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Iron metabolism
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Hepcidin

Andrews, Blood 2008



Hepcidin



Regulation of hepcidin

Poli, Front Pharmacol 2014

↗ hepcidin if :

- Inflammation

- ↗ iron stores



Regulation of hepcidin

Kautz, Nat Gen 2014



Regulation of hepcidin

Silva, BBA  2015

Hypoxia represses hepcidin production



TfR2

■ Transmembrane protein homologous to TfR1 (erythroblast)

■ Restricted to hepatocytes and erythroid cells

■ In the liver

– Ability to bind iron-loaded Tf and function as a liver sensor of 

circulating iron excess -> hepcidin activator

– >< TfR1 iron importer

■ Mutations in TfR2 (inactivation)

– Low hepcidin

– => iron overload (hemochromatosis type 3)



TfR2

■ In erythroid cells

– Partner of EpoR in immature erythroid cells

– TfR2 limits erythroid expansion in mice

■ TfR2 deletion in BM 

* ↗ RBC counts and Hb level

* Phenotype becomes more evident in iron deficiency

Nai, Blood 2015



TfR2

■ In erythroid cells

– Component of EpoR complex in immature erythroid cells

– TfR2 limits erythroid expansion in mice

■ How ? TfR2 deletion in BM stabilizes EpoR on the erythroblast

surface, thereby modulating erythroblast Epo sensitivity 

Nai, Blood 2015A major advancein deciphering theextrahepatic roleof TFR2

was the serendipitous identification of its partnership with EPOR.17

Foretnikovaet al suggested that theTFR2/EPOR associationstabilizes

EPOR on thecell surface, although TFR2 doesnot directly bind EPO

and does not seem to interfere with the EPO binding to EPOR. They

also showed that silencing TFR2 in vitro delays erythroid differenti-

ation. However, these results did not provide clear insights into its

function in erythropoiesis, and the consequences of TFR2 ablation in

vivo remained uncertain. Increased Hb levels were found in Tfr22 /2

mice as compared with WT littermates, but this finding was ascribed

to the concomitant iron overload.12,18 An in-depth analysis revealed

that only mice with ubiquitous Tfr2 deletion are characterized by

increased Hb levels, whereas Tfr2 liver-specific KO12,18 are not, sug-

gesting that high Hb levels might result from the absence of Tfr2 in

theerythroid compartment, rather than from theincreased iron supply.

In thisarticle, wedirectly analyzed theerythroid functionof TFR2,

showingthat it hasacrucial roleinlimitingerythropoiesisandavoiding

erythrocytosis, afunctiondisguised in ironoverloadbut evident in iron

deficiency.At thesametime,wediscoveredthat irondeficiencymimics

TFR2 deletion in theerythroid compartment.

Westarted with theobservation that erythrocytosisdevelopsin the

Tfr2-Tmprss6 double KO mice, but not in the liver-specific Tfr2-

Tmprss6doubleKO18animals,althoughbothmodelsshowedthesame

degreeof irondeficiency. Thisledustoproposethat TFR2might limit

theerythrocytenumbersespecially in iron deficiency.19

Our observation agreeswith theresultsof genomewideassociation

studies,whichhaveidentifiedassociationof TFR2geneticvariantswith

RBC number31 and hematocrit and Hb levels,32 suggesting that TFR2

may be involved in thecontrol of erythropoiesis.

