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SYNOPSIS
Correcting ineffective erythropoiesis and iron dysregulation by regulating hepcidin
expression—Unbalanced hemoglobin α- and β-chain expression in the thalassemias, results in
anemia, extramedullary hematopoiesis and ineffective erythropoiesis leading to secondary iron
overload even in the absence of transfusion therapy. Severe, chronic ineffective erythropoiesis
also leads to iron overload in other anemias, including the dyserythropoietic and sideroblastic
anemias. Hereditary hemochromatosis (HH) is a group of human genetic disorders that share the
common pathophysiology of an incrementally inappropriate increase in dietary iron uptake,
leading to progressive iron overload over a period of years. In all cases, the iron overload may
eventuate in toxic levels of iron in the liver, heart and endocrine tissues, leading to a multiplicity
of complications, including organ failure. Despite the diversity of the underlying diseases, in each
case, the iron overload is a direct effect of the dysregulation of hepcidin, the hormonal negative
regulator of iron absorption by the intestine that is produced in the liver. In this article, we will
discuss new approaches to treating iron overload diseases such as these, using hepcidin mimetics
or by modulating endogenous hepcidin expression. In particular, we will discuss lipid nanoparticle
(LNP) encapsulated siRNA and antisense oligonucleotide (ASO)-mediated inhibition of
TMPRSS6, an upstream regulator of hepcidin, and treatment with transferrin or hepcidin
mimetics, including the recently described “minihepcidins.” In each case, in animal models of β-
thalassemia, not only do the interventions affect iron absorption, but they also act as disease-
modifying agents that ameliorate the ineffective erythropoiesis inciting iron metabolism
dysreguation in the first place.
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INTRODUCTION TO IRON METABOLISM
Because iron is highly toxic when present in excess, mammals have evolved elaborate
mechanisms for the regulation of iron acquisition, transport, storage and utilization. A
typical adult human is endowed with approximately 4g of iron, almost two-thirds of which is
distributed in hemoglobin in red blood cells (RBCs). Nearly 25mg of iron is required to
support erythropoiesis each day, but most of the iron required for erythropoiesis derives
from recycling of iron from effete RBCs by macrophages of the reticuloendothelial system.
At a steady state, only 1–2mg of iron is absorbed each day from the diet, and that only to
offset iron losses, which are not regulated, and limited to physiological and non-
physiological epithelial cell (e.g., skin and intestine) or blood loss. Accordingly, total body
iron is regulated entirely at the level of intestinal absorption, which can be modulated
according to the body’s needs.

The Hepcidin-Ferroportin Iron Regulatory Axis
Hepcidin is a peptide hormone produced predominately by the liver in response to iron
stores.1 As iron levels increase, so does hepcidin,2,3 which, as a negative regulator of iron
release from cells, binds to and causes the internalization and degradation of ferroportin
(FPN1), the only known iron exporter.4 FPN1 is expressed in abundance on macrophages
and duodenal enterocytes, the cells that are directly responsible for iron recycling from
senescent RBCs and for iron absorption from the intestine (Figure 1). Thus, hepcidin
production simultaneously leads to decreased intestinal iron absorption and sequestration of
iron in macrophages, limiting its availability for erythropoiesis. Conversely, decreasing
hepcidin expression permits more non-heme iron to be taken up from the diet and released
from internal stores. A failure of this “stores regulator” of systemic iron metabolism5

underlies the pathophysiology of most forms of hereditary hemochromatosis (see below).

In addition to systemic iron deficiency, hepcidin expression is also suppressed by anemia
and hypoxia.6 Anemias characterized by ineffective erythropoiesis—bone marrow erythroid
hyperplasia with premature, intramedullary death of maturing erythroblasts—appear to
uniquely potently suppress hepcidin production even in the presence of systemic iron
overload.7 The factor or factors that communicate this signal from the bone marrow to the
liver to suppress hepcidin have been termed the “erythroid regulator” of iron metabolism.5 It
is the apparent supremacy of the erythroid regulator compared to the stores regulator that
underlies the pathogenesis of iron overload in “iron-loading anemias” such as β-thalassemia
intermedia, which are characterized by ineffective erythropoiesis. Importantly, in these
anemias, as well as in HH, the regulatory dysfunction leading to iron overload is a relative if
not absolute deficiency in hepcidin for the degree of iron overload. It is on this theoretical
basis that upregulation of hepcidin has been envisioned as a means to treat iron overload in
these apparently diverse diseases.

