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                                                                                                                        Abstract

                                                            Iron refractory iron deficiency anemia is a hereditary recessive anemia due to a defect in the TMPRSS6 gene encoding Matriptase-2. This protein is a transmembrane serine protease that plays an essential role in down-regulating hepcidin, the key regulator of iron homeostasis. Hallmarks of this disease are microcytic hypochromic anemia, low transferrin saturation and normal/high serum hepcidin values. The anemia appears in the post-natal period, although in some cases it is only diagnosed in adulthood. The disease is refractory to oral iron treatment but shows a slow response to intravenous iron injections and partial correction of the anemia. To date, 40 different Matriptase-2 mutations have been reported, affecting all the functional domains of the large ectodomain of the protein. In vitro experiments on transfected cells suggest that Matriptase-2 cleaves Hemojuvelin, a major regulator of hepcidin expression and that this function is altered in this genetic form of anemia. In contrast to the low/undetectable hepcidin levels observed in acquired iron deficiency, in patients with Matriptase-2 deficiency, serum hepcidin is inappropriately high for the low iron status and accounts for the absent/delayed response to oral iron treatment. A challenge for the clinicians and pediatricians is the recognition of the disorder among iron deficiency and other microcytic anemias commonly found in pediatric patients. The current treatment of iron refractory iron deficiency anemia is based on parenteral iron administration; in the future, manipulation of the hepcidin pathway with the aim of suppressing it might become an alternative therapeutic approach.
                                                            
                                                            Introduction
Iron deficiency anemia is a major health problem worldwide. Iron deficiency of nutritional origin is the most frequent cause of microcytic hypochromic anemia, but other conditions such as bleeding, gastro-intestinal malabsorption or Helicobacter pylori infection can lead to iron deficiency and anemia.1 Iron restricted erythropoiesis underlies the anemia of chronic diseases, although several other mechanisms such as suppressed erythropoiesis and poor response to erythropoietin also contribute to this form of anemia. A new cause of hereditary anemia has recently been described called iron refractory iron deficiency anemia or IRIDA (OMIM #206200, ORPHA209981), due to mutations in the TMPRSS6 gene (mapping to chromosome 22q12-q13), encoding Matriptase-2 (MT-2).2 The prevalence of this condition is not known but it has certainly been under-diagnosed up to now and should be taken into consideration when all other known causes of iron deficiency anemia have been ruled out. This disorder was recognized as a new entity after hepcidin was identified as the key regulator of systemic iron homeostasis. For a better understanding of IRIDA, the regulation of hepcidin is first discussed.
Regulation of hepcidin expression
Iron availability for erythropoiesis and cellular functions is determined by the amount of iron that circulates in the plasma. Iron is bound to transferrin [Fe(III)-Tf] and can be readily taken up by all cell types via the ubiquitously expressed transferrin receptor 1 (TfR1). Iron homeostasis is maintained by the liver-expressed peptide hormone hepcidin that regulates intestinal iron absorption, macrophage-mediated iron recycling from senescent erythrocytes, and iron mobilization from hepatic stores. Hepcidin down-regulates iron export by binding to the iron exporter ferroportin expressed on the surface of iron-releasing cells, triggering its degradation and hence reducing plasma iron levels. Hepcidin levels are regulated by systemic iron availability, iron demand for erythropoiesis, hypoxia and inflammation.3
The study of mechanisms that underlie frequent iron-related disorders, such as hereditary hemochromatosis, iron-loading anemia (e.g. thalassemia) or the anemia of chronic diseases, provided insight into hepcidin regulation. Iron balance is disrupted in the autosomal recessive disorder hereditary hemochromatosis (HH) that is hallmarked by excessive iron absorption from the diet and iron accumulation within parenchymal cells. Different HH disease subtypes are caused by mutations in the HFE,4TFR2,5HFE2 (encoding hemojuvelin HJV)6 or HAMP (hepcidin) gene7 and are characterized by inappropriately low hepcidin levels, reflecting the fact that the membrane proteins HFE, TfR2 and HJV contribute to hepcidin regulation.
