Erythrocyte

\© EPO dependance

Iron dgﬁgndance (~25mg/day)
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C\. Iron uptake in erythroid cells
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° Iron uptake in erythroid cells
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Transferrin (Tf) Holo-Tf
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Iron up’gaffg in erythroid cells
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» Decreased tissugﬁ\oxygen supply (generalized or local)
&
T ST p— > Physmlogbgeéel response: altitude, strenous effort...
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Description pO2 > Pat@@?oglcalcondltlon anemia (hemorrhage, hemolysis...), ischemia, W hemoglobin
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» Decreased tissugﬁ\oxygen supply (generalized or local)
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Normoxia & Hypoxia
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Prolyd*hydroxylases
(PHRS] hydroxylate HIF-a
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Prolyd*hydroxylases
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HypOX|a\\o egulated genes
QKQQ E ------------------------------------------------------------------------------------------ E
Nucleus . -o--mmmmmmmmmmmmeee %§°° i Genes controlling cellular oxygen homeostasis
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4 HRE Hundreds of target genes \\v’\ Oxygen consumption
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Hallmarks of cancer
I\Q{Ll\@f’agolic reprogramming
Cell proliferation
Invasion and metastasis
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Resistance to therapies

Genes controlling cellular oxygen homeostasis
Oxygen consumption
Erythrocyte production
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Epigenetic (methylat@n and acetylation)
Non coding Rwis (miRNAs, IncRNAs)
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Physiologica@L&%sponse to hypoxia
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Physiologica\\oLéf@esponse to hypoxia

HRE A Iron transporters

g u t Enterocytes
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Physiologica\\ow‘(ésponse to hypoxia

Erythroblasts

Basophilic Polychromatic Acidophil Reticulocyte  Erythrocyte
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&‘\Q F2q Increased iron absorption and recycling
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HRE A Iron transporters
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PhysmlogmaL«fesponse to hypoxia
hrRe N EPO @Q@bo
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HIF-a <
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Hypoxia stimulates EPC@}éﬁroduction and erythropoiesis
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Hypoxia stimulates EPQ@Qproductlon and erythropoiesis
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stimulation
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The “erythroid reggulator” erythroferrone
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Serum erythroferrone (ng/mL)
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The “erythroid reggulator” erythroferrone
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Erytchropo-letlc Erythroid &
stimulation &
(anemia, hypoxia) precursor Y Erythroferrone Liver
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The “erythroid [\Oeﬁijlator” erythroferrone

Erythropoietic
stimulation
(anemia, hypoxia)

. <
Erythroid <
%, precursors

b Hepcidin

New red blood

cells synthesis
Kautz, Nat Genet 2014
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Circulating ERFE levels are e!\&ated In patients with -thalassemia

Erythroferrone (ng/ml)

&
* o
400 @ I o © Non
& 600 o Pro
& — @ Post
300 - x5 £
? o
&9 £ 400
- @
200 - S &
O &
O o
T 200 - &
1 (]
(19 *
O
0 I 0 '_9?% 1 1
Non Pre Post Normal ‘gé"? 100 200 300 400
Transfusion status & Erythroferrone (ng/ml)
<«

Ganz et al., Blood 2008
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Hypoxia stimulates iron abs&\gq'“‘btion through the inhibition of hepcidin
Erythropoietic

stimulation
(anemia, hypoxia)
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Erythroid <
%, precursors &

Erythroferrone Liver
(ERFE)
—
GDF15
TWSG1

b Hepcidin

PDGF-BB

Platelets

New red blood

. Tanno, Nat Med 2007
cells synthesis

Tanno, Blood 2009
Sonnweber, Gut 2014
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Disorders of i |ron h@meostasm dare commaon

» Iron restriction (iron in,sﬁjfficiency in tissues)
» Anemia of mflgmmatlon
. mfectloryz? inflammatory bowel disease, cancer..
» Anemia gfchronlc kidney disease
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Disorders of i |ron h@meostasm dare commaon

» Iron restriction (iron in,sﬂJffluency in tissues)
» Anemia of mflgmmatlon
. mfectloryab inflammatory bowel disease, cancer..
» Anemia gfchronlc kidney disease
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> Ierﬂ “overload (toxicity from excess iron)

o & > Hereditary hemochromatosis (1:300)

©

& » Iron-loading anemias (e.g. B-thalassemia, myelodxsoplastlc syndromes)
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Disorders of i |ron h@meostasm dare commaon

» Iron restriction (iron Ln,s%fflaency in tissues)
» Anemia of mflgmmatlon
. mfectloryab inflammatory bowel disease, cancer..

