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The double face of iron

Essential for:

✓ Oxygen transport
✓ ATP production
✓Mitochondrial function
✓DNA replication

Toxic for:

✓ Proteins
✓ Lipids
✓ DNA
✓ Mitochondria

Cellular
level

Systemic
level

Regulation of Iron Metabolism



Key players in iron homeostasis
hepcidin



Anderson et al., 2012
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Domanda interattiva n° 1



v Hereditary
Hemochromatosis

v Beta Thalassemia

v Iron Refractory Iron Deficiency 
Anemia (IRIDA)

v Anemia of Inflammation

Hepcidin deregulation in pathologic conditions

hepcidiniron
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Anemia of Inflammation (AI) or
Anemia of Chronic Diseases (ACD)

⌘ occuring in a setting of infection, malignancies or inflammatory diseases 
as Chronic Kidney Disease (CKD)

⌘ mild to moderately severe anemia (7<Hb<12 g/dl) that develops in the 
context of systemic inflammation

⌘ anemia develops because of decreased erythrocyte production, 
accompanied also by a reduction in RBCs survival, and iron restriction 
(functional iron deficiency)

⌘ characterized by low serum iron (systemic iron stores are not depleted)



Anemia of Inflammation (AI) 
vs Iron Deficiency Anemia (IDA)

Ganz T., NEJM 2019



Causes and pathophysiology of Anemia of 
Inflammation (AI):

⌘ Inflammation-mediated iron restriction (functional iron deficiency)

iron-restricted
anemia
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Causes and pathophysiology of Anemia of 
Inflammation (AI):

⌘ Inflammation-mediated impaired erythropoiesis and RBCs survival

êRBCs
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Weiss et al., Blood 2019
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“Treatments that target the infectious or inflammatory 
processes that cause anemia of inflammation will not only 
ameliorate the anemia but also improve many symptoms and 
deficits caused by the primary disease”
Ganz T., NEJM 2019

Why we need alternative therapies?

Castleman’s disease à anti-IL6 Ab
Giant-cell arteritis à glucocorticoids
Rheumatoid arthritis à anti-IL6 or anti-TNFα therapy



Current treatments (EPO-based) may lead to off-target effects
à novel approaches are needed

EPO

Physiological condition 

hypoxia

Chronic Kidney Disease

Renal failure EPO

Iron restriction

Inflammation
(cytokines)

Anemia

CKD

Hepcidin



Chronic Kidney Disease

Anemia is due to:

⌘ High hepcidin levels 
(iron restrictionà functional iron deficiency)

⌘ EPO responsiveness



Chronic Kidney Disease

⌘ High hepcidin levels 
(iron restrictionà functional iron deficiency)

to increase serum iron for erythropoiesis

✓inhibitors of hepcidin
✓inhibitors of hepcidin function



BMP6

1. Inhibitors of hepcidin synthesis
✓anti-BMP6 MoAb, Phase 2 (Novartis)
✓anti-BMP6 Ab KY1070, preclinical (Kymab)
✓anti-HJV MoAb Phase 2, terminated in 2016 
(FerruMax Pharm)
✓soluble HJV, preclinical
✓non-anticoagulant heparins, Preclinical
✓momelotinib (ALK2 inhibitor), Preclinical
✓ TP-0184 (ALK2 inhibitor), phase 1 (Tolero Pharma)
✓ Small molecule ALK2 inhibitors (Keros Therap.)

Inhibitors of hepcidin
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Anti-hepcidin agents
✓PRS080 Phase 1b (anticalins; Pieris
Pharm)
✓NOX-H94 Phase 2 (lexaptepid
pegol; NOXXON Pharma)
✓12B9m Preclinical (Ab; Amgen)
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Interfering with hepcidin function
✓LY2928057 Phase II (removed from pipeline in 
2016)(Ab that prevents FPN degradation; Eli 
Lilly)
✓Guanosine 5’diphosphate that interferes with 
hepcidin-FPN interaction, Preclinical

Molecules that block or interfere with hepcidin function



Chronic Kidney Disease

Anemia is due to:

⌘ High hepcidin levels 
(iron restrictionà functional iron deficiency)

⌘ EPO responsiveness



Tfr2 KO

Tfr2 LCKO
iron overload=

Tfr2 BMKO = enhanced erythropoiesis  

Nai et al., 2015, Blood
Artuso et al., 2018, Blood

Camaschella et al., 2000, Nat Gen
Wallace et al., 2007, Gastroenterology 
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RED CELLS, IRON, AND ERYTHROPOIESIS

Transferrin receptor 2 is a potential novel therapeutic target
for b-thalassemia: evidence from a murine model
Irene Artuso,1,* Maria Rosa Lidonnici,2,3,* Sandro Altamura,4,5 Giacomo Mandelli,3 Mariateresa Pettinato,1,2 Martina U. Muckenthaler,4,5

Laura Silvestri,1,2 Giuliana Ferrari,2,3 Clara Camaschella,1 and Antonella Nai1,2