Tounravel themodalitiesof thiscontrol, wegeneratedastraightfor-

wardmurinemodel characterizedby specificdeletionof Tfr2 intheBM

(Tfr2BMKO), where its expression is mostly restricted to the erythroid

lineage.4,16 Lossof Tfr2 in theerythroid compartment remarkably

increased theerythroid precursor frequency and their terminal dif-

ferentiation, especially the proportion of maturing erythroblasts

and reticulocytes. This was accompanied by decreased rate of

apoptosis of cells during the phases of maturation and by signs of

stress erythropoiesis (increased Ter1191 cells in the spleen). We

cannot exclude a role for Tfr2 in early erythropoiesis because

that was not investigated, but we consider it unlikely, because

the first stage of terminal differentiation (proerythroblasts) was

not expanded in Tfr2BMKO. The changes observed suggest the

effect of EPO stimulation33-37 but, surprisingly, serum Epo levels

of Tfr2BMKO werenot increased. Considering that the survival of

the erythroblasts depends on EPO38 and that TFR2 is an EPOR

partner,17 we speculate that the genetic loss of Tfr2 increases the

EPO sensitivity of erythroid precursor cells. Wefound an increased

expression of several Epo target genes(asBcl-xL, Fasl, Serpina3g,

Figure 5. Analysis of Tfr2 and Epor in isolated

erythroblasts. BM cells from control and Tfr2BMKO

mice maintained with an IB diet were sorted as de-

scribed in the text. (A) Gating strategy for freshly

isolated bone marrow erythroid subsets: R3, R4, R5,

and R6. Nucleated cells were selected and subsets

gated based on Ter119 and CD71. (B) Flow cytometry

analysis of BM cells stained with antibodies against

Ter119 and CD71. Histograms show the percentage of

cells in stage R3, R4, R5, and R6. The number of

events is reported in supplemental Table 3. (C-D)

mRNA expression of Tfr2 (C) and Epor (D) relative

to Gapdh in the R3, R4, and R5 stages. mRNA ex-

pression ratio was normalized to the R3 control mean

value of 1. mRNA expression ratio was normalized to

the control mean value of 1. Mean values of 3 samples

for genotype (controls, Tfr2BMKO) and stage (R3, R4,

R5, R6) are graphed. Error bars indicate standard

error. Asterisks refer to a statistically significant differ-

ence. *P , .05; ***P , .005.

Figure 6. Analysis of Epo target genes in basophilic and polychromatic

erythroblasts (R4). (A) mRNA expression of Bcl-xL, (B) Serpina3G, (C) Fasl, and (D)

Erfe relative to Gapdh in R4 erythroblasts. mRNA expression ratio was normalized to the

control mean value of 1. Mean values of 3 samples for genotype (controls, Tfr2BMKO) are

graphed. Error bars indicate standard error. Asterisks refer to a statistically significant

difference. *P , .05; ***P , .005.
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Pathways of intracellular iron 
uptake, distribution and 
utilization

Iron essential for

Synthesis of :

- Iron-dependent 

enzymes

- Heme

(cytochrome, 

myoglobin, 

hemoglobin)

Bogdan, Trends Biochem Sci. 2016



Ferritinophagy

■ Autophagic turnover of ferritin 

■ Process critical for regulation of intracellular iron 

bioavailability

■ Nuclear receptor coactivator 4 (NCOA4) promotes 

ferritinophagy (Mancias 2014) through delivery of ferritin to 

the lysosome via autophagosomes

■ Ferritinophagy is regulated by iron levels (Mancias 2015)



NCOA-4

■ NCOA4 KO mice (Bellelli 2016)

– Accumulation of iron in liver & spleen, even if low iron diet 

– Mild microcytic anemia

– If low iron diet : severe anemia as mice failed to release iron 

from ferritin storage

– =>NCOA4 prevents iron accumulation and ensures efficient 

erythropoiesis, playing a central role in balancing iron levels 

in vivo



Iron & macrophages

■ Monocytes expressing high levels of 

lymphocyte Ag 6 complex, locus C1 

(LY6C1 or Ly-6C)

– Ingest stressed and senescent

erythrocytes

– Do not differentiate into ferroportin-

expressing iron-recycling 

macrophages, owing to the 

suppressive action of Csf2 

expressed by senescent RBC in 

spleen

Theurl, Nat Med 2016



Iron & macrophages

■ These monocytes

– Recruitment to the liver through macrophage 
(Kupffer cells)-derived chemotactic signals & 
GM-CSF

– Differentiation into FPN1-expressing 
macrophages 

– Accumulation of a transient FPN1+Tim-4neg 
macrophage population 

Alongside FPN1+Tim-4 high Kupffer cells

– Delivering iron to hepatocytes

■ Inhibition of monocyte recruitment to the 
liver during stressed erythrocyte delivery
leads to kidney and liver damage

