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Abstract

The secreted peptide hormone hepcidin regulates systemic and local iron homeostasis through
degradation of the iron exporter ferroportin. Dysregulation of hepcidin leads to altered iron
homeostasis and development of pathological disorders including hemochromatosis, and iron
loading and iron restrictive anemias. Therapeutic modulation of hepcidin is a promising method to
ameliorate these conditions. Several approaches have been taken to enhance or reduce the effects
of hepcidin /in vitroand in vivo. Based on these approaches, hepcidin modulating drugs have been
developed and are undergoing clinical evaluation. In this article we review the rationale for
development of these drugs, the data concerning their safety and efficacy, their therapeutic uses,
and potential future prospects.
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Overview

Iron is an essential nutrient that functions as a cofactor in many proteins and enzymes
necessary for cell growth and maintenance.[1] However, excess iron can be cytotoxic due to
its ability to contribute to free radical-generating reactions.[2] Therefore, iron homeostasis is
carefully maintained. Iron from the diet is absorbed by duodenal enterocytes and is effluxed
to the circulation through ferroportin (FPN), the only known iron pump in mammalian cells.
[3] Iron is then loaded onto a carrier protein, transferrin (TF), for circulation and delivery to
peripheral tissues. [4] Transferrin receptor 1 (TFR1), which is displayed on most cells, binds
diferric TF, and the complex of diferric TF and TFR1 is endocytosed. Following

Correspondence to: Suzy V. Torti, st orti @ichc. edu.
*Authors contributed equally.

Financial & competing interests disclosure
The authors have no other relevant affiliations or financial involvement with any organization or entity with a financial interest in or
financial conflict with the subject matter or materials discussed in the manuscript apart from those disclosed.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Blanchette et al.

Page 2

endocytosis, iron is released from the TF/TFR1 complex for intracellular use and the apo-
TF/TFR1 complex recycles back to the cell surface to participate in multiple rounds of iron
delivery. The bone marrow, in particular, requires a large amount of iron to maintain
erythropoiesis (red blood cell (RBC) production). During erythropoiesis, iron is incorporated
into hemoglobin, an oxygen transport metalloprotein that is the major constituent of RBCs.
Senescent RBCs are catabolized by macrophages of the reticuloendothelial system, which
release iron from hemoglobin. Iron is exported from macrophages by FPN, loaded onto TF,
and reenters the circulation for further utilization. An overview of systemic iron trafficking
and regulation is provided in Figure 1.

As there is no iron excretory pathway, intake of iron must be tightly regulated. Hepcidin, a
secreted peptide hormone produced predominantly by the liver, is the master regulator of
iron intake and systemic iron homeostasis. It was first discovered by independent groups in
2000 and 2001 as a peptide with antimicrobial activity. Soon after, hepcidin was determined
to play a central role in maintaining systemic iron levels and controlling iron storage in
macrophages.[5-8] Encoded by the HAMP gene, human hepcidin is synthesized in the liver
as an 84 amino acid prepropeptide that contains a typical N-terminal endoplasmic reticulum
targeting sequence, as well as a C-terminal consensus furin cleavage site.[6] Upon cleavage
at both sites, hepcidin is secreted into the circulation as a 25 amino acid bioactive peptide
hormone.[6,7,9]

Hepcidin regulates body iron by binding to FPN, causing the internalization and subsequent
degradation of hepcidin and FPN in the lysosome.[10,11] FPN expression is most prominent
on the surface of enterocytes and macrophages due to their respective roles in uptake of
dietary iron and iron recycling (Figure 1).[12] When systemic iron levels are high, hepcidin
is produced and targets FPN for degradation, reducing the release of iron into the plasma.
When systemic iron levels are /Jow, hepcidin decreases, and more iron is released into the
plasma through FPN. In both circumstances, manipulation of hepcidin restores normal
serum iron levels. Thus, hepcidin and FPN constitute a regulatory axis that is essential for
the maintenance of systemic iron homeostasis. In addition to its role in controlling systemic
iron metabolism, the FPN/hepcidin regulatory axis is also operant in peripheral tissues, such
as the breast, prostate, and brain [13-15] Hepcidin is secreted from cells within these tissues
and acts locally to reduce iron export from cells, again by degrading FPN (Figure 1).
Therefore, the FPN/hepcidin regulatory axis allows precise control of iron at both the
systemic as well as the cellular level. Disrupted regulation of this axis can result in
pathological elevation or reduction of iron levels.

Disordered hepcidin & disease

Hepcidin deficiency

Deficiency in hepcidin production is the main cause of iron overload. When hepcidin is
deficient, intestinal absorption of iron is inappropriately high leading to elevated serum iron
levels and iron overload or hemochromatosis. Most iron overload disorders are inherited,
including hereditary hemochromatosis (HH). Mutations that lead to HH have been identified
in many of the genes that regulate hepcidin, as well as the HAMP gene itself, and the
severity of iron overload depends on the gene mutated.[16] Less common mutations, such as
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a mutation in FPN that renders it insensitive to hepcidin degradation, can also lead to HH.
[17] Current treatment options for patients with HH are limited to phlebotomy to deplete
excess iron from circulation. However, phlebotomy also removes hepcidin, increasing iron
absorption and creating a cycle that demands careful monitoring and repeated treatment.[18]
Stimulation of hepcidin production may prove to be an alternative or additional therapy for
some patients with iron overload.

Deficiency in hepcidin is also associated with iron loading anemias, such as p-thalassemia
and congenital dyserythropoietic anemia, in which iron overload and anemia can present
within the same disease.[19,20] These complex diseases are characterized by ineffective
erythropoiesis, due to premature apoptosis of erythroid precursors before maturation into
erythrocytes.[21] A lack of mature erythrocytes leads to anemia and an increase in
erythropoietin production in attempt to increase erythropoiesis. Under these conditions,
hepcidin synthesis is repressed by factors secreted by erythroid precursors: likely
erythreferrone and/or growth differentiation factor 15 (GDF15).[22,23] Similar to HH, low
hepcidin levels in turn result in excessive iron absorption and an iron overload phenotype.
[24] Treatments of these patients include transfusions and/or administration of iron
chelators. In transfused patients, anemia is moderately corrected, and due to reduced
erythropoiesis, hepcidin levels can be partially restored. Iron overload can be corrected by
iron chelator treatment; however, many adverse side effects can arise. Thus, hepcidin
agonists may also be beneficial in correcting these complex set of diseases.