1Division of Genetics and Cell Biology, San Raffaele Scienti!c Institute, Milan, Italy; 2Vita-Salute San Raffaele University, Milan, Italy; 3San Raffaele Telethon Institute
for Gene Therapy (SR-TIGET), San Raffaele Scienti!c Institute, Milan, Italy; 4Department of Pediatric Hematology, Oncology and Immunology, University of
Heidelberg, Heidelberg, Germany; and 5Molecular Medicine Partnership Unit, Heidelberg, Germany

KEY PO INT S

l Deletion of BM Tfr2
ameliorates anemia and
ironoverload inamurine
model of transfusion-
independent
thalassemia.

l Deletion of Tfr2
enhances transcription
of genes involved in
cell proliferation and
mitochondrial activity.

b-thalassemias are genetic disorders characterized by anemia, ineffective erythropoiesis,
and iron overload. Current treatment of severe cases is based on blood transfusion and iron
chelation or allogeneic bone marrow (BM) transplantation. Novel approaches are explored
for nontransfusion-dependent patients (thalassemia intermedia) who develop anemia and
iron overload. Here, we investigated the erythropoietin (EPO) receptor partner, transferrin
receptor 2 (TFR2), as a novel potential therapeutic target. We generated a murine model of
thalassemia intermedia speci!cally lacking BM Tfr2: because their erythroid cells are more
susceptible to EPO stimulation, mice show improved erythropoiesis and red blood cell
morphology as well as partial correction of anemia and iron overload. The bene!cial effects
become attenuated over time, possibly due to insuf!cient iron availability to sustain the
enhanced erythropoiesis. Germ line deletion of Tfr2, including haploinsuf!ciency, had a
similar effect in the thalassemic model. Because targeting TFR2 enhances EPO-mediated

effects exclusively in cells expressing both receptors, this approachmay have advantages over erythropoiesis-stimulating
agents in the treatment of other anemias. (Blood. 2018;132(21):2286-2297)

Introduction
b-thalassemias are autosomal-recessive disorders caused by
b-globin gene mutations resulting in defective hemoglobin syn-
thesis and a-globin excess. The unbalanced synthesis between
normal a- and reduced/absent b-globin chains is the pathogenic
clue of the disease and causes massive expansion of the immature
erythroid precursors.1 The balance between erythroid progenitor
proliferation and erythroid precursor differentiation is subverted: the
early erythroid cell pool is abnormally expanded, whereas matu-
ration of erythroblasts is defective2 because of increased apoptosis.3

Erythropoiesis is governed by erythropoietin (EPO), a hormone
primarily produced by the kidney. EPO levels, stimulated by
hypoxia, are high in b-thalassemia. EPO binding to its receptor
(EPOR) on the surface of erythroid precursors activates the JAK2/
STAT5-signaling pathway and the transcription of several genes
involved in proliferation, differentiation, and survival.4-10 Despite
high EPO levels, since the globin defect, erythroid differentiation is
blocked in b-thalassemia and the resulting hallmarks of the disease
are ineffective erythropoiesis (IE) and anemia. Because of the ex-
panded erythropoiesis, the increased erythroid regulator eryth-
roferrone (ERFE)11,12 suppresses hepcidin and causes iron overload.

Current treatment of b-thalassemia is based on lifelong blood
transfusions and iron chelation, a costly, demanding and far from

optimal treatment accessible to only a minority of patients
worldwide. A subset of patients not requiring transfusions
(thalassemia intermedia) suffers from multiple morbidities and
secondary iron overload.13,14 The only curative approach for the
most severe forms of b-thalassemia is allogeneic bone marrow
(BM) transplantation (BMT), an approach limited by the avail-
ability of HLA-matched donors and the risk of graft-versus-host
disease.15 Clinical trials of gene therapy are in progress with
encouraging results16,17; however, gene therapy will likely be-
come available to a minority of patients. There is a great interest
in developing novel treatments that target IE, improving ery-
throid maturation and controlling iron overload. The most
promising are activin ligand traps, molecules that inhibit the
transforming growth factor-b pathway18,19 now in a phase 3
clinical trial.20,21 Other approaches aimed at increasing the iron
hormone hepcidin, restricting iron for erythropoiesis as the use
of hepcidin/minihepcidins,22,23 transferrin,24,25 and inhibitors of
the protease TMPRSS626-30 have been tested with bene!cial
effects mainly in models of thalassemia intermedia. De!ning the
molecular mechanism of these novel compounds and exploiting
potential combinations is a therapeutic challenge for the future.

We recently identi!ed transferrin (TF) receptor 2 (TFR2), a sensor
of circulating TF-bound iron, as a regulator of erythropoiesis.
TFR2 is a transmembrane protein,mainly expressed in hepatocytes
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The dual function of Transferrin Receptor 2
(TFR2) 
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Take home message: Anemia of Inflammation
Clinical presentation:

✓Mild to moderate anemia
✓Due to infection, inflammatory diseases or malignansies
✓Low serum iron BUT systemic iron stores not depleted (functional iron 
deficiency)

Pathophysiology:
✓Iron restricted erythropoiesis
✓Decreased production of EPO
✓EPO responsiveness of erythroid cells

Treatments:
✓Treat the underlying diseases
✓Treat anemia (Erythropoiesis stimulating agents (ESAs) w/wo IV iron
✓Experimental therapies (new ESAs, anticytokines, agents targeting the 
hepcidin-FPN axix)
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