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IRON METABOLISM

Body iron distribution
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Hepcidin: the key iron regulator
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molecular genetics
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E- Hemochromatosis: 7

Type 1, AR: classic type HFE mutations
1
Type 2, AR: juvenile hemochromatosis:
hepcidin (HAMP) or hemojuvelin (HIJV) _
mutations
—
Type 3, AR: TFR2 mutations %

Type 4, AD: “ferroportin disease”
FPN mutations

19

Hemochromatosis: pathogenesis

The genetic defect causes inappropriately high intestinal
iron absorption and macrophage iron recycling leading to:

increased transferrin saturation
increased serum ferritin

iron accumulation in parenchymal organs
iron toxicity and organ failure

Hemochromatosis: Clinical complications

The most common form: HFE-related
Late onset (middle age) - Low penetrance, prevalent male expression
High TS, high SF, iron in hepatocytes

Liver fibrosis, cirrhosis, HCC
Heart failure, arrhytmias,
Glucose intolerance, diabetes

Hypogonadism; other endocrinopathies

Arthropathy - Skin pigmentation

Non-transferrin bound iron (NTBI )
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NTBI appears when plasmatic Fe > binding capacity of transferrin

(at saturations > 60) is uptaken by cells and has great cell toxicity
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HFE hemochromatosis: genotypes at risk

Penetrance of C282Y homozygous males

C282 homozygous (60-95%)

C282Y/H63D compound (5-10%)

H63D homozygous (rare)
Other HFE mutations

C282Y or H63D heterozygous: search for additional factors

Murine models: Hfe -/-, HfeC294Y/C294Y liver conditional k.o.

100% Genetic predisposition

Increased tissue iron
(increased serum ferritin)

50%

25% Clinical disease (organ damage)

HFE hemochromatosis as a complex disease

Juvenile (Type 2) hemochromatosis

Causal gene

Modifier
Genes

Environment

HFE haplotype Diet, oral iron

Haptoglobin polymorphisms Alcohol

BMP and other polymorphisms Blood donations, blood loss
Other liver diseases

g Variable disease expression D

€50
40
Autosomal recessive — rare 30
20
Early onset (lI-lll decades) 0
Both sexes affected
Severe iron overload liver
Progressive disease
Mutations of hepcidin
or hemojuvelin
heart

Hjv -/- and Hamp -/-

pituitary
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TFR2- (Type 3) hemochromatosis

Autosomal recessive, rare

High transferrin saturation, Iron in hepatocytes

Clinical complications as in HFE-disorder
Early onset but not severe

Responsive to phlebotomy

(Camaschella et al, Nat Genet 2000) Fleming et al, PNAS 2002

Hepcidin dosage by ELISA
in hemochromatosis
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(Ganz et al. Blood 2008;112:4292-4297)

Hepcidin regulation by iron

Disorders of hepcidin deficiency

Cell Membrane

123 8- AR

2301229 2255 2250 4141406 B4 19

Genetic disorders
Hereditary hemochromatosis type 1,2,3

(Hemochromatosis type 4 may be due to ferroportin

mutations that are hepcidin-resistant)

Acquired disorders
secondary iron overload in iron loading anemias
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Defective hepcidin activation: Hepcidin inhibition in erythropoiesis
iron loading anemias (thalassaemia) expansion
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(Orita el al Haematologica 2007 and Nemeth, personal comunication
Hepcidin inhibitors Disorders of Hepcidin excess

GDF15

Growth Differentiation Factor 15 is produced by late
erythroblasts. High serum levels in beta-thalassemia patients

Produced by iron deficient cells Acquw_ed dlsorde.rs .
(Tanno et al Nat Med 2008) Anemia of chronic diseases (ACD)
TWSG1
Twisted Gastrulation 1, an anti-BMP6 molecule, is produced by -
immature erythroblasts. Increased expression in beta-thalassemic mice Genetic disorders
(Tanno et al, Blood 2009) Iron refractory iron deficiency anemia (IRIDA)
s-HIV

potential anti-BMP decoy molecule. Site of production?
(Babitt et al 2006)