Hepcidin excess

In contrast to iron loading anemias, iron restrictive anemias may result from excess hepcidin
production. The most common cause of abnormally elevated hepcidin is inflammation
associated with chronic disease, which can result in development of anemia of chronic
disease (ACD). ACD is observed in a wide range of chronic diseases including infection,
kidney disease, inflammatory disorders, trauma, malignancy, and rheumatologic diseases.
[25] Treatment of the underlying disorder is the preferred treatment for ACD, but this is not
always feasible. In addition, two rare causes of increased hepcidin production are hepcidin
secreting hepatomas [26] and iron-refractory iron deficiency anemia (IRIDA). IRIDA is
characterized by resistance to oral iron treatment and is caused by hereditary mutations in
the hepcidin inhibitor TMPRSS6.[27]The prevalence and morbidity of anemia associated
with hepcidin excess has driven the development of hepcidin antagonists.

Pharmacological considerations

Successful therapeutic manipulation of hepcidin is dependent on knowledge of its
pharmacologic and pharmacokinetic properties and, most importantly, the ability to
reproducibly and reliably measure hepcidin levels. Methods to detect hepcidin have been
difficult to develop. Early studies detected urinary secreted hepcidin by cation-exchange
chromatography and subsequent immunodots, a technique that was limited by uncertainty as
to whether excreted hepcidin correlated with plasma hepcidin levels. [28] Mass spectrometry
(MS) methods, including time-of-flight MS and high performance liquid chromatography-
tandem MS, have also been used for the detection of bioactive hepcidin,[29-31] and
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recently, a liquid chromatography tandem—mass spectrometry (LC-MS/MS) method was
validated as a reliable method for quantifying hepcidin-25 in human urine and serum.[32,33]
In addition to MS methods, the first serum ELISA assay for hepcidin was developed and
validated in 2008.[34] It is currently the most frequently used assay for the measurement of
hepcidin in serum. Based on this assay, normal physiologic levels of serum hepcidin range
from 29 to 254 ng/mL in men and 17 to 286 ng/mL in women (with median concentrations
112 ng/mL versus 65 ng/mL, respectively).[34] However, it is important to note that current
hepcidin ELISA assays utilize antibodies that are unable to distinguish between the bioactive
peptide hepcidin-25 and smaller isoforms of hepcidin whose significance is still uncertain
(hepcidin-20 and -22).[35,36] Although dramatic progress has been achieved in hepcidin
detection, improvements in detection limits and assay validation are still needed, as large
discrepancies remain between detection methods.[37] In addition to detection limitations,
studies in non-human primates have revealed that hepcidin has a short half-life of only
several minutes.[38] Hepcidin is rapidly cleared in the kidney, as its small size allows it to
pass through the glomerular membrane where it is subsequently degraded in the proximal
tubule.[39]

Regulation of hepcidin

Regulation of hepcidin synthesis has been extensively studied, and both positive and
negative regulators have been identified. A brief overview of pathways that regulate
hepcidin, as well as therapeutics targeting these pathways, is provided in Figure 3.

Positive regulation

When plasma iron levels are high, hepatic hepcidin synthesis is elevated to reduce further
iron absorption (Figure 1). To maintain this homeostatic loop, hepcidin is positively
regulated by iron itself via a pathway that involves bone morphogenetic proteins (BMPs)
and SMADs (verterbrate homologs of Sma and mothers against decapentaplegic) (Figure 3).
BMPs are a subfamily of the transforming growth factor beta (TGF-f) superfamily of growth
factors that control a wide range of biological functions including bone formation,
embryonic neural crest organization, and post-natal tissue maintenance.[40] BMPs utilize
the intracellular transducing SMAD molecules to activate their downstream target genes.[41]
Aside from its function in controlling embryonic development and cell maintenance, BMP/
SMAD signaling was recently identified to control iron homeostasis. A mouse hepatocyte-
specific deletion of Smad4 resulted in a severe iron overload phenotype. [42] Interestingly,
there was a 100-fold reduction in hepcidin mRNA in the livers of the same Smad4-deficient
mice, revealing Smad4 as a potential transcriptional regulator of hepcidin. Subsequent
studies confirmed this hypothesis. It is postulated that BMP6 is the main ligand that
positively regulates hepcidin transcription /in vivo, via a signaling pathway controlled by
plasma iron.[43] BMP6-deficient mice exhibit extreme iron overload due to reduced
hepcidin synthesis.[44] Others have shown that additional BMPs and other ligands of the
TGFB family can also positively regulate hepcidin in hepatocytes as well as other cell types.
[14,45] However, BMP6 is believed to be the main ligand responsible for hepcidin
production and maintaining normal body iron levels in vivo.
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In recent years, other members of the BMP signaling pathway have been shown to further
control hepcidin production, as inferred from mutational analysis in HH patients.
Hemojuvelin (HJV) was found to be a critical BMP co-receptor that precisely controls
hepcidin expression.[46] Mutations in HIJV were identified in humans that develop juvenile
hemochromatosis, one of the most severe forms of iron overload.[47,48] These patients were
found to have extremely low levels of hepcidin, revealing HJV as an important regulator of
hepcidin. Additionally, it has been postulated that interactions among hepatic TFR1,
transferrin receptor 2 (TFR2), and human hemochromatosis protein (HFE), serve as the main
sensors of plasma iron that result in BMP-SMAD activation and subsequent hepcidin
production (Figure 3). Mutations in TFR2 or HFE result in partial hepcidin insufficiency,
leading to a less severe form of HH.[49,50] It is thought that increasing concentrations of
holo-transferrin results in the transfer of HFE from TFR1 to TFR2, stabilizing TFR2 and
subsequently activating the downstream SMAD pathway.[51] However, the exact molecular
pathways that connect HFE-TFR2 and BMP-SMAD signaling have yet to be understood.