HJV is a glycophosphatidylinositol (GPI)-anchored protein that acts as a bone-morphogenetic protein (BMP) co-receptor, driving hepcidin transcription via the BMP-SMAD signaling cascade (Figure 1).8 Disease-associated mutations in HJV cause a juvenile form of HH with a severe phenotype of iron overload, indicating that the HJV/BMP pathway plays a critical role in maintaining basal hepcidin levels. It has been suggested that BMP6, which is activated by intracellular iron, is the endogenous ligand for HJV.13,14 Based on biochemical evidence, a model was proposed that suggests that HFE, TfR2 and HJV interact with each other to form a hepatocyte ‘iron-sensing complex’.10 If serum Fe(III)2-Tf levels increase, HFE is displaced from TfR1 to permit its interaction with TfR2, activating the transcription of the HAMP gene. TfR2 thus acts as a sensor for Tf saturation.15–20
Secondary iron overload associated with ineffective erythropoiesis is also due to hepcidin misregulation, at least in the absence of blood transfusions. In this case, soluble factors secreted from erythroid cells have been proposed to attenuate hepatic hepcidin levels by interfering with the BMP/SMAD signaling pathway. However, the molecular details remain elusive.9 Finally, increased hepcidin levels are the hallmark of the anemia of chronic diseases that is caused by cytokines produced in response to chronic inflammatory and infectious disorders or cancer.21 In this case, hepcidin is activated by inflammatory cytokines, such as IL-6 and IL-1β, via the Jak/Stat3 signaling cascade.22
Matriptase-2: gene identification and lessons from two mouse models, the mask mouse and the Tmprss6 knock-out mouse
MT-2 is a type II trans-membrane serine protease (TTSP) first identified by a genome-wide in silico screen.23 It presents all the expected features of trans-membrane serine proteases,24 including a large ectodomain with a SEA (Sea urchin sperm protein, Enteropeptidase, Agrin) region, two CUB (Complement factor C1s/C1r, Urchin embryonic growth factor, Bone morphogenic protein) domains, three Low Density Lipoprotein Receptor (LDLR) domains and a C terminal serine protease domain with the conserved Ser, Asp and His residues required for the catalytic activity (Figure 2).
MT-2 is highly homologous to Matriptase-1/MT-1/ST14. In contrast to MT-1, which is expressed in most epithelial cells and plays essential roles in the establishment and maintenance of epithelial integrity,27 MT-2 is expressed predominantly in hepatocytes.28 Like MT-1, MT-2 undergoes a complex activation process including several cleavage steps (Figure 2): one in the SEA region, two in the CUB domains (at amino acid positions 404 and 437), and one in the conserved activation site (amino acid position 567).25 Overall, these proteolytic cleavages release several MT-2 fragments that can be detected in the culture media of transfected cells. However, in the absence of specific antibodies detecting endogenous MT-2, it is still not known whether these fragments are present in the serum.