TMPRSS6/Matriptase-2

serine protease inhibitor with an in vivo physiological role
(Du et al Science 2008)
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Excessive hepcidin activation: ACD

Hepcidin regulation by inflammation

Moderate degree normochromic normocytic

anemia in association with inflammatory and immune
activation (acute/chronic)

Common in hospitalized patients

Inadequate Epo and erythroid response

Low transferrin saturation, high ferritin

Iron sequestration in macrophages by hepcidin
(antimicrobial peptide)

ACD: major players

Hepcidin dosage by ELISA in inflammation

(Weiss and Goodnough, New Engl J Med 352:1011-23,2005)
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(Ganz, T. et al. Blood 2008;112:4292-4297)

Recent reports of increased hepcidin in patients series of Hodgkin
RA, Multiple Myeloma....
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Hepcidin in inflammation

k

* liver

Reduced iron absorption
Reduced iron recycling

Iron retention in macrophages
Iron restricted erythropoiesis
(ACD)

Inappropriate high hepcidin: IRIDA

IRIDA = iron refractory iron deficiency anemia
Autosomal recessive disorder due to TMPRSS6
(matriptase 2) mutations

Moderate anemia, severe microcytosis

Extremely low iron and transferrin saturation
Normal serum ferritin

High serum (and urinary) hepcidin levels
Refractory to oral and partially refractory to iv iron

(Finberg et al, Nat Genet 2008, Sem Hematol 2009)

Matriptase-2

Mutations associated with IRIDA

MT-2 is encoded by TMPRSS6 gene on chromosome 22
RNA expression: liver (kidney, olfactory epithelium)

Protein: 811 amino acid type Il transmembrane serine protease
synthesized as an inactive zymogen

(TTPS family: enteropeptidase, hepsin,corin, matriptase 1...)

N CcuB CuB ooo SERINE PROTEASE C

Cleavage activity indispensable for function.

S561X
Mask —S570fs

R599X

R774C

A118D

_

(Silvestri et al Blood 2009
De Falco et al, Hum Mut 2010)
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Model of hepcidin regulation by matriptase-2

TMPRSS6 -
TMPRSSS N empr r BMPR
SMADs
“HEPC - HEPC
- serum iron ~ serum iron

normalv _ IRIDA
erythropoiesis

(Silvestri et al Cell Met 2008)

IRIDA: hematological data
(32 published cases)
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Loci associated with red cell traits

Tanaka et al, A genome-wide association analysis of
serum iron concentrations. Blood. 2010;115:94-96
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* HFE C282Y
** TMPRSS6 V736A (SP domain) (Andrews N, Nat Genet 2009; 41:1161-2)
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Body iron regulation

Multiple levels:

Cell regulation: IRE-IRP system

Systemic regulation: hepcidin/FPN
axis

Tissue regulation: erythropoiesis,
muscle, others?

Aconitase IRE binding

IRP1
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4Fe-4s

(Adapted from Dupuy et al., 2006,
Walden et al., 2007)

4Fe-4s

IRP2

(Vashisht et al. Science 2009
Salahudeen et al, Science 2009

Future developments

Tissue regulators: erythroid, muscle signals?
Crosstalk between cell and systemic homeostasis
Cross talk between iron and inflammatory pathway
Susceptibility to 10 and ID at the genetic level

Manipulation of the system for therapy
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...novel future therapies?
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HEPCIDIN AGONISTS

Potential utility
to prevent/improve iron overload in hemochromatosis

or b-thalassemia
(E. Nemeth, Adv Hematol 2010)

HEPCIDIN ANTAGONISTS

Potential utility
to improve anemia in ACD
Hepcidin neutralizing Ab in a mouse model of ACD:
Epo alone does not correct anemia
Epo + Hepcidin Ab: anemia correction
(Sasu et al, Blood 2010)
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