Aside from control by iron itself, hepcidin is also regulated by inflammation. Interestingly,
hepcidin was first described as an antimicrobial peptide, and it is thought that regulation of
hepcidin by inflammation has evolved as a protective mechanism to reduce iron availability
for microbes during host infection.[5,52] It has been widely observed that patients with
chronic inflammation have reduced serum iron levels, which can result in ACD. A direct
connection between inflammation and hepcidin was first shown in studies demonstrating
that treatment of hepatocytes with lipopolysaccharide (LPS) resulted in an increase of
hepcidin transcription.[7] It was later determined that inflammatory regulation of hepcidin
was specific for type Il acute phase cytokines, particularly Interleukin-6 (IL-6), and not type
I cytokines.[53] Specifically, IL-6 activates Janus kinase 2 (JAK2) and downstream signal
transducers and activators of transcription 3 (STAT3) (Figure 3). STAT3 translocates to the
nucleus where it binds to a STAT3 response element on the hepcidin promoter, increasing
hepcidin transcription.[54] IL-6 secreted during inflammation [55] is likely the major cause
of elevated hepcidin in ACD [28] although BMPs seem to play a role as well.[43,56-59]
Interestingly, cross-talk between the IL-6 and BMP signaling pathways may facilitate
hepcidin induction.[60]

Negative regulation

In times when additional iron is needed in circulation, hepcidin production must be
suppressed. One such instance is during stress erythropoiesis, such as that triggered by
hemorrhage, hemolysis, and other stresses. Initially, it was postulated that erythropoietin
(EPO), the main hormone that mediates erythropoiesis, directly suppressed hepcidin
synthesis. Treatment of mouse and human hepatocytes as well as human subjects with EPO
resulted in a striking reduction of hepcidin transcription and circulating levels, respectively.
[61,62] However, additional studies investigating direct regulation of hepcidin by EPO
yielded negative results, suggesting that EPO is not the “erythroid factor” that negatively
regulates hepcidin. A recently discovered hormone, erythroferrone (ERFE), may represent a
major contributor to hepcidin suppression.[23] ERFE is produced by erythroblasts in
response to erythropoietin and was found to directly suppress hepcidin production, allowing
release of iron into circulation to meet the demands of erythropoiesis. This negative
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regulation of hepcidin by ERFE seems to be induced at times when new red blood cell
formation is crucial, such as hemorrhage, or during disease states, such as p-thalassemia,
where hepcidin levels are extremely low.[23] Additional studies are needed to identify the
molecular mechanisms of hepcidin repression by ERFE and whether additional erythroid
regulators exist.

Parallel to erythropoietic control of hepcidin, low oxygen concentrations also lead to
reduced hepcidin production. It is known that low oxygen conditions stimulate the
production of RBC, which results in increased demand for iron.[63] Hepcidin expression
must be repressed to achieve this increase in iron. The molecular connection between
hepcidin and hypoxia was first observed when mice with hepatocyte deletion of Hifla did
not show a decrease in hepcidin after exposure to hypoxia or iron deficiency.[64] The same
study went on to confirm that Hifla binds to hypoxia responsive elements (HRES) on the
HAMP promoter and, thus, directly represses hepcidin transcription in both human HEK293
cells as well as mouse liver tissue. However, additional studies have suggested that
regulation of hepcidin by hypoxia involves solely Hif2a or that regulation of hepcidin by
HIFs is indirect.[65,66] Others believe that hypoxia may increase levels of furin, the enzyme
that can cleave HJV to soluble HIV (sHJV), which in turn can sequester BMPs rendering
them unable to activate the BMP-SMAD pathway for induction of hepcidin.[67] Overall, the
hypoxia-induced molecular players and whether they directly or indirectly regulate hepcidin
still remains to be elucidated.

Another means to negatively regulate hepcidin is by inhibiting its positive regulators. Some
of these regulators have been identified serendipitously through the discovery of mutations
in genes that lead to an altered iron phenotype. One such instance is mutations in the
TMPRSS6 gene which encodes a type Il transmembrane serine protease, known as
matriptase-2. TMPRSS6 mutations result in elevated hepcidin and severe anemia that is not
responsive to therapy.[27] In vitro, matriptase-2 was observed to cleave HJV, the BMP co-
receptor, reducing downstream signaling and induction of hepcidin.[68] Thus, matriptase-2
is believed to be a negative regulator of hepcidin (Figure 2). As mentioned above, soluble
HJV is formed by furin cleavage of membrane HJV, and HJV can thus transition from a
positive regulator of hepcidin to a negative regulator once cleaved.[69] This represents a
sophisticated level of hepcidin regulation by utilization of either membrane or soluble HJV,
depending on the amount of iron desired. Another BMP antagonist, known as Sclerostin
domain containing 1 protein (SOSTDC1), has also been shown to negatively regulate
hepcidin in prostate cancer cells.[14] SOSTDCL1 antagonizes BMP signaling by sequestering
BMP ligands, similar to sHJV (Figure 3).[70] Thus, by sequestering the BMPs, activation of
downstream signaling for induction of hepcidin is compromised.

Additional regulators

In recent years, additional regulators of hepcidin have emerged, including hormones, growth
factors, and other signaling molecules. Hormonal control of hepcidin was suspected based
on the need for additional iron during menstruation. This was confirmed, as treatment of
human liver cell lines with 17B-estradiol resulted in reduced hepcidin transcription.[71]
Ultimately, a functional estrogen responsive element within the HAMP promoter was
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detected.[71] Thus, high levels of estrogen just before menstruation negatively regulate
hepcidin, resulting in increased iron in circulation to compensate for elimination of iron
through blood loss. However, additional studies contradicted negative regulation of hepcidin
by estrogen and concluded that estrogen actually positively regulates hepcidin, via GPR30-
BMP6-dependent mechanism.[72] Testosterone has also been shown to inhibit hepcidin
transcription in mice.[73] Clarification of hormonal control of hepcidin is necessary to
understand the pathways involved and rationalization of such regulation.

In addition to BMPs, other ligands, such as growth factors, have been shown to regulate
hepcidin. GDF15 was identified by microarray as a regulator of erythroid maturation, and it
was found that high levels of GDF15, comparable to those found in thalassemia patients,
suppress hepcidin expression.[22] Although this suggests that GDF15 negatively regulates
hepcidin, others have shown a positive correlation between levels of circulating GDF15 and
hepcidin in a variety of cancer-related anemias.[74,75] Regulation of hepcidin by GDF15
seems to depend greatly on GDF15 concentration. However, more investigation into whether
this relationship goes beyond a correlative one is necessary to understand the connection
between GDF15 and hepcidin. Other growth factors, including epidermal growth factor
(EGF) and hepatocyte growth factor (HGF), have been shown to decrease hepcidin
transcription by inhibiting the BMP-SMAD pathway, specifically by inhibiting translocation
of SMAD-1,5,8 to the nucleus for induction of hepcidin.[76]

Novel signaling pathways are also being revealed in regulation of hepcidin. Recently, our
group demonstrated that hepcidin can be regulated by Wnt signaling in prostate cancer cells.
[14] SOSTDC1, which antagonizes BMP signaling, can also antagonize Wnt signaling by
binding to the Wnt receptor LRP5/6.[77] Treatment of prostate cancer cells with LiCl, an
activator of Wnt signaling, increased hepcidin expression.[14] On the other hand, inhibition
of Wnt signaling resulted in marked reduction of hepcidin production. Further investigation
led to the discovery of a Wnt transcription factor responsive element, known as TCF/LEF in
the hepcidin promoter that directly controls hepcidin transcription. It would be interesting to
determine if this positive regulation of hepcidin by Wnt signaling is specific to cancer cells
or if it is a more general regulatory mechanism. Other pathways that may regulate hepcidin
include the mammalian target of rapamycin (mTOR), mitogen-activated protein kKinase
(MAPK) as well as the rapidly accelerated fibrosarcoma (Ras-RAF) pathways, all of which
were identified by an RNAI screen that monitors hepcidin promoter activity after gene
knockdown.[78] Verification of these pathways and their involvement in hepcidin regulation
are ongoing.

Hepcidin therapeutic intervention

A number of hepcidin agonists and antagonists are currently being developed. Currently,
hepcidin agonists are either hepcidin mimetics or stimulators of hepcidin production.
Hepcidin production may be stimulated by enhancing positive regulators of hepcidin or by
inhibiting negative regulators. In contrast, the antagonists take two main approaches:
inhibiting hepcidin production and disrupting hepcidin function. Inhibiting hepcidin
production is achieved by inhibiting positive regulators of hepcidin or enhancing negative
regulators. Disruption of hepcidin function is accomplished by directly antagonizing
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hepcidin or interfering with the hepcidin-FPN interaction. An overview of targets for
hepcidin agonists and antagonists is shown in Figures 2 and 3, and specific pharmacological
entities are further described in Tables 1 and 2.

Hepcidin agonists
Treatment options currently available for patients with iron overload are limited to
phlebotomy to reduce the overall amount of iron from circulation and transfusion and iron
chelation treatments for f-thalassemia and other iron loading anemias. An alternative
approach to reducing body iron is to increase hepcidin production. Several classes of
hepcidin agonists are beginning to emerge in hopes of successfully treating diseases of
hepcidin deficiency.

The most direct approach to treat hepcidin deficiency is to utilize a hepcidin mimetic,
including hepcidin itself (Figure 2). However, developing an active recombinant hepcidin
has proven challenging. This is due to hepcidin-25’s small size, ability to aggregate, short
half-life, as well as its cysteine rich and disulfide bond structure, making proper protein
folding difficult. [135] To circumvent these issues, “minihepcidins” were developed.[79]
These are small 7-9 amino acid peptides that mimic hepcidin function both /n vitroand in
vivo and were designed to retain the amino acids that were critical for Fpn binding.[79,80]
Minihepcidins successfully prevented iron overload in mouse models of hemochromatosis
and reduced basal iron levels in mice.[80] Currently, minihepcidins M009 and M012 are in
preclinical development at Merganser Biotech.[81] In addition, La Jolla Pharmaceuticals
Company has developed a novel formulation of hepcidin, LJIPC-401, that has been accepted
by the FDA as an Investigational New Drug.[82] LJPC-401 successfully reduced serum iron
in rats,[83] and results from a Phase 1 clinical trial are expected by the end of 2015. The
combination of synthetic hepcidins with existing therapies may improve treatment and
quality of life for patients suffering from iron overload disorders.

The second approach to increase hepcidin production is to stimulate its positive regulators.
For example, BMP6 is believed to be the main ligand responsible for induction of hepcidin
in vivo. Twice daily administration of BMP6 increased hepcidin mRNA and corrected severe
iron overload in HFE-deficient mice.[84] Although BMP2 and BMP7 are FDA approved for
certain indications, the safety of BMP therapies is in question.[136] Therefore, it is unclear
whether administration of BMPs will be clinically useful for modulation of hepcidin.

The third strategy that is being employed to increase hepcidin is to perturb negative
regulators of hepcidin signaling, such as TMPRSS6. Homozygous deletion of TMPRSS6 in
a mouse model of thalassemia increased hepcidin and improved anemia as well as
erythropoiesis.[137] This study led to the development of novel therapies targeting
TMPRSS6 for inactivation, and thus inducing hepcidin (Figure 2). Recently, researchers
have successfully utilized RNA-based therapeutics for inhibiting TMPRSS6 in mice,
resulting in increased hepcidin transcription and reduced iron levels in iron overload mice.
[138-140] ALN-TMP is a TMPRSS6 inhibitor currently being developed for clinical use by
Alnylam Pharmaceuticals, Inc.[85]
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Hepcidin antagonists

Inhibiting BMP-mediated hepcidin production

BMPs are potent inducers of hepcidin production (Figure 3). BMP signaling inhibitors can
directly sequester extracellular BMPs, prevent BMP receptor activation, or inhibit
intracellular SMAD signaling. All of these approaches effectively interfere with hepcidin
production.

BMP sequestration

Heparin is a glycosaminoglycan capable of directly binding to BMPs (Figure 3).[141,142]
Repurposing heparin, an FDA-approved anticoagulant, is a promising approach to clinically
reduce serum hepcidin. Commercially available heparin has been shown to inhibit hepcidin
production in hepatocellular carcinoma cells /in vitro.[59] Furthermore, heparin effectively
reduced liver hepcidin in a mouse model and serum hepcidin in human patients by 15-20%.
[59] While these findings are encouraging, the potency of heparin as an anticoagulant
complicates its use to relieve hepcidin excess. Development of heparin as a hepcidin
antagonist has therefore evolved to chemically modified heparins, termed “glycol-split”
heparins (gs-heparin), which exhibit reduced anticoagulant ability.[86] Gs-heparins retain
the ability to reduce hepcidin production /in vitroand in vivo and ameliorated the anemia of
inflammation in mice models induced by LPS and heat-killed Brucella abortus.[87] The
main potential advantage of the reduced anticoagulant activity of gs-heparins is the ability to
use higher doses /n vivo. Dosing and safety of a gs-heparin, SST0001, is currently being
assessed in a phase 1 clinical trial in multiple myeloma patients.[88—90] Positive data from
this trial would be encouraging for further clinical development of gs-heparins for anemias
associated with hepcidin overexpression.

Soluble hemojuvelin-Fc fusion protein (sHJV.Fc) is another BMP signaling inhibitor that
directly binds BMPs (Figure 3).[56] sHJV.Fc is a fusion of the extracellular domain of the
BMP coreceptor HJV and the Fc portion of human immunoglobulin G.[56] sHJV.Fc is a
promising approach designed around sHJV which naturally modulates hepcidin levels /in
vivo (Figure 3).[67] In rodent models, sHIV.Fc was shown to significantly reduce hepcidin
levels and correct anemia of inflammation.[43,56,58] Ferrumax Pharmaceuticals, Inc.
initiated clinical trials for sHIJV.Fc (FMX-8) in patients with renal disease-associated
anemia; however, these studies were recently terminated due to an inability to recruit
patients meeting the inclusion criteria.[91,92] Further clinical development of sHJV.Fc is
unclear.

BMP receptor inhibitors

BMP-mediated hepcidin induction relies on a number of receptors and coreceptors (Figure
3). Dorsomorphin is a small molecule inhibitor that blocks SMAD activation by BMP type |
receptors ALK2, ALK3, and ALK®6.[93] LDN-193189, an optimized molecule derived from
dorsomophin,[94] is a more potent inhibitor of BMP type | receptors (Figure 3). Both
dorsomorphin and LDN-193189 reduced BMP and IL-6-mediated hepcidin transcription in
vitroin either primary rat hepatocytes or human hepatoma cells.[58,95] /n vivo,
LDN-193189 reversed amemia of inflammation in rodent models induced by Group A

Expert Rev Hematol. Author manuscript; available in PMC 2016 April 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Blanchette et al.

Page 10

Streptococcal Peptidoglycan-Polysaccharide,[58] IL-6, or turpentine.[95] LDN-193189 has
not progressed to clinical trials, although La Jolla Pharmaceutical Company has received
orphan drug designation for LDN-193189 (LJPC-6417) for the treatment of fibrodysplasia
ossificans progressive.[96] Nonspecificity of LDN-193189 [97] may complicate its further
development as a clinical modulator of hepcidin. Nevertheless, LDN-193189 provides proof-
of-concept that BMP receptor inhibitors can modulate hepcidin and ameliorate anemia.

TP-0184 takes a similar approach as LDN-193189 to modulate hepcidin levels. TP-0184 is a
small molecule inhibitor of the BMP type 1 receptor ALK2 (Figure 3).[57] TP-0184 is in
preclinical development by Tolero Pharmaceuticals, Inc. and has been shown to
downregulate hepcidin expression in BMP-induced cell culture models.[57] Furthermore,
TP-0184 reduced hepcidin induction and elevated serum iron levels in turpentine and lung
cancer mouse models of ACD. [57,98] According to Tolero Pharmaceuticals, Inc., TP-0184
demonstrates favorable pharmacokinetics and drug development potential.[98] The company
intends to further develop TP-0184 for treatment of ACD.

BMP coreceptor inhibitors

BMP coreceptors, such as HJV, present an alternative approach to target BMP-mediated
hepcidin production. Membrane-bound HJV enhances SMAD activation by BMP receptors
and subsequent hepcidin transcription. [56] Two monoclonal antibodies targeting HJV,
ABT-207 and h5F9-AMS8, have been developed by AbbVie.[99] Both ABT-207 and h5F9-
AMB8 reduce hepcidin levels and increase serum iron in Sprague—Dawley (SD) rats. [99] In
this study, single dose treatment with ABT-207 (200 mg/kg) and h5F9-AM8 (20 mg/kg)
increased serum iron and reduced unsaturated iron binding capacity (UIBC) for 3 weeks and
6 weeks, respectively.[99] ABT-207 was further shown to increase serum iron and reduce
UIBC in cynomologus monkeys.[99] In addition to efficacy, these antibodies exhibited
favorable safety data and pharmacokinetics.[99] ABT-207 and h5F9-AMS are therefore
good candidates for further clinical development.

Xenon Pharmaceuticals Inc. initiated development of XEN701, a HIV-hepcidin pathway
targeted antisense oligonucleotide, to antagonize hepcidin production. [100] However,
development was discontinued due to discouraging preclinical data,[101] and the future of
XENT701 is unclear. In a related approach, Alnylam Pharmaceuticals, Inc. is utilizing small
interfering RNAS to inhibit HJV (siRNAS). Like antisense oligonucleotides, sSiRNAs aim to
modulate gene expression by reducing HJV mRNA (Figure 3); the two methods have been
compared previously.[143] In contrast to XEN701, siRNA targeting HJV (siHJV) has shown
to be effective in reducing hepcidin expression and increasing serum TF saturation in a
turpentine-induced anemia model. [102] Although toxicity and /n vivo delivery are issues
commonly associated with the sSiRNA approach, /n vivo delivery is feasible to the liver,[144]
the primary site of systemic hepcidin production.[7] In a related approach, Alnylam
Pharmaceuticals, Inc. is utilizing a proprietary Enhanced Stabilization Chemistry (ESC)-
GalNAc-conjugate system to deliver siRNA. (ESC)-GalNAc-conjugate delivery to the liver
has been shown to be effective in preclinical [145] and clinical [146] studies. In addition to
targeting HJV, Alnylam is developing several other siRNAs targeting hepcidin production;
siRNAs targeting human hemochromatosis protein, BMP6, BMP receptor type 1, BMP
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receptor type 2, SMAD4, TFR2, hepcidin, and IL-6 receptor. Data suggest that SiRNA
directly targeting hepcidin and TfR2 are the most potent in reducing hecpidin levels and
elevating serum iron.[102]

IL-6 signaling inhibitors
IL-6 signaling though JAK?2 and STAT3 stimulates hepcidin production, particularly during
inflammation. [54,55] Therapies targeting IL-6 have shown to be effective in reducing
hepcidin levels and improving anemia. Siltuximab (Sylvant™) is a murine-human chimeric
monoclonal antibody directed against IL-6 and is FDA-approved for use in multicentric
Castleman’s Disease (MCD) (Figure 3). In a retrospective analysis of a phase 1 clinical trial,
siltuximab reduced serum hepcidin in 97% of patients with Multiple Myeloma, or MCD.
[147] Seventy-five percent of these patients showed an elevation in hemoglobin (hgb) of at
least 1.5 g/dL.[147] In a randomized, double-blind study of siltuximab in patients with
MCD, siltuximab reduced median hepcidin levels 47% from baseline.[103] The placebo
group showed an 11% increase in hepcidin from baseline at the same timepoint.[103]
Decreases in hepcidin correlated with an increase in hgb (=15 g/L) in the siltuximab-treated
group.[103] Siltuximab treatment in 4 cohorts of patients with advanced solid tumors
showed 34% to 58% reduction in serum hepcidin levels from baseline.[104] Across cohorts,
29 of the 33 patients (88%) who showed an increase in hgb (=1 g/dL) showed a decreased in
hepcidin.[104] Furthermore, siltuximab treatment of renal cell carcinoma patients reduced
median baseline serum hepcidin 61.1%.[105] Decreased serum hepcidin moderately
correlated (r=-0.56, 7= 19) with an increase in hgb (=1 g/dL) in these patients.[105] These
data support the use of siltuximab (Sylvant™) for treatment of anemia of chronic
inflammation.

Tocilizumab (ACTEMRA®) is a humanized anti-1L-6 receptor antibody approved by the
FDA for use in rheumatoid and juvenile idiopathic arthritis (Figure 3). Tocilizumab was first
shown to reduce serum hepcidin in patients with MCD. In this study, tocilizumab prevented
IL-6-mediated induction of hepcidin in hepatoma cells /n vitro and reduced serum hepcidin
in patients.[106] In 5 of 6 MCD patients (83%), tocilizumab reduced serum hepcidin within
24 hours.[106] A 12 month study of 9 MCD patients treated with tocilizumab showed a
significant reduction in serum hepcidin and progressive improvement in iron status markers,
including hgb, red blood count (RBC), mean corpuscular volume (MCV), and serum iron
and ferritin levels.[106] Significant reduction of hepcidin and elevated hgb was also
observed in a larger cohort of 46 rheumatoid arthritis patients treated with tocilizumab. [107]
In the same study, a TNFa inhibitor (infliximab) also reduced serum hepcidin indirectly
through reduction of I1L-6.[107] Retrospective analysis of a phase 3B clinical trial for
tocilizumab in rheumatoid arthritis patients (n = 70) further confirmed a reduction in
hepcidin and increase in hgh.[108] Consistent in each of these studies was a rapid reduction
in hepcidin followed by a prolonged, progressive increase in hgb.

Three JAK2-STAT3 signaling inhibitors have been shown to reduce hepcidin expression
(Figure 3). Two synthetic inhibitors, AG490 and PpYLKTK, which target JAK2 [109] and
STAT3 [110] respectively, reduced hepcidin expression /n vitro.[111] AG490 was also
shown to reduce hepatic hepcidin expression /n vivo.[112] The third inhibitor, curcumin, is a
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naturally occurring anti-inflammatory compound that prevents STAT3 activation.[148]
Curcumin treatment effectively reduced hepcidin expression in primary murine hepatocytes
[111] and human hepatocellular carcinoma cells.[113] These findings indicate that inhibiting
the JAK2-STAT3 pathway is a potential therapeutic approach for treatment of aberrant
hepcidin expression. However, despite significantly reducing hepcidin expression, these
inhibitors have not progressed to clinical development. PpYLKTK is a phosphorylated
peptide fragment targeting the SH2 domain of STAT3.[110] Phosphopeptide mimetics, such
as PpYLKTK and its derivatives, exhibit unfavorable pharmacokinetics due to poor /n vivo
stability and cell permeability. Attempts to improve pharmacokinetics for further clinical
development of SH2 targeted phosphopeptides are ongoing.[149] AG490 clinical
development was also hindered by poor pharmacokinetics. Safety and delivery of curcumin
in vivo, however, is not an issue. Treatment with curcumin reduced hepatic hepcidin
expression /n vivo,[113,114] but conversely induced anemia through direct iron chelation.
[113] Based on these findings, curcumin is also not the ideal candidate for treatment of
anemia associated with excess hepcidin. In fact, curcumin may be more useful to treat iron
overload conditions.[115]

Currently, several other JAK-STAT inhibitors are being developed for clinical use, primarily
as anticancer agents. The clinical development of these inhibitors has been extensively
reviewed.[150-152] One clinical JAK?2 inhibitor,[116] 3,3’-Diindolylmethane (DIM), is of
particular interest as it reduced hepatic hepcidin expression in rainbow trout (Figure 3).[117]
Conversely, JAK-STAT inhibitor Sorafenib has been shown to increase hepcidin expression
in human hepatocellular carcinoma cells and primary murine hepcatocytes, likely through
Raf inhibition.[78] Furthermore, paclitaxel and vinorelbine are well described JAK-STAT
inhibitors but induce anemia in some patients.[153] While JAK-STAT inhibitors are
promising targets for therapeutic reduction of hepcidin, off-target effects may limit the
efficacy of these drugs.

Erythroferrone

ERFE is a recently discovered hormone released from erythroblasts that mediates hepcidin
repression during erythropoiesis (Figure 3). ERFE-deficient mice showed delayed and
incomplete recovery from anemia induced by heat-killed Brucella abortus.[118] This finding
suggested that administration of ERFE may be beneficial for relieving certain anemias with
elevated hepcidin. Silarus Therapeutics is proceeding with further development of ERFE-
targeted therapeutics for treatment of iron disorders.[119]

Hepcidin functional antagonists

A separate approach to alleviating hepcidin overload disorders is to disrupt hepcidin
function. Several companies are developing therapies directly targeting hepcidin (Figure 3).
Pieris Pharmaceuticals, Inc. is currently developing PRS-080, an anticalin targeted against
hepcidin. Anticalins are small ligand-binding proteins based on a lipocalin scaffold.
Anticalins offer several potential advantages over antibodies that have recently been
summarized.[154] PRS-080 effectively neutralized hepcidin activity /n vitroand in a murine
model /n vivo.[122] Another Anticalin developed by Pieris Pharmaceuticals, Inc. was well
tolerated in a phase 1 trial.[123] Results are pending from a phase 1 clinical trial of PRS-080
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which concluded this year.[124] Pending favorable results, Pieris Pharmaceuticals, Inc.
intends to initiate phase 2 trials in patients with chronic kidney disease suffering from
functional iron deficiency anemia.