» Anemia gfchronlc kidney disease
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> Irqﬁgoverload (toxicity from excess iron)
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%o\@‘ » Hereditary hemochromatosis (1:300)
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& » Iron-loading anemias (e.g. B-thalassemia, myeIodX@pIastlc syndromes)
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Current treatments ineffective, costly and buﬁrﬁensome for the patients
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I\/Iyelodyplagﬁ‘é syndromes (MDS)

o Clonal Expansion
Hematopoietic stem cells

Aging &

8° '
Progenitors & o

Bone marrow
Aging

: . 054\6@ Differentiation defects
& & « dysplasia »
Precursqss &
,\©%0 &
& &
@Q@
Differentiated cells ® o & i&g
= @ @ &@é@ .

& cytopenia

Erythrocytes Platelets PN Monow‘tbes Lymphocytes
&

%'b
o

80% of MDS patients present with anemia



Clonal Expansion

Hematopoietic stem cells dMutation
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H (%]
Aging ¢ Bone marrow

<> Aging
Progenitors §o®‘
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: & Differentiation defects
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- & cytopenia
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Erythrocytes Platelets PN Monogytes Lymphocytes
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ca 80% of MDS patients present with anemia
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CIaSS|f|cat|orL<f)f MDS (WHO 2016)

6 groups of MDS depending on the type and

number of cytopenla ,@

» MDS single lineage

» MDS multi lineage @o‘\

» MDS with ring S|dQ§6blasts (single or multi lineage)

» MDs with |sola{?%d del(5q)
> MDS W|th@é'xcess blasts
> MDS uncla55|f|ed

g

&
=
:

g

Number of patients with mutations
b=
:

<

@0%
&
Splicing factors SF3B1, SRSFz,Q"DgFI, ZRSR2
<
o
DNA methylation TETZ, DNMT3A, IDHRS
&
@)
Histone modification ASXL1, EZH2 BCOR, EPS’@O
z Q
S Q@
&’ Cohesin components STAGZ, RAD21, SMC1A, SK3
S
Transcription factors | ‘ RUNXT, ETVE, Ctg@eb;&mz
"o
Signal transduction - CBL, JAK2, N&ﬁs KRAS, MPL, NF1, PTPNTT, KIT, FLT3
&O
p53 pathway TP53 P{’{@ﬁ
T Qo’\ T T T ! T T T T
0 & n 40 60 80 100
® Mutation Frequency (%)

m RA
u RARS
B RARS-T
® RCMD
u RCMD-RS
u RAEB

5q=
" CMML
m MDS-MPN
m MDS-U
u MDS-AML

Papaemmanuil, Blood, 2013

Kennedy and Ebert, JCO, 2017
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Classificationd 5f MDS (WHO 2016)
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6 groups of MDS depending on the 'gyﬁe and (A) & : 'v 1} Perls stain
number of cytopenia ¢ : 62 . o
&0\ . oo, Y;r\"
o Joea, . e
» MDS single lineage & ( S g 20N
R . o e aie W8
. & St ' "
» MDS multi lineage é@é\ DR =
» MDS with ring md&@)blasts (single or multi lineage) P .@«6{‘0‘ e R
» MDs with |sola1?%d del(5q) 0
» MDS W|th@éxcess blasts ’g
» MDS uncla55|f|ed
Malcovati, Blood 2016
Ring sideroblasts @%@éov
(sidéroblastes en co%ﬁfﬁ’nne) Hb < 8 g/dL
90% of patients carry mutatft@ns in SF3B1 gene
9’2’@)\
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Pathophysiology o&ﬁﬁDS with ring sideroblasts
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» lron accumulation in mitochondria &
é
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o ‘ Insufficient production of red blood cells - anemia
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Pathophysiology o&ﬁﬁDS with ring sideroblasts

GKQQ\O
~
> Iron accumulation in mitochondria &
& . . . .
o ‘ Insufficient production of red blood cells - anemia
» Premature cell death of erythr/\gjﬁ precurors
» Ineffective erythropoiesise?
@é\o
N\ . s o
» Systemic iron overlad S
P Erythroblasts o
> &
s
HSC ProE Basophilic Polychromatic Acidophil Reticulocyte Eryth&ﬁf‘re
,e@@ mitochondria
&
&
Sl
QKO
G&Q
&0&
o
S e o
(%)
& a/B globins
) 8 ©
& @
<« l
S

%{&\q ‘

o Hemoglobin



N
R

Q
) & WA N
%)
Ineffective gor«ythropmess in MDS Erythroblasts
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Cytopenia caused by apoptosis of earlygfythroid progenitors
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Ineffective egfthropoiesis in MDS Erythroblasts
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Ineffective egythropoiesis in MDS Erythroblasts
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Ineffective eg«ythrop0|e5|s in MDS Erythroblasts
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Ineffective eg«ythrop0|e5|s in MDS Erythroblasts
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Circulating ERFE levels are” elevated in patients with MDS
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RESEARCH ARTICLE MYELODYSFLASTIC SYNDROME QGQ

A variant erythroferrone d|srupts erm homeostasis in
SF3B71-mutated myelodysplasﬂe@syndrome
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ERFEVPFQ: an ERFE vanan@ﬁpeuﬂc of clonal hematopoiesis

\O(\
60
&
N ERFEWT o c
MLFVRQSDKGVNG@I\\‘('RSRGKAKKLKFGLPGPPGPPGPQGPPGPIIPPEALLKEFQLLLKG
N ERFE‘*’F'F@6 C
MLFVRQS@KGVNGKKRSRGKAKKLKVPFQFGLPGPPGPPGPO;GPPGPIIPPEALLKEFQLLLKG
/\06
kDa WT (ug) VPFQ (ug) o == Hep3B HepG2
‘O . 7]
S = ]’
5&&35 1 5 25 1 T B A R —
100 — [ e
70 == Reducing g &
55 wi S 0.64 @
< ‘b
o° T 0.4-
©% 25 o‘gk* ***
,LQQ"\ L__j . . : . §0-2- . - dedek
250 = L Nonreducing 0.0-
AN EF%L ERFEM  ERFE'PFO
130 &
éo,e' Bondu et al., Sci Transl Med 2019
@@%@
o
o?&
S
=3



&Z)

ERFEVPFQ: an ERFE vanant@peuﬂc of clonal hematopoiesis
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Systemic ireth overload in MDS
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Increased iron absorption and+2cycling
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Transferrin binding cagicity is exceeded
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Accumulation of Nﬁﬁl (Non Transferrin Bound Iron)
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& Normal gransferrin saturation: 30-40%
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P Tf sgt > 50% = iron overload
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X
Ff sat > 60-70% = NTBI



X\ 8

&

Systemic ir@‘ﬁQ overload in MDS

00
Q‘Oé
«@
. . NG .
Increased iron absorption and+2cycling
‘QG.)
&

&
Transferrin binding cagicity is exceeded

@ .
%t(\
\0(\

Accumulation of Nz,'q*%l (Non Transferrin Bound Iron)
66

o

(Z’Q?

Genergfion of Reactive Oxygen Species (ROS)
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Systemic ireth overload in MDS
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Clinical consequencés of iron overload in MDS
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Overall survival — increased risk of deatta»‘every 500ug/L additionnal serum ferritin above 1000ug/L
s
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Cardio-vascular functionality — rm?ocardlal iron overload, vascular impairment, inflammation, ROS
\)

production, LDL oxidation, ao\therosclerosw
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Liver functions — flbrgsls cirrhosis, hepatocellular carcinoma
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Predlsp05|t|0@‘<’to infections — iron promotes pathogens growth and impairs mrpﬁne cell response

(macropha%e neutrophils, lymphocytes), cytokine production and nitric ox@‘é formatlon
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Erythropoiesis and leukemic progression — iron excess may aggravaggs@bone marrow failure and impairs

erythroblast differentiation, RBC maturation and survival, emgeqéftlc abnormalities and telomere erosion
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Impact on bone marrow microenvironement, MSCs, Imrru,fme cells, Bone cells
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Transfusmﬁal iron overload
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& 1 unit of pRBC = 250 mg of iron
Anemia ‘ RBC trcavhsfusmn
«o@ Daily iron requirements = 1-2 mg
i
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» lIron chelation &
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> Deferoxamg,&‘?e short half life in parenteral administration, poor patient comp&#’ance
QQ’ Q,e
> Deferlgﬁ‘one oral chelator. Limited studies in MDS Q&\\
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> Dgf%raswox oral chelator. Superior efficacy but Gl adverse events ar(;drenal insufficiency
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Deferroxamine (DFQ) Deferasirox (DFX) Deferiprone ( [&‘P)
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» MDS are a heterogenous group of cIonaJ\ch"’ématopoesis characterized by dysplasia of at least one cell lineage

and cytopenia in the bone marrow @mﬁ the peripheral blood
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» 80-90% of MDS patients pg{gﬁ%ﬁt with anemia at diagnosis

&
N

06

<@
» Premature cell deg,tﬁ’ in MDS-RS results in ineffective erythropoiesis
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» The erytlggpgld hormone erythroferrone causes systemic iron overload ;\\oo(Q
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\O
) &
&06\)
@Q

&
'\0&

» Iron overload leads to tissue damage, organ dysfunction and incregéed morbidity and mortality
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Regulation of m’on related genes by HIF1a
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