Iron-Responsive Hepcidin Expression by the Hepatocyte
It is now evident that the autosomal recessive forms of hereditary hemochromatosis due to
mutations in HFE, HJV, or TFR2 result from a disruption of the hepatocyte’s ability to
translate systemic iron stores and availability for erythropoiesis represented by the
transferrin saturation (or concentration of diferric transferrin) into a signal that promotes
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hepcidin gene transcription.8–10 In this way, they are thought to disrupt the “stores
regulator” of systemic iron homeostasis. This pathway has been reviewed comprehensively
elsewhere.11–13 Only elements that are fundamental to the therapeutic innovations discussed
below are highlighted here.

There is strong evidence that the bone morphogenetic protein (BMP)-sons of mothers
against decapentaplegic (SMAD) signaling pathway plays a key role in the regulation of
hepcidin and systemic iron metabolism (Figure 2). Hemojuvelin (HJV), which is mutated in
patients with a severe, juvenile onset from of HH,9 is a BMP co-receptor protein14 that
facilitates signaling through the BMP type I receptors (BMPRIs) ALK2 and ALK315,16 in
response to BMP6,17,18 which is itself upregulated in the liver by iron. Activated BMP
receptors phosphorylate SMADS1, 5, and 8, which in turn phosphorylate SMAD4, which
translocates to the nucleus, stimulating transcription by binding to a BMP-response element
(BRE) in the hepcidin promoter.

While juvenile hemochromatosis is rare, mutations in HFE account for the vast majority of
patients with HH in the western hemisphere.19 Early work demonstrated that HFE interacts
with the transferrin receptor (TFRC or TFR1) in a manner that can be competitively
inhibited by diferric transferrin binding to TFR1.20,21 A second transferrin receptor,
TFR2,22 mutated in a fraction of HH patients,23 also interacts with HFE24,25 in vitro, but it
associates with diferric transferrin only very poorly. In this way, there would appear to be a
means for hepatocytes to “sense” the amount of iron in the plasma. It is a matter of debate
whether TFR2, HFE, or both directly interact with the HJV-BMPR complex,26,27 however,
inactivation of either protein diminishes the activation of the downstream SMADS as well as
hepcidin transcription in response to iron.

Mutations in any of the HH proteins or certain components of the BMP-SMAD signaling
cascade in hepatocytes in model organisms lead to hyporesponsiveness of hepcidin
transcription in response to iron. In contrast, mutations in TMPRSS6, a membrane
associated protease expressed solely in the liver, cause the opposite phenotype: excessively
high hepcidin levels in response to a given iron status, and the clinical phenotype of
congenital iron deficiency.28–31 Work in vitro suggests that TMPRSS6 regulates HJV
protein levels at the cell membrane by cleaving it to generate a soluble form (sHJV, Figure
2).32,33 Interestingly, it appears that iron, BMP-6 and hypoxia are all able to induce
TMPRSS6 transcription in vivo.34,35 In toto, TMPRSS6 activity and expression are
coordinated to inhibit hepcidin transcription mediated by the BMP-SMAD pathway, and in
doing so may ordinarily help to prevent excessive hepcidin induction and prevent iron
deficiency.

PRECLINICAL INVESTIGATION OF HEPCIDIN MIMETIC AND HEPCIDIN-
INDUCTION THERAPIES IN MURINE MODELS OF HEREDITARY
HEMOCHROMATOSIS

As described above, because of the relative hepcidin deficiency seen in both HH and in the
iron loading anemias associated with ineffective erythropoiesis, manipulation of hepcidin
levels either through exogenous administration or endogenous stimulation has been
envisioned as a potential pharmacological approach to these disorders (Box 1). In many
ways, because of the safety, efficacy, and inexpense of phlebotomy for the treatment of HH,
many have seen using animal models of HH as proof of principle for these therapies as a
prelude to the more complicated secondary hepcidin suppression seen in the iron-loading
anemias.
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Box 1

Experimental pre-clinical models focused on repressing iron absorption
and utilization

Genetic ablation of Tmprss6 (Tmprss6−/−)43,57 Murine β-thalassemia intermedia (Hbbth3/+), murine
hereditary hemochromatosis (Hfe−/−)

Transferrin (Tf) therapy54 Murine β-thalassemia intermedia (Hbbth1/th1)

Transgenic overexpression of hepcidin
(Hamp1)36,55

Murine β-thalassemia intermedia (Hbbth3/+) and murine
hereditary hemochromatosis (Hfe−/−)

Dietary iron restriction55 Murine β-thalassemia intermedia (Hbbth3/+)

Pharmacologic repression of Tmprss6
expression (siRNA, ASO)

Murine β-thalassemia intermedia (Hbbth3/+), murine
hereditary hemochromatosis (Hfe−/−)

Treatment with hepcidin mimetic (mini-
hepcidin)48,49

Murine juvenile hereditary hemochromatosis
(Hamp1−/−)

BMP6 therapy41 Murine hereditary hemochromatosis (Hfe−/−)

Transgenic hepcidin overexpression in HFE HH
Hepcidin therapy was first attempted by Nicolas, et al, in a murine model of HH.36 This
group showed that Hfe−/− animals,37 have inappropriately low hepcidin expression that does
not change as the animals age and load iron (Figure 3A). Earlier work in this laboratory had
generated a transgenic animal that overexpressed the mouse hepcidin gene under control of
the liver-specific transthyretin promoter.38 These transgenic animals are extremely pale,
have diminished whole body iron stores and a severe hypochromic, microcytic anemia, and,
on a C57BL/6 background, die within a few hours of birth. Transgenic mice on a mixed
129Sv; C57BL/6 background are viable, and the anemia eventually subsides as the
endogenous hepcidin normalizes approximately nine weeks of life. More severely affected
founder animals require treatment with exogenous iron to survive past weaning. As one
would expect, overexpression of hepcidin in Hfe−/− animals (Figure 3B) greatly decreased
iron loading in whole embryos and also in the livers of one and two month old HH
animals.36 In fact, in many animals the correction of the hepcidin deficiency was too great,
leading to iron deficiency anemia. In toto, this work was the proof in principle for hepcidin
therapy in iron overload diseases, but it equally illustrated the potential complications of an
inability to titer the therapy to the physiological state of the animal.

Exogenous BMP6 for the treatment of HFE HH
Mice lacking Hfe, although iron overloaded, do not have detectable elevations in hepatic
Bmp-Smad pathway signaling.39,40 Furthermore, Bmp6 expression is appropriately
upregulated in comparison with the increased tissue iron found in Hfe−/− mice suggesting
that Hfe is not necessary for Bmp6 regulation. As a result, Corradini et al,41 hypothesized
that treatment of Hfe−/− mice with supraphysiological levels of Bmp6 could compensate for
the defect in Smad-mediated hepcidin regulation (Figure 3C). To evaluate this possibility,
they administered BMP6 to Hfe−/− mice twice daily for 10 days and found that treatment
increased liver hepcidin mRNA expression by almost 2-fold. This resulted in reduced serum
iron, transferrin saturation and elevated non-heme iron deposition in the spleen.
Improvement of liver, heart and pancreas iron levels was not observed, almost certainly due
to the relatively short treatment regimen, which was necessitated by dysplastic calcification
at the injection site. This study clearly demonstrated the limitations of systemic BMP6
treatment for iron overload, but equally pointed out the potential for therapeutic efficacy
were local, hepatic expression of BMP6 to be achieved.
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Genetic and pharmacological inhibition of Tmprss6 in HFE HH
Mice lacking Tmprss6 overexpress hepcidin due to constitutive hyperactivation BMP-
SMAD signaling pathway, leading to an iron iron-refractory iron deficiency anemia
(IRIDA) phenotype.28,42 A similar IRIDA phenotype occurs in humans with biallelic
mutations in TMPRSS6. Current models postulate that TMPRSS6 cleaves HJV from the cell
membrane, dampening BMP-SMAD signaling and consequently hepcidin expression,
particularly when ambient iron levels are low. As a result, genetic or pharmacologic
targeting of TMPRSS6 may be beneficial in disorders of iron regulation dependent upon
physiologically “upstream” of HJV (Figure 4A). As a genetic proof of principle, Finberg, et
al., showed that deletion of a single Tmprss6 allele greatly diminished iron loading in Hfe−/−

animals.43 Complete loss of Tmprss6 ameliorated the iron overload phenotype, but also
caused a hypochromic, microcytic iron deficiency anemia on the Hfe−/− background,
indicating that a delicate balance must be struck between too much and too little hepcidin.

Two research groups have sought subsequently to promote hepcidin expression by targeting
Tmprss6 mRNA for degradation in vivo (Figure 4B). Schmidt et al. tested an siRNA
targeting Tmprss6 mRNA encapsulated in lipid nanoparticles (LNP) composed of an
ionizable lipid, disteroylphosphatidyl choline, cholesterol and PEG-DMG.44 Because they
are taken up by the chylomicron scavenger receptors, these vesicles can be injected into a
peripheral vein, and are avidly taken up by hepatocytes relatively specifically, where they
induce Tmprss6 mRNA degradation through a mechanism involving the RNA-induced
silencing complex (RISC). Treatment of wild type animals with Tmprss6 siRNA decreased
liver expression of Tmprss6 mRNA in a dose dependent manner, leading to prolonged
hepcidin induction, and suppression of the transferrin (Tf) saturation and liver non-heme
iron levels.45 Silencing Tmprss6 in Hfe−/− mice had similar effects. Furthermore, siRNA
treatment also increased total spleen iron, indicating that hepcidin induction also caused
splenic macrophages to sequester iron from senescent red blood cells. As might be expected,
even in Hfe−/− animals, chronic suppression of Tmprss6 has a cumulative effect on
erythropoiesis, leading to a hypochromic, microcytic anemia

Guo, et al., employed a related, antisense oligonucleotide (ASO) approach to suppressing
Tmprss6 expression.46,47 Here, antisense oligonucleotides form an RNA:DNA hybrid that is
then degraded through a nuclear RNaseH-mediated mechanism. As is true of the siRNA
approach, Tmprss6 ASO treatment decreased hepatic expression of Tmprss6 mRNA in a
dose dependent manner, leading to elevated hepcidin production, eventuating in a decrease
in serum iron and transferrin saturation. Likewise, treatment of Hfe−/− mice also suppressed
serum and liver iron parameters and increased spleen iron concentration, indicating, as
before, a re-distribution of iron from hepatocytes to recycling macrophages in the spleen. As
noted with siRNA treatment, ASO manipulation of hepcidin also leads to a hypochromic,
microcytic anemia

Minihepcidins correct hepcidin deficiency in HH
As in other hormone deficiency disorders (e.g., type I diabetes mellitus and hypothroidism)
the iron loading in HH could equally be treated by hormone replacement therapy. The
relative abundance of hepcidin, which is one of the most highly expressed RNAs in the liver,
as well as its short plasma half-life due to proteolysis and renal clearance, however, severely
limits the potential for direct hormone replacement. To address the pharmacological
shortcomings of the natural peptide, Preza, et al., developed a series of orally bioavailable,
long-acting “minihepcidins” for the treatment of iron overload disorders.48 In cell-based
assays, they showed that the 7–9 N-terminal amino acids of hepcidin appear to be the
minimal sequence able to induce FPN1 degradation. Chemically synthesized N-terminal
peptides assembled from D-amino acids in the reverse orientation (so-called retro-inverso
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peptides) are equally active as the natural L-amino acid N-terminal peptides, but are
resistant to proteases. Further modification of the retro-inverso peptides with C-terminal
carboxyamide linked polyethylene glycol (PEG) and palmitic acid groups produced
biologically active molecules that are both orally bioavailable and have a longer plasma
half-life. Indeed, daily intraperitoneal injection of minihepcidins was able to reverse iron
loading in mice deficient in hepcidin. Subsequent work by Ramos, et al.,49 employed an
optimized minihepcidin, containing only L-amino acids, to treat hepcidin deficient animals
that were either dietarily iron-loaded or depleted. Most notably, minihepcidin administration
to iron-depleted hepcidin null animal mice prevented liver iron loading, decreased heart iron
levels, and caused iron retention in splenic macrophages. However, treatment of already
iron-loaded knockout animals caused a significant increase in spleen iron, but only small
changes in liver, heart and serum iron measurements. As expected, very high doses of the
peptides lead to anemia due to iron restriction, once again highlighting the very narrow
therapeutic window for manipulating this pathway.

Small molecule modulation of hepcidin expression
Other recent work has sought to generate small molecules that induce hepcidin. Genistein, a
member of the isoflavone family of organic molecules related to estrogens, was found to
induce hepcidin transcription in a zebrafish model system.50 This modulation was shown to
be both BMP- and Stat3-mediated, but does not require estrogen receptor signaling, in an in
vitro cell culture system. Further research will be necessary to determine if this potential
treatment modality is viable in a mammalian animal model of iron metabolism.

PRECLINICAL INVESTIGATION OF HEPCIDIN-INDUCTION THERAPIES IN
MURINE MODELS OF β-THALASSEMIA INTERMEDIA

Unlike in HH, phlebotomy is not an approach that can be applied to mitigate the iron
overload in all but the most mildly anemic patients with ineffective erythropoiesis and
secondary iron overload (e.g., some sideroblastic anemia patients). Consequently, if
intervention in the hepcidin-ferroportin axis to limit iron absorption is to find a clinical
application, it is most likely in the untransfused patient with chronic anemia and iron
overload. To this end, several of the strategies described above, as well as several others
(Box 1), have been applied to mouse models of non-transfusion dependent β-thalassemia
(i.e., β-thalassemia intermedia), which display many of the key characteristics of the human
disease. Specifically, two mutant genotypes, Hbbth3/+ and Hbbth1/th1,51,52 have transfusion-
independent, moderately severe anemia associated with ineffective erythropoiesis,
splenomegaly and secondary iron overload.

Transferrin therapy to modulate iron metabolism in β-thalassemia intermedia
Despite the systemic iron overload, due to the massive erythroid demand and plasma iron
turnover, thalassemic erythroblasts are actually functionally iron deficient. Indeed, Ginzburg
et al., observed that treatment of Hbbth1/th1 thalassemic animals with iron improves the
anemia, but comes at the expense of more marked iron overload.53 Reasoning that Tf
therapy could improve iron delivery to the erythron without adding additional iron to the
system, this same group of investigators treated thalassemic mice with chronic Tf injections.
They observed that Tf treatment increased the hemoglobin and decreased the reticulocytosis,
splenomegaly, and plasma erythropoietin as well as decreasing membrane-associated α-
globin precipitates and normalizing the RBC half-life.54 Treatment with either apo or holo-
Tf significantly increased hepcidin expression in comparison to untreated animals and
demonstrated an increase in comparison to WT littermates. Iron staining in treated spleen
was decreased, but there was no difference in other tissues.
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Despite the rationale leading to its investigation, it is unclear if Tf therapy is effective
because it promotes or inhibits iron delivery to the erythron. Some data would suggest that
the latter is the case. For example, dietary iron restriction has similar effects on anemia and
ineffective erythropoiesis in the Hbbth3/+ mouse model.55 Furthermore, RBC parameters in
both these models change in a manner that would suggest more severe iron deficiency: both
Tf-treated Hbbth1/th1 and iron deficient Hbbth3/+ mice respond to the treatment by making
more RBCs with a smaller MCV and a lower MCH and MCHC, all characteristics of RBC
iron deficiency. These observations provided the seminal insight that actual or functional
iron deficiency had the potential to modify the disease phenotype in these β-thalassemia
models, suggesting that targeting the hepcidin-ferroportin axis to restrict iron availability
would effect not only iron loading, but the primary disease itself.

Genetic and pharmacologic induction of hepcidin in β-thalassemia intermedia
Based on the effect of dietary iron deficiency, it was recognized that limiting iron absorption
and macrophage iron recycling with hepcidin might equally mitigate the thalassemic and
iron overload phenotypes. To test this possibility, Gardenghi et al., transplanted Hbbth3/+

hematopoietic stem cells into mice transgenically expressing hepcidin in a tetracycline-
inducible manner.55,56 Here, moderate overexpression of hepcidin in the Hbbth3/+ model
reduces iron overload, improves anemia, and decreases splenomegaly. Importantly, in
several animals, the anemia actually became worse. These rare individuals, it was found,
expressed higher levels of hepcidin than their counterparts that experienced improvement in
the anemia, once again illustrating the delicate balance between iron restriction and desirable
effects.

Similar to previous work that validated Tmprss6 as a target to moderate murine Hfe−/− HH,
Nai, et al., showed that targeted deletion of Tmprss6 not only decreases iron loading, but
also uniformly ameliorates the anemia and ineffective erythropoiesis in Hbbth3/+ mice
(Figure 4A).57 Importantly, this would suggest that, unlike induction of endogenous
hepcidin through other means or potentially administration of hepcidin mimetics, complete
inhibition of this target should not have the untoward effect of excessively iron-restricted
erythropoiesis.

Using methodologies described above, Schmidt et al.,45 and Guo et al.,46 employed LNP–
formulated siRNAs and ASOs, respectively, targeted against Tmprss6 mRNA to enhance
hepcidin expression in the Hbbth3/+ thalassemia model. Both groups had qualitatively similar
results, demonstrating that suppression of Tmprss6 expression in Hbbth3/+ mice significantly
induces liver expressed hepcidin and diminishes tissue and serum iron levels. More
importantly, both treatments substantially improved the anemia by altering RBC survival
and ineffective erythropoiesis. This improvement in RBC survival was likely a consequence
of a decrease in accumulated erythrocyte membrane-associated α-globin precipitates. A
reduction in splenomegaly and ineffective erythropoiesis was confirmed by restoration of
proper splenic architecture and diminution of serum erythropoietin.

CONCLUSIONS AND FUTURE DIRECTIONS
Although it is quite evident that iron restriction through either dietary limitation or elevating
serum hepcidin activity improves anemia in the Hbbth3/+ mouse model of β-thalassemia
intermedia the mechanism by which this occurs has not yet been defined. At least in the case
of hepcidin and hepcidin mimetics, it is possible that intervening in the hepcidin-ferroportin
axis itself may play a direct role in the maturation of erythroblasts. For example, work by
Zhang, et al.,58 showed that Fpn1 is highly expressed on the cell membrane in erythroblasts,
which may limit may modulate iron availability in early erythroid cells by exporting the
metal.59 Nevertheless, as noted earlier, the same effect is observed when thalassemic
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animals are placed on a low iron diet alone, suggesting that iron-restricted erythropoiesis is
the critical factor.55

In humans, it is well documented that induction of γ-globin (and thus hemoglobin F) can
mitigate the clinical phenotype of the β-hemoglobinopathies (reviewed in60,61). However,
this cannot be the mechanism in rodents as they lack a γ-globin equivalent, switching
directly from embryonic to adult β-globins. Similarly, much the same as coinheritance of an
α-thalassemia allele mitigates a β-thalassemia genotype,62 it is possible that suppression of
available iron decreases the α/β globin synthesis ratio, leading to fewer free α-chains and
diminishing damage caused by membrane-associated α-globin. This, however, does not
appear to be the case either in this mouse model (PJS and MDF, unpublished). The stability
of free α-globin might equally be increased though elevation of AHSP,63 the α-hemoglobin
stabilizing protein whose expression is increased in iron deficiency.64 However, while
theoretically possible, this is unlikely, as transgenic overexpression of AHSP does not
improve the anemia in Hbbth3/+ animals.65 Another, still unconfirmed, hypothesis is that
erythroid iron deficiency causes a global decrease in globin protein synthesis, which, due to
the absolute decrease in α-chains would lead to less membrane damage and increased intra-
and extra-medullary RBC survival. A potential mechanism for this decrease could be
through the heme-regulated eIF2α kinase (HRI).66 HRl is an erythroid-specific translational
elongation factor 2a (elF-2a) kinase, that, in the absence of heme, is a potent inhibitor of
protein synthesis.67–69 Although Hri−/− mice have no baseline phenotype, these animals
develop a paradoxical hyperchromic, macrocytic anemia with reduced RBC numbers in the
setting of iron deficiency.70 Hri deficiency increases the abundance of α-globin aggregates
and in doing so exacerbates the phenotype of the Hbbth1/th1 thalassemia.71 Determining
whether this or another mechanism underlies the phenotypic improvement in each of the
preclinical models discussed above will most certainly contribute to further refinement of
therapeutics designed to enhance these effects.

Application of these experimental therapies has, thus far, been limited to HH and β-
thalassemia intermedia mouse models. It is possible, however, that they may eventually find
application in transfusion-dependent β-thalassemia major patients, in which the hepcidin
levels are at baseline grossly elevated, but may, nonetheless, still be inappropriately low for
the systemic iron burden.72 While chronic transfusion therapy is meant to suppress
ineffective erythropoiesis and its complications, the episodic nature of transfusions leads to
gradually increasing erythropoietic drive pre-transfusion, punctuated by periods of maximal
suppression immediately following a transfusion. A recent analysis of β-thalassemia major
patients pre- and post-transfusion demonstrated an increase in hepcidin and a decrease in
both and erythropoietin and growth differentiation factor-15, the latter thought to be
indicative of ineffective erythropoiesis decreased, after transfusion.73 Thus, although the
primary source of iron in transfused β-thalassemia is from transfused RBCs, intestinal iron
absorption may, nonetheless, be relatively stimulated, particularly as the hemoglobin
approaches a nadir. Thus, in this situation, where ongoing erythropoiesis is entirely
undesirable, a compromise between erythropoiesis and iron absorption need not be struck,
and maximal suppression of the pathway, as might be achieved with a hepcidin mimetic, in
particular, is a desirable goal. Furthermore, combination of these therapies with state-of-the
art iron chelation strategies may further decrease the burden of iron and iron-related
complications in transfusion-dependent and - independent β-thalassemias.
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Key Points

1. Dysregulation of iron metabolism is a primary or secondary cause of morbidity
and mortality in a number of diverse diseases, including Hereditary
Hemochromatosis (HH) and β-thalassemia.

2. Hepcidin is the central hormonal regulator of iron metabolism.

3. Tmprss6 is a serine protease that regulates hepcidin expression by the
hepatocyte through a mechanism that involves several of the hereditary
hemochromatosis proteins.

4. Modulation of hepcidin activity has demonstrated potential as treatment
modality to treat iron overload disorders in pre-clinical animal models.
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Figure 1. The role of the liver and hepcidin in iron regulation
Hepcidin, produced in hepatocytes of the liver, is a soluble regulator of iron metabolism.
HFE and HJV (hemojuvelin) are necessary for appropriate sensing of TF (transferrin)
saturation, and consequently, total body iron burden. TMPRSS6 is a membrane-bound
serine-protease thought to regulate HJV function by cleaving the BMP co-receptor HJV at
the cell membrane. Upon release from the liver, hepcidin binds to ferroportin on the surface
of duodenal enterocytes and macrophages responsible for recycling iron from RBCs, leading
to internalization and degradation of the iron transporter FPN1 and diminution of
transferrin-bound iron (TF-Fe) in the serum.
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Figure 2. Involvement of the BMP/HJV/SMAD signaling pathway in the regulation of
hepatocyte-generated hepcidin
Hepcidin expression is increased in response to elevated iron and decreased due to
ineffective erythropoiesis, such as is found in β-thalassemia intermedia. Mutations in the
classic hereditary hemochromatosis gene (HFE) and hemojuvelin (HJV) cause hereditary
hemochromatosis. HJV, a bone morphogenetic protein (BMP) co-receptor, plays a central
role in hepcidin regulation through a SMAD signaling cascade. BMP6 expression increases
with elevated iron conditions and acts as a ligand, binding to HJV and initiating hepcidin
expression. Diferric transferrin (TF-Fe) displaces HFE from transferrin receptor-1 (TFR1)
likely leading to interaction with the HJV/BMP receptor complex, or a possibly separate
signaling pathway. The membrane-bound serine protease TMPRSS6 cleaves HJV from the
cell surface, forming a soluble protein (sHJV).
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Figure 3. Interventions in a mouse model of hemochromatosis (Hfe−/−)
(A) Genetic ablation of the Hfe protein (Hfe−/−) leads to diminished hepcidin production
and elevated iron uptake and distribution. Transgenic overexpression of hepcidin (B) greatly
diminishes tissue iron loading and leads to a microcytic, hypochromic anemia. Application
of supraphysiological amounts of BMP6 (C) initiates hepcidin production through
stimulation of the Bmp/Hjv/Smad signaling pathway, leading to diminished available iron.
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Figure 4. Modulation of hepcidin expression through genetic or pharmacological targeting of
Tmprss6
Loss of all endogenous Tmprss6 protein (A) leads to elevated levels of Hjv, the Bmp co-
receptor, on the cell membrane. Significant hepcidin expression causes suppressed iron
levels and a hypochromic, microcytic anemia, even in a mouse lacking Hfe. (B) Targeting of
Tmprss6 thorough pharmacological means. Targeting of Tmprss6 siRNA to the liver in lipid
nanoparticle (LNP)–formulated siRNAs, or by antisense oligonucleotide technology, leads
to diminished Tmprss6 mRNA expression through classic RISC-mediated (cytoplasmic) or
RnaseH-mediated (nucleus) suppression, respectively. Suppression of Tmprss6 causes
elevated levels of Hjv to remain on the cell membrane, triggering heightened hepcidin
expression and ameliorating the Hfe−/− phenotype.

Schmidt and Fleming Page 17

Hematol Oncol Clin North Am. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


