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The double face of iron

Essential Toxic
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Body iron cycle

: ~ % N

Erythrocytes b Ferritin
\ " (~1800 mgq)
Macrophage
Erythropoiesis P
(~300 mg) |
. ‘A-ZS mg/day
Plasma Fe?** Transferrin Tsat
~3m
-1-2 mg/day ( g)
i mg/d/ \\‘
- LIC
Iron loss Heart, muscle, Liver
Enterocyte (cell desquamation) other organs (up to 1000 mg)
(~300 mg)

Camaschella et al, Haematologica 2020



Hepcidin: the master iron regulator

Liver
tFe

tiL-6 \O

Hepcidin

Nemeth et al, Science 2004

Ferroportin occlusion mechanism
Aschemeyer et al, Blood 2018

Enterocytes Macrophages



Hemochromatosis and the golden age of iron research

New targeted treatments...........

Iron deficiency, anemia of inflammation

Hepcidin function and regulation

|
Hemochromatosis
1 1
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Hemochromatosis: pathophysiology

Liver: fibrosis, cirrhosis, HCC
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HFE, the first Hemochromatosis gene
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Genetic test for diagnosis

C282Y/C282Y > 90 % of cases in Northern Europe
C282Y/H63D < 5 % of cases + cofactors

Which role in iron homeostasis?

HFE/TfR interaction

(Bennett et al, Nature 2000)



HFE ©82Y allele distribution in Europe

Frequency(%) of the C282Y
allele in different European
regions
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EASL, J Hepatol 2022




HFE Hemochromatosis

* Increased only
in males

expressivity

Liver disease prevalent

Olynk et al, N Engl J Med 2022



The iron toxicity of non-transferrin bound iron (NTBI)

Fe,Tf
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NTBI appears at Tf sat > 60-70%. NTBI (LIP) is uptaken by
anditis toxictocells

ZIP 14, CD44)
NTBI receptors

when antioxidant défénce syst-em“is overtaken - oxidation
of polyunsaturated fatty acids < membrane rupture

Ferroptosis




Conditions associated with hyperferritinemia TSAT

Metabolic Hyperferritinemia

Pts. with dysmetabolic features (obesity, N
hypertension, dysfipidemia, diabetes m.,
liver steatosis).

Inflammatory diseases

Infections (e.g., sepsis, COVID-19), !
autocimmune disorders, malignancies,

Rare genetic disorders "
Gaucher disease
Hyperferritinemia-cataracts syndrome

Aceruloplasminemia
Hemochromatosis
(HFE and non-HFE)
Hepcidin deficiency from
other causes High

Liver cirthosis (whatever the eticlogy),
alcohol abuse, ineffective erythropoiesis

latrogenic iron overload

Repealted bleod transfusions and/or High
prolonged ircn therapy (especially IV)

Liver cytolysis
Chronic or acute hepatitis, Varishle

Hepatocellular carcinoma




Ferroptosis in iron
overload disorders

A form of cell death driven by iron-dependent
damage to membrane lipids

Oxidation of polyunsaturated fatty acids
is usually counteracted by cellular repair
mechanisms, as glutathione peroxidase 4
(GPX4).

Ferroptosis is regulated by multiple processes,

as iron accumulation, ROS, lipid metabolism,
and antioxidant defence systems.
Implicated in several disorders, as
neurodegeneration, cancer, and organ injury

Berndt et al, Redox Biology, 2024
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Unraveling the Hemochromatosis genetic heterogeneity

Clara Camaschella’, Antonella Roetto' .
' ’ z Antonella Roetto'*, George Papaniko-
nature Angelita Cali', Marco De Gobbi', ndgrlieetics laou2*, Marianna Politou?,
enetics Giovanni Garozzo?, Massimo Carella®, g Federica Atbert’, Domenico GirellF, .
g Nunzia Majorano?, Angela Totaro? 22,'},,‘,"2;‘::';',;3;?""’ Loukopauios
» u3 - - - -
SEhcia Gaspenn: Mutant antimicrobial peptide

The gene TFR2 is mutated in a new type hepcidin is associated with severe
of haemochromatosis mapping to 7¢22 juvenile hemochromatosis

Ch 1
Mutations in HFE2 cause iron overload in chromosome

1g-linked juvenile hemochromatosis

George Papanikolaou', Mark E Samuels?, Erwin H Ludwig?, Marcia L E MacDonald?, Patrick L Franchini?,
q21 — Marie-Pierre Dubé’, Lisa Andres?, Julie MacFarlane?, Nikos Sakellaropoulos', Marianna Politou’,

Elizabeta Nemeth?, Jay Thompson?, Jenni K Risler?, Catherine Zaborowska®, Ryan Babakaiff?,

Christopher C Radomski?, Terry D Pape?,Owen Davidas?, John Christakis®, Pierre Brissot®, Gillian Lockitch?,

Tomas Ganz!, Michael R Hayden>® & Y Paul Goldberg**

Roetto, Am J Hum Genet 1999 Papanikolaou, Nat Genet 2004



BMP-SMAD signaling and Hemochromatosis proteins
A holo-TF

!

TFR2* HFE*

_______________________________

{4@ BMPRII
SMAD1/5/8 ¢

,— (@ sMAD4

P e e e e ce onot

" destes 200
R e,
oS oo gy
S —> HAM
STy o
ﬁi’}}éﬂ XK




FPN-disease and FPN-Hemochromatosis

Type-4A: Ferroportin disease Type-4B: FPN-Hemochromatosis

Loss of function mutations Gain of function mutations

Transmembrane domain mutations C326Y, C326S

} '

Egﬁlugjga:gnloe;;g;ﬁgn FPN hepcidin resistant
High Tsat — High Ft

N Tsat - High Ft

Macrophage iron overload Hepatocyte iron overload

e

Pietrangelo A. Haematologica 2017



Animal models for preclinical studies

Wild type mouse

Gene of Interest

Functional

Hfe"
Hjv"
Hamp-"
Tfr2+

Bmp6"-
Bmpr Alk2"
Bmpr Alk3"
Tmprss6

Constitutive Knockout mouse
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Moderate, late iron overload
Severe, early iron overload
Severe, early iron overload
Iron overload

Iron overload
Moderate iron overload
Severe iron overload
Iron deficiency



Physiologic homeostatic regulation of hepcidin

iron

o




Deregulation of hepcidin
In iron and other disorders

Impairment of the hepcidin-ferroportin axis

Hemochromatosis

Iron loading Anemia of
anemias inflammation



TMPRSSG6 is essential in iron deficiency
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Iron refractory iron deficiency anemia
(IRIDA - OMIM #206200)

Rare recessive disorder due to TMPRSS6 mutations
Iron deficiency anemia — normal/high hepcidin
Moderate anemia (childhood)

Low MCV and Tsat. Normal/high serum ferritin

Refractory to oral and partially refractory to iv iron
(Finberg et al, Nat Genet 2008)
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Lessons from IRIDA

v High hepcidin levels - oral iron refractoriness
e.g. in inflammation = i.v. iron needed

v Genetic susceptibility to iron deficiency
Differences in different populations (GWAS)
Data in blood donors according to TMPRSS6 SNPs

Sarensen E, Transfusion 2016; Mast, Transfusion 2020

v Oral iron effective on alternate days
Moretti, Blood 2014; Stoffel, Lancet Hematol 2017;von Siebenthal, Am J Hematol 2023



From hemochromatosis to iron deficiency
and ...... anemia of inflammation

Fae NEW ENGLAND JOURNAL of MEDICINI

REVIEW ARTICLE

Dan L. Longe, M0, Edior

Iron-Deficiency Anemia

Clara Camaschella, M.D

af- JRON DEFICIENCY AND IRON-DEFICIENCY ANEMIA ARE GLOBAL HEALTH
iog problems and common medical conditions seen in everyday clinical practice.
Sl Although the prevalence of iron-deficiency anemia has recently declined some-
3z what, iron deficiency continues to be the top-ranking cause of anemia worldwide,
Mt and iron-deficiency anemia has a substantial effect on the lives of young children

and premenopausal women in both low-income and developed countries. The

diagnosis and treatment of this condition could clearly be improved.
Iron is ercial to binlagie funetions. inclndine resniration. enerev nradoction
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Systemic inflammation and anemia

Cytokine overproduction

Inflammatory
stimulus

T Myeloid*

cells v )
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1 Erythrocyte lifespan
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1 Proliferation

Bone marrow
Decreased EPO and erythropoiesis High hepcidin
Decreased iron recycling

Adapted from Ganz T, NEJM 2019



Crosstalk of iron and erythropoiesis: erythroferrone

ERYTHROPOIETIC

STIMULATION “

EPO ‘
avVv.