Tim-4 or Timd4 = embryonically derived T-cell Ig 
and mucin domain containing 4

Theurl, Nat Med 2016



■ Liver is primary organ supporting

– Rapid erythrocyte removal (together with spleen)

– Iron recycling

– Adaptation to body fluctuations in erythrocyte integrity

■ This liver-specific phenomenon is

– Transient

– Dynamic

– Controls iron homeostasis during erythrocyte damage

Iron & macrophages
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Iron overload



Uncontrolled Uptake of Labile 
Iron Leads to Cell and Organ 
Damage

Transferrin Iron

Controlled uptake

Non-transferrin

Iron
Uncontrolled uptake

Organelle damage

Free-radical generation

Functional
iron

Labile

Iron

Storage
iron

An excessive rise in labile iron can promote the generation of 
reactive-O species (ROS) by reacting with respiratory O 

intermediates and thereby override the cellular antioxidant defences
and chemically damage cell components and associated functions

Angelucci, Educational session, EHA 2017

Labile iron



How does labile iron cause 
cell damage ?



Iron overload & HCT

■ Iron overload after HCT

– More infections

– More VOD

– More GvHD

– More cell/tissue toxicity

– Leukemic relapse ?

■ Goal after HCT

– Maintain labile iron and total body iron levels within a normal 
range

– Minimize NTBI/LPI and ROS generation (reactive oxygen species)

– Through normal transferrin saturation 



Management of iron overload 
after HCT

Phlebotomy Chelation

Pros Efficient Efficient

Safe Safe

Inexpensive
Immediate effect on 

NTBI/LPI

Permits complete iron 
removal

Hospital access not 
required

Cons
Requires sustained 

engraftment
Expensive

Hospital access required
Warning on renal toxicity 
in case of cyclosporine 

concomitant use

Immediate effect on 
NTBI/LPI to be verified

Possible increased 
toxicity in condition of 

low iron burden

Angelucci, Educational session, EHA 2017



Hepcidin & infections

■ NTBI promoted the rapid growth of siderophilic but not

nonsiderophilic bacteria in mice with either genetic or

iatrogenic iron overload and in human plasma.

■ Hepcidin was selectively protective against siderophilic

extracellular pathogens (Yersinia enterocolitica O9) by

controlling NTBI rather than iron-transferrin concentration.

Stefanova, Blood 2017



Hepcidin & infections

■ NTBI-dependent (particularly siderophilic) infections can be

treated with hepcidin agonists in mouse models of hereditary

hemochromatosis or parenteral iron overload.

Stefanova, Blood 2017



Iron chelation in 
Hemoglobinopathies

■ Better monitoring ?

– Serum ferritin : different thresholds according to cardiac vs liver IO, major vs 

minor thalassemia, transfusion-dependent vs transfusion-independent

– MRI :

■ T2* iron concentration in Heart : threshold for IO : T2* < 20 msec

Liver

■ R2 Ferriscan (spin density projection assisted R2 MRI)

– Review by a core laboratory



Iron chelation in 
Hemoglobinopathies

■ Dosing matters -> chelation adjustment

■ Mode of administration

– Combination if rapid decrease is needed

– Vitamin C may affect chelation

■ Dealing with compliance

– New deferasirox formulation : film-coated tablet

■ More bioavailable : 14 mg DFX FCT = 20 mg DFX DT

■ Lower biovariability and limited food effect

■ No lactose in FCT : better GI tolerance ?

– New oral chelators in development (! Renal toxicity)



Iron supplementation with 
ESA therapy

■ Network meta-analysis on Erythropoiesis-stimulating agents 

(ESA) +/- IV or oral iron in anemic cancer patients (S812, oral 

session, Weigl)

– 105 studies (24,867 patients), untreated or chemo or RTH

– ESA use increases risk for thromboembolic events and mortality

■ Iron supplementation does not significantly alter these findings

– ESA use increases hematological response

■ Iron supplementation potentially advantageous (especially IV)

– ESA use decreases transfusion needs

■ Iron supplementation further reduces transfusions



Thank you for attention



Hepcidin strategies

■ Mini hepcidin (agonists)

■ Inhibition of TMPRSS-6



Anti-hepcidin strategies