[image: ]

Figure 1.Schematic representation of the regulation of HAMP gene expression by systemic iron availability, modified from 9. HFE is displaced from TfR1 by high concentrations of the transferrin-iron complex [Tf-Fe(III)] to promote its interaction with transferrin receptor 2 (TfR2). HFE and TfR2 bind the BMP co-receptor hemojuvelin (HJV),10 and activate HAMP transcription via bone morphogenetic protein (BMP)/SMAD signaling. Additionally, this involves type I and type II BMP receptors (BMPR) at the plasma membrane to induce phosphorylation of receptor-activated SMAD (R-SMAD) proteins. The subsequent formation of active transcriptional complexes involves the co-SMAD factor SMAD4. MT-2 interacts with HJV and causes HJV fragmentation. SMAD7 interferes with SMAD4-controlled hepcidin activation.11 Response Elements (RE) critical for SMAD-mediated control of the HAMP promoter are shown.12
[image: ]

Figure 2.IRIDA mutations reported in the literature and schematic representation of the predicted domain structure of the MT-2. The provided numbers refer to the amino acid position in the pre-proenzyme. Mutations are classified as nonsense, frameshift, missense, splicing/intronic and others. Domains are shown as: serine protease domain (serine protease), activation domain (A), LDL (Low Density Lipoprotein) receptor class A domain (L), CUB (Cls/Clr, Urchin embryonic growth fator, Bone morphogenic protein 1) domain, SEA (Sea urchin sperm protein, Enteropeptidase, Agrin) domain and transmembrane (TM) domain. The conserved disulphide bond linking the pro- and catalytic domain is shown as S-S. Residues that undergo autocleavage including the proteolytic activation site25 (R567) are marked with a discontinuous line and an asterisk. The three conserved catalytic residues, histidine (H617), aspartatic acid (D668) and serine (S762) and residues that constitute the active site pocket are also shown.26
Following the cloning of MT-2, Velasco and collaborators showed that the recombinant protein exerts proteolytic activity against several synthetic substrates as well as against proteins of the cell matrix such as type I collagen or fibronectin,23 although the function of MT-2 remained unclear. Six years later, the analysis of Tmprss6 knock-out mice by the same group revealed an anemia and iron deficiency phenotype.29 However, the role of MT-2 in controlling hepcidin expression had just been discovered with the description of the mask mice.30 These mice were generated by ENU mutagenesis and were hallmarked by a progressive loss of body but not of facial hair (hence their name) and infertility of homozygous female mice. When maintained on a standard laboratory diet, these animals developed microcytic anemia, with depletion of iron in spleen macrophages. Interestingly, these mice failed to suppress Hamp expression when placed on an iron deficient diet. A gene mapping strategy led to the identification of a splicing defect in the Tmprss6 gene, encoding a MT-2 protein lacking the serine protease domain. The phenotype of the Tmprss6-/- mice was very similar to that of the mask mice, with progressive alopecia of the trunk, post-natal onset of iron deficiency and microcytic hypochromic anemia.29 This phenotype was attributed to a marked upregulation of liver hepcidin mRNA and reduced ferroportin expression on the baso-lateral side of duodenal enterocytes, as well as iron accumulation in these cells. Altogether, these data strongly suggested that MT-2 was a novel regulator of hepcidin expression, required for downregulation of HAMP expression following iron deprivation. Nevertheless, the sensing mechanism that controls and regulates MT-2 zymogen expression and activation is still unknown. Recently, the Kunitz-type serine protease inhibitor HAI-2 was shown to form a complex with MT-2 at the cell surface and to inhibit its proteolytic activity, thereby inducing HAMP expression.31 However, the role of HAI-2 in the iron sensing pathway is not known. The TMPRSS6 gene is transcriptionally up-regulated by Hypoxia-Inducible Factor 1 (HIF-1α) and acute iron deprivation,28,32,33 through a Hypoxia Responsive Element (HRE) present in the promoter region, thus providing an additional functional link between hypoxia and iron homeostasis. In addition, TMPRSS6 mRNA is also increased by BMP6/iron-dependent Id1 activation, as part of a negative feedback mechanism controlling excessive hepcidin upregulation in iron overload.34 How these transcriptional responses contribute to MT-2 surface expression and how these regulatory mechanisms are linked to zymogen activation and hepcidin regulation is not known.
The disease
Prior to the molecular era and the identification of the TMPRSS6 gene, very few families were reported in the literature with individuals affected by iron refractory iron deficiency anemia.
In 1981, 3 siblings were described with iron unresponsive anemia, malabsorption of medicinal iron and a partial but incomplete hematologic response to parenteral iron dextran.35 Two sisters with similar findings and normal parents suggested recessive inheritance.36 In other cases with similar findings, defective iron absorption was documented by the absorption test, and acquired intestinal disorders and blood losses were excluded. The authors concluded that the patients had a rare inherited form of anemia with disordered iron metabolism only partially corrected by parenteral iron dextran.37
In 1997, an 18-month old African child with iron resistant iron deficiency anemia and severe microcytosis was reported.38 Anemia was unresponsive to oral iron supplementation and persisted after iron stores were replete. The anemic iron deficient mk mouse and the corresponding Belgrade rat were initially considered as models for this disease but were later found to have mutations in the Slc11a2 gene encoding Dmt1, the divalent metal iron transporter 1.39
An iron unresponsive microcytic anemia was further identified in several individuals of a large inbred Sardinian kindred, clearly indicating that this type of anemia had a genetic cause and facilitating the locus identification. By using genomic studies and homozygosity mapping, the locus for the hereditary microcytic anemia was mapped on chromosome 22q12-q13, definitely excluding SLC11A2 (located on 12q13) as the responsible gene.
Ferrokinetic studies in 2 probands with microcytic iron refractory anemia provided different results to those obtained in the mk mouse,40 suggesting an altered mobilization of iron into plasma from both the intestine and the reticuloendothelial cells. In 2001, the case of 2 Caucasian siblings with a similar hematologic phenotype was reported.41
Most of the reported cases were children. In those cases followed for several years, it was noted that despite anemia, growth, development and intellectual performance were normal.40,42 In 2008, when the gene responsible for this disease was identified, molecular diagnosis was performed in some of these families43 and in the large Sardinian pedigree described above.42
Clinically, IRIDA subjects are characterized by a hypochromic, microcytic anemia (Figure 3A and B), and very low serum iron and transferrin saturation levels (Figure 3C). However, serum ferritin levels are mostly within the normal range, or even slightly elevated following intravenous iron treatment (Figure 3D).
The degree of anemia varies (Figure 3A), and is mostly mild, and more pronounced during childhood. However, no direct correlation has been observed between age at diagnosis and the degree of anemia (A Iolascon, personal observations, 2013). From a theoretical point of view, females of a reproductive age could be more exposed to IRIDA because of iron loss due to menses or due to pregnancies, but analysis of the literature data does not reveal a difference in sex prevalence of IRIDA.
In all the cases reported so far, as well as from the personal experience of some of our group, it has been found that anemia is not detectable at birth and that the clinical phenotype develops only after the neonatal period, suggesting that MT-2 may not be essential during fetal life. Suspicion of IRIDA usually occurs during a pediatric routine evaluation. However, in some patients, the condition is recognized only in adulthood, either because the anemia is mild or because it has been misclassified. Overall, it is likely that up till now this condition has been under-diagnosed.
It is mandatory to differentiate IRIDA from nutritional iron deficiency and from other genetic microcytic anemias. The presence of several affected siblings in the family may suggest the existence of an inherited disorder. However, many patients are sporadic cases because of the recessive mode of transmission and the small size of many pedigrees. In general, clinical data could help establish whether iron deficiency is inherited or acquired. Acquired iron deficiency may result from blood loss or decreased iron absorption, as in celiac disease, where anemia is the most common hematologic complication.44 Duodenal atrophy resulting in a delayed response to oral iron but a good response to intravenous iron is another confounding factor with IRIDA (see below: Iron therapy). A positive anti-endomysium antibody test, and a positive response to a gluten-free diet will rule out IRIDA.45 The age of onset may contribute to diagnosis since microcytic anemia is not present at birth in contrast to other genetic conditions such as DMT1 mutations or atransferrinemia.46 Sideroblastic anemia due to either ALAS-2 or SLC25A38 deficiency can also occur during childhood,47 but iron overload is also present in sideroblastic anemia as well as in DMT1 deficiency or atransferrinemia, as indicated by elevated serum iron and transferrin saturation. Microcytosis, hypochromia and low iron stores are present in both acquired iron deficiency and IRIDA. However, RBC count tends to be higher in IRIDA whereas in true iron deficiency serum ferritin is lower. Microcytosis and low mean corpuscular hemoglobin (MCH) are also hallmarks of beta-thalassemia carriers, who have normal or slightly elevated iron parameters and increased hemoglobin (Hb)A2.