ERYTHROBLASTS

JAK2/STATS
(ERFE)

l BMP sequestration
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INCREASED IRON

AVAILABILITY <

(Kautz et al, Nat Genet 2014)




Iron loading anemia

Anemia characterized by ineffective erythropoiesis
and transfusion-independent iron overload

" NTD B-thalassemia (thalassemia intermedia)

Congenital dyserythropoietic anemia

Sideroblastic anemia

Selected enzyme and membrane defects:
(PK deficiency, stomatocytosis)

__ Low-risk MDS (SF3B1 mutations)



Role of the Hepatokine FGL1 in the Regulation of Hepcidin and Iron

Metabolism During the Recovery From Anemia in Mice

FGL1 is induced by hypoxia FGL1 is a BMP ligand trap
Anemia (2 Co Ifo To To "o |
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Sardo et al. Blood 2023



Crosstalk of iron and erythropoiesis: TFR2

Erythroid

Progenitors | e rminal erythropoiesis
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EPOR TFR2 TFR1 (CD71) Gly

Forejtnikova et al, Blood 2010




TFR2 a link between hepcidin and erythropoiesis

Hepatocyte Erythroblast EPO

JAK2/STATS
Pi-3K/IAKT

Tlron absorption

Camaschella, Nat Genet 2000 Nai, Blood 2015




TFR2 modulates the erythroblast Epo sensitivity...
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New therapeutic strategies for iron disorders?

©  splenic
Prevents & macrophages

iron recycling

Hemochromatosis/Iron loading anemia

FPN inhibitor
(VIT2763-vamifeport)
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Other compounds and targetable disorders

Hepcidin agonists: Inhibitor inhibitors: anti-TMPRSS6 (ASO, siRNA, MoAb)
Targeting the TF-TFreceptor (TFR1-TFR2) and combo therapy

Hemochromatosis: maintenance phase (?)
Thalassemia: complex patophysiology (Combo therapy?)
Ph negative MPN. PV: Rusfertide phase 3 trial (Kremyanskaia. NEJM 2024)

Hepcidin antagonists: anti-Hamp, anti-BMP pathway, anti-HJV Mo Ab...

Anemia of chronic disease, anemia of inflammation (CKD)
Ph negative MPN. Myelofibrosis: Momelotinib (anti-JAK1/2 & anti-ALK2)



Iron and other hematopoletic cells

Lymphocytes

A recurrent Y20H mutation in TFRC - combined immunodeficiency with

marginal anemia. Iron is essential in B and T lymphocytes (Jabara, Nat Genet
2016, Aljohani, J Clin Immunol 2020)

Iron deficiency, adaptive immunity and Vaccine Efficacy (stoffel & Drakesmith, Adv
Nutr. 2024)

Granulocytes

Iron homeostasis in mice is critical for neutrophil development and
differentiation. Hypoferremia reduces granulocytes number, inhibits

granulopoiesis and alters neutrophil functions (Bonadonna Sci Adv 2022; 8(40)
eabq4469 and eabq5384).



Iron and other hematopolietic cells. Platelets

Iron is a modifier of the phenotypes of JAK2-mutant
myeloproliferative neoplasms

Jan Stetka,** Marc Usart,' Lucia Kubovcakova,' Shivam Rai,' Tata Nageswara Rao,’ Joshua Sutter,’ Hui Hao-Shen,' Stefan Dimhofer,
Florian Geier,'** Michael S. Bader,” Jakob R. Passweg,: Vania Manolova,” Franz Diirrenberger,” Nouraiz Ahmed,” Timm Schroeder,’
Tomas Ganz,® Elizabeta Nemeth,® Laura Silvestri,”'® Antonella Nai,”'” Clara Camaschella,” and Radek C. Skoda’

3

JAK2 mutant mice........
V617P (Ki) Exon 12
PV, ET, (Myelofibrosis) Pure PV

Stetka et al, Blood 2023



Iron deficiency

Complete bload counts
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Iron deficiency

Complete blood counts
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Terminal analysis
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Flow cytometry of bone marrow and spleen

| terminal erythropoiesis
T megakaryocyte/erythroid progenitors (preMeg-E)

in all models both JAK2 mutant and WT

T terminal erythropoiesis
| megakaryopoiesis (| preMeg-E)

in JAK2 mutant models, not in WT

The iron-sensitive cell is the common erythroid-megakaryocyte progenitor

Stetka et al, Blood 2023



Iron beyond Hematology

* Iron and chronic liver disease

* [ron and neurodegenerative disorders
* [ron and cancer

* Cardiac iron and hepcidin

* [ron and immunity
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