In an analogous approach, NOXXON Pharma AG is developing a Spiegelmer hepcidin
inhibitor called NOX-H94 (Lexaptepid Pegol). Spiegelmers are ligand-binding L-
enantiomeric oligonucleotides which are designed to antagonize target function with high /in
vivo stability. [155] NOX-H94 inhibited hepcidin-induced FPN degradation in a murine
macrophage cell line.[125] Furthermore, NOX-H94 prevented hypoferremia in an I1L-6-
induced nonhuman primate model.[125] NOX-H94 showed favorable pharmacokinetics,
safety, and dose-dependent increases in iron parameters (serum iron, serum ferritin, and
serum transferrin saturation).[126] In a separate phase 1 trial, hypoferremia induced by LPS
injection in healthy subjects was prevented by NOX-H94.[127] A phase 2a pilot study was
conducted in patents with anemia due to hematologic malignancies. In this study, NOX-H94
treatment showed an increase in hgb (=1 g/dL) in 5 of 12 (43%) patients. [128] A separate
phase 2 study is ongoing in dialysis patients with erythropoiesis stimulating agents-
hyporesponsive anemia.[129]

A third approach to directly antagonize hepcidin has been taken by AMGEN and Eli Lilly
and Company. Both companies developed humanized monoclonal antibodies targeting
hepcidin. 12B9m, from AMGEN, was generated following the observation that mouse anti-
hepcidin antibodies could rescue anemia of inflammation in combination with
erythropoiesis-stimulating agent (ESA).[156] 12B9m was subsequently shown to increase
serum iron and rescue ESA-refractory anemia when co-treated with ESA in a mouse model.
[121] In this model, treatment with 12B9m increased mean corpuscular hgb with additional
increases in hgb, and reticulocyte number, mean corpuscular volume, and mean corpuscular
hgb upon co-treatment with ESA.[121] Furthermore, 12B9m increased serum iron levels in
male cynomolgus monkeys.[121] Eli Lilly and Company completed a phase 1 clinical trial
for their hepcidin-targeted antibody, LY27871086, in late 2014.[130] In January of 2015, Eli
Lilly and Company announced that LY2787106 was no longer in development.[131] It
appears the company is shifting focus to the development of LY2928057, an anti-FPN
antibody that disrupts hepcidin binding to FPN but not FPN function (Figure 3). [132]
Preclinical data in nonhuman primates showed that LY2928057 increased serum iron in a
dose-dependent manner.[132] LY 2928057 is currently in phase 1 clinical trials in anemic
ESRD patients undergoing dialysis.[133]

Like LY2928057, fursultiamine interferes with hepcidin-FPN interactions.[134]
Fursultiamine is a thymidine derivative used clinically for the treatment of thymidine
deficiency. A high throughput screening identified fur-sultiamine as a hepcidin antagonist.
[134] Subsequently, fursultiamine was shown to bind FPN and inhibit hepcidin-mediated
degradation /n vitro.[134] Fursultiamine was inconsistent in antagonizing hepcidin-mediated
serum iron reduction /n vivo, possibly due to its rapid conversion to thymidine.[134]
Modifications to fursultiamine that improve /n vivo effectiveness would be necessary for
further consideration as a hepcidin-targeted therapeutic.
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Expert commentary

The maintenance of iron homeostasis is critical for normal cellular function. Hepcidin,
through its control of the iron efflux pump FPN, regulates dietary iron uptake and iron
recycling. Dysregulation of hepcidin induces pathologic perturbations in iron levels.
Examples of disorders associated with inadequate hepcidin synthesis include hereditary
hemochromatosis and anemias. Treatment of these disorders remains suboptimal and has
driven the clinical development of hepcidin modulators. One approach is the use of hepcidin
agonists, such as minihepcidins, which act as hepcidin mimetics. Early results suggest that
minihepcidins may represent an effective strategy for the treatment of iron overload
disorders. These small peptides, which are easier to synthesize than full-length hepcidin,
maintain functional degradation of FPN in animal models. There is also a substantial interest
in development of hepcidin antagonists, some of which are already approved for clinical use
in other indications. For example, siltuximab and tocilizumib are both FDA-approved IL-6
signaling inhibitors that reduce hepcidin and increase hgb in patients with Multicentric
Castleman’s Disease and arthritis. Repurposing these medications could provide a faster
path to more effective treatment of the ACD, particularly for patients in whom IL-6
inhibitors also treat the underlying disease. However, IL6 inhibitors have pleitrophic and
possibly undesirable effects. Consequently, interfering more specifically with hepcidin
function may offer therapeutic advantages. In this regard, the most clinically advanced
hepcidin functional antagonist, NOX-H94, elevated hgb in 43% of patients in a pilot phase
2a trial. The development of this class of drugs may be particularly important for the long
term treatment of ACD.

Five-year view

Modulation of hepcidin offers substantial clinical promise. Since the discovery of hepcidin
in 2001, the development of strategies targeting both hepcidin excess and deficiency has
progressed rapidly, with several entities in clinical trials and many more under preclinical
investigation (Tables 1 and 2). It is not unreasonable to conjecture that modulation of
hepcidin will become the standard for the treatment of a variety of disorders, including
hereditary hemochromatosis, iron restrictive anemias, ACD and others, although the
timeframe for delivery to market will likely extend beyond 5 years.

Nevertheless, questions remain. Although this review has focused on hepatic hepcidin and
its interaction with ferroportin on the surface of enterocytes and macrophages, peripheral
tissues also express ferroportin.[13—-15] Ferroportin expressed on these cells is also subject
to degradation following binding of hepcidin, resulting in an increase in intracellular iron.
[13,14] In effect, hepatic hepcidin acts to reduce circulating iron, but also acts to increase
cellular iron. This paradox may create a hurdle in the development of hepcidin modulators.
For example, although minihepcidins may reduce iron absorption in HH patients due to their
ability to bind and degrade FPN in the small intestine, minihepcidins may bind to and
degrade FPN on cells in peripheral tissues as well. Such binding would result in increased
intracellular iron in these tissues. Since excess iron can lead to DNA damage, mutagenesis,
and possible malignant transformation, such an effect may have long-term undesirable
consequences, particularly in patients with an increased risk of developing cancer. [157] The
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dichotomy between systemic and tumor iron may similarly pose a challenge for treatment of
cancer patients with ACD. Cancer patients frequently suffer from the anemia of chronic
disease as a result of increased inflammation and/or chemotherapy and subsequently high
circulating hepcidin and are thus potential candidates for hepcidin antagonists. However,
several groups have shown that increasing iron levels in tumors contributes to tumor growth.
[13,158] Thus, it is possible that hepcidin antagonists administered in this setting may
correct the anemia, but also augment growth of cancer cells.

Further, peripheral tissues not only express ferroportin, but synthesize their own hepcidin.
[7,13,14] Hepcidin that is synthesized locally has the potential to act on adjacent cells,
decreasing ferroportin and thereby increasing intracellular iron in these target cells.[13,14]
The relative contributions of these two sources of hepcidin, and whether they can both be
targeted with equal efficiency, has yet to be unraveled.

As discovery of pathways that regulate hepcidin continue to expand, the next 5 years may
also witness the development of new hepcidin modulators that target elements of these
pathways. An example is erythroferrone (EFRE), a very recently discovered regulator of
hepcidin. Understanding how EFRE signals to suppress hepcidin synthesis, and whether
other hepcidin suppressors complement or augment its activity, may reveal completely new
signaling pathways that can be targeted to inhibit or stimulate hepcidin.

One of the most promising future uses of hepcidin modulators may be in cancer therapy.
Although the role of hepcidin in promoting cancer growth is still under study, hepcidin
appears to be elevated in a number of cancers.[159] Utilizing hepcidin antagonists to reduce
ferroportin degradation in tumor cells, increasing iron efflux and potentially decreasing
tumor growth, is an example of a potentially novel indication for hepcidin modulators.
However, as discussed above, the potential of hepcidin antagonists to simultaneously
increase systemic iron (thus possibly increasing the availability of iron for tumor growth and
counteracting the effect of enhanced tumor iron efflux) may complicate this approach.
Understanding the causes of dysregulated hepcidin production in cancer cells may prove
fruitful in circumventing this problem. For example, if novel cancer-specific pathways of
hepcidin regulation can be identified, hepcidin antagonists that specifically or preferentially
block this pathway may prove most useful as anticancer agents.
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Key issues

Hepcidin is a secreted peptide that binds to ferroportin, the only known iron
exporter in mammalian cells.

Binding of hepcidin to ferroportin triggers ferroportin degradation and thus
reduces iron export.

Hepcidin regulates systemic iron homeostasis by regulating both dietary iron
absorption in the gut and iron recycling by macrophages of the
reticuloendothelial system.

Hepcidin dysregulation contributes to numerous disorders, ranging from
hereditary hemochromatosis to the anemia of chronic disease.

Identification of signaling pathways that regulate hepcidin has revealed novel
targets for restoring appropriate hepcidin production and normal iron
homeostasis in disease states.

Hepcidin-targeted therapies are being actively developed and include both
agonists and antagonists.

Hepcidin agonists under development include minihepcidins and agents that
block TMPRSS6, a negative regulator of hepcidin. Hepcidin agonists may be
useful in the treatment of hereditary hemochromatosis and iron-loading anemias.

Hepcidin antagonists include antibodies that directly bind hepcidin and
inhibitors of the hepcidin biosynthetic pathway. These agents show promise in
the treatment of the anemia of chronic disease.
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P
Peripheral
Issues

Figure 1.
Overview of iron trafficking and regulation. Dietary iron is absorbed by duodenal

enterocytes and exported into circulation by the iron export protein ferroportin (FPN). In
circulation, iron is loaded onto transferrin (TF-[Fe*3],) for delivery to peripheral tissues.
Large amounts of iron are transported to the bone marrow for incorporation into hemoglobin
during red blood cell (RBC) synthesis. Macrophages recycle iron from senescent RBCs and
efflux iron back into circulation through FPN. Hepcidin (HP) is secreted peptide produced
predominantly in the liver but also by cells in peripheral tissues. HP binds to FPN and
targets it for degradation. HP secreted by the liver regulates systemic iron homeostasis by
reducing iron absorption from the gut, impairing iron recycling by macrophages, and by
reducing the release of iron from peripheral tissues. HP is secreted by peripheral tissues at
lower concentrations and predominantly regulates local iron homeostasis.
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Figure 2.
Overview of hepcidin agonists. The bone morphogenetic protein (BMP) pathway stimulates

hepcidin production. Secreted BMPs bind to BMP receptors (BMPRs) activating
intracellular receptor SMADs (R-SMADs) and SMAD4. SMADs bind to BMP-responsive
elements in the hepcidin promoter stimulating hepcidin synthesis. BMP signaling is
enhanced by the hemojuvelin (HJV) coreceptor or repressed by matriptase-2 which cleaves
HJV and decreases hepcidin production. By regulating hepcidin production, modulation of
BMP signaling can regulate the amount of ferroportin (FPN) degraded. Hepcidin agonists
aim to increase hepcidin production and reduce FPN. Hepcidin mimetics, such as
minihepcidins and LJPC-401, mimic hepcidin while other agonists target the BMP signaling
pathways. ALN-TMP increases hepcidin synthesis by enhancing BMP signaling through
inhibition of matripase-2. Administration of BMPs, particularly BMP6, also stimulate
hepcidin production.
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Figure 3.
Overview of hepcidin antagonists. Hepcidin antagonists reduce hepcidin production or

inhibit hepcidin function. The interleukin-6 (IL-6), iron sensing, and bone morphogenetic
protein (BMP) pathways increase hepcidin production, while erythroferrone (ERFE)
decreases hepcidin production. In the IL-6 pathway, secreted IL-6 binds the IL-6 receptor
(IL-6R), activating janus kinase 2 (JAK2) and subsequently signal transducers and activators
of transcription 3 (STAT3). STAT3 binds to a STAT3 response element in the hepcidin
promoter to stimulate hepcidin synthesis. Targeting the 1L-6 pathway, siltuximab and
infliximab reduce IL-6 availability while tocilizumab interferes with IL-6R binding.
Downstream, JAK?2 inhibitors AG490 and 3,3’-Diindolylmethane (DIM), and STAT3
inhibitors PpYLKTK and curcumin, also interfere with 1L-6-stimulated hepcidin synthesis.
In the iron sensing pathway, diferric transferrin (TF-[Fe+3]5) binds to transferrin receptor 2
(TFR2) and associated human hemochromatosis protein (HFE) to increase hepcidin
synthesis. Small interfering RNA targeting TFR2 (siTFR2) reduces hepcidin production by
the iron sensing pathway. Downstream signaling of the iron sensing pathway is yet to be
worked out but may involve stimulation of the BMP pathway. In the BMP signaling
pathway, secreted BMPs bind to BMP receptors (BMPRs) activating intracellular receptor
SMADs (R-SMADs) and SMAD4. SMADs bind to BMP-responsive elements in the
hepcidin promoter stimulating hepcidin synthesis. BMP signaling can be enhanced by the
hemojuvelin (HJV) coreceptor. A soluble HJV conjugate (sHJV.Fc), SOSTDCL, and
heparins reduce hepcidin expression by sequestering BMPs. Dorsomophin, LDN-193189,
and TP-0184 interfere with BMP receptors while small interfering RNA against HIV
(siHJV) and HJV targeted antibodies (ABT-207 and h5F9-AM8) also reduce BMP signaling.
Finally, several hepcidin antagonists interfere with hepcidin-FPN interactions. Small
interfering RNA against hepcidin (siHepcidin), PRS-080, NOX-H94, and 12B9m
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specifically target hepcidin, while LY2928057 and fursultiamine prevent hepcidin binding to
FPN.
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