Carriers of alpha-thalassemia may have remarkable microcytosis but are not (or only mildly) anemic, and often have normal or increased iron parameters. When IRIDA patients show very low Hb levels and increased number of RBCs,48,49 a helpful marker for a differential diagnosis is the reticulocyte count, which is high in beta-thalassemia and low in IRIDA.
Finally, despite a lack of harmonization among the hepcidin assays currently available,50 normal/high serum hepcidin levels characterize IRIDA due to MT-2 mutations (Online Supplementary Table S1), on the contrary to iron-deficiency in which hepcidin levels are very low,51 and to thalassemia or other hereditary microcytic anemia in which ineffective erythropoiesis suppresses hepcidin synthesis and results in increased intestinal iron absorption.52 Hepcidin levels are also high in anemia of chronic diseases since pro-inflammatory cytokines, especially IL-6,53 stimulate hepcidin synthesis and contribute to the onset of anemia. In inflammatory conditions, elevated hepcidin levels induce iron retention in macrophages, normal/high serum ferritin levels and low serum iron values,21 a biological pattern very similar to what is observed in IRIDA patients. However, the anemia is normo- or moderately microcytic as opposed to the marked microcytosis in IRIDA.
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Figure 3.Clinical phenotype of IRIDA subjects versus controls according to age. In all the graphs, the lines indicate values of the parameters corresponding to the 3rd percentile of healthy controls. (A) Hemoglobin (Hb, g/dL) values of pediatric male (black square), pediatric female (gray triangle) or adult (age > 16 years) IRIDA patients. (B) Mean corpuscular volume (MCV, fL) values of pediatric male (black square), pediatric female (gray triangle) or adult (age > 16 years) IRIDA patients. (C) Transferrin (Tf) saturation values of IRIDA patients (male: black square; female: gray triangle). (D) Ferritin values of IRIDA patients (control values: male <300 μg/L, female < 200 μg/L; male: black square; female: gray triangle).
To date, the most widely used method for screening candidate IRIDA patients for MT-2 mutations is based on the sequencing of exons and exon-intron boundaries of the TMPRSS6 gene. Two alternative cost-effective methods have been recently described for detecting TMPRSS6 mutations. One is a SNaPshot assay design for screening several iron-related gene mutations54 and the other is a combined Polymerase chain reaction (PCR) and (high resolution melting (HRM) assay.55 However, in the near future, it is likely that next-generation sequencing methods will allow direct sequencing of a panel of candidate genes for rare iron-related anemia, including TMPRSS6.
The molecular basis of IRIDA in anemic patients was first identified in 2008.43 Up to now, 32 IRIDA families with 50 patients of different ethnic origin have been reported, accounting for 40 different mutations in the TMPRSS6 gene (18 missense, 4 nonsense, 9 frameshift, one large in-frame deletion, and 8 intronic mutations probably affecting the splicing) (Online Supplementary Table S2). As shown in Figure 2, MT-2 mutations are spread throughout the entire protein, affecting all extra-cellular domains.
The most frequent mutation is S304L, described in 6 patients from four different families. However, neither frequent mutations with a greater contribution to the phenotype nor mutations with a founder effect have been identified. As for the genotype-phenotype relationship, we observed a tendency towards lower hemoglobin, MCV and transferrin saturation, in patients with two nonsense mutations, but not in patients with two missense or one missense and one nonsense mutation.
The increasing number of cases that are being regularly diagnosed will make it easier to study possible genotype-phenotype correlations. Several common, uncommon and rare polymorphisms, including the non-synonymous polymorphisms K225E, K253E, G228D, R446W, V736A and V795I, have been described in TMPRSS6.56
As expected for a recessive disorder, bi-allelic mutations of TMPRSS6 are usually found in IRIDA patients. However, in the first description of IRIDA,43 single heterozygous mutations were found in 2 of the 7 probands, although the possibility of a gene deletion was not excluded. The first genomic deletion of TMPRSS6 resulting in IRIDA was described in 2009.57 In a French cohort of IRIDA patients, 5 out of 23 patients were found with a single heterozygous deleterious mutation of TMPRSS6 (B Grandchamp, personal communication, 2013). Furthermore, for 3 of these patients, exonic deletions were excluded by custom CGH array. The phenotype was milder in these patients than in typical IRIDA, but serum hepcidin levels were abnormally elevated. The phenotype in patients with a single mutated allele could be modified by environmental factors, the presence of deep intronic mutations or mutations in regulatory regions missed by the sequencing strategy, digenic inheritance, or associations with a hypomorphic allele. The presence of only one deleterious TMPRSS6 allele might be sufficient for the onset of anemia in young females who are more at risk of developing iron deficiency. In animal models, haploinsufficiency of Tmprss6 confers susceptibility to iron deficiency.58,59 The association between a deleterious mutation and a low expressed allele has been found in several inherited disorders such as erythropoietic protoporphyria,60 spherocytosis61 or microcytic anemia due to STEAP3 mutations.62 This might be a rather frequent situation since recent reports have demonstrated that preferential/specific allele expression may concern 5–20% of the genes.63,64 Finally, hypomorphic TMPRSS6 alleles have been found to contribute to the IRIDA phenotype, despite an apparent normal biological activity in functional in vitro assay.56,65
Furthermore, common TMPRSS6 SNPs have been associated with increased risk of iron deficiency and iron deficiency anemia in a Chinese population.66
Finally, a large Serbian family was recently described with a severe IRIDA phenotype responding only to intravenous iron and with no TMPRSS6 mutation.67 Based on SNP genotyping, the authors proposed gene-gene interaction between TMPRSS6 and SCL11A2, although this was not formally proven. However, it is tempting to speculate that another monogenic defect might contribute to the microcytic anemia phenotype in the reported children, especially since hepcidin levels were low. In our European cohort of microcytic iron deficiency anemia, some patients have no TMPRSS6 mutation and also have very low hepcidin levels, strongly suggesting another pathophysiological mechanism. Whole exome sequencing approaches are currently underway to identify the underlying gene.
Functional studies of the normal and mutated MT-2 proteins
Putative substrates of MT-2 include MT-2 itself, which undergoes cis and trans auto-proteolytic processing during zymogen activation,25 and hemojuvelin. In vitro, MT-2 interacts and cleaves membrane HJV,68 a finding compatible with the inappropriately high serum hepcidin levels observed in IRIDA patients and in TMPRSS6 deficient mice. Inactivation of HJV (or BMP6) in Tmprss6 knock-out mice completely rescued the IRIDA phenotype, confirming the functional interaction of MT-2 with the BMP-SMAD pathway in mice.58,69 To study the modulation of hepcidin by MT-2, several functional assays have been developed. These assays are based on the measurements of: 1) the luciferase activity driven by a HAMP promoter after overexpression of wild-type or mutated MT-2 in cells in the presence of HJV;68 2) the release of the serine pro-tease domain in the culture media of transfected cells to assess the proteolytic activity of MT-2;43,49,70–73 3) the release of the chromogenic molecule p-nitroaniline based on the ability of the serine protease domain to cleave the artificial substrate N-(tert-butoxycarbonyl)-Gln-Ala-Arg-p-nitroanilide (chromogenic assay developed by Sisay and collaborators).34,73,74
Therefore, a MT-2 variant may be considered as pathogenic on the basis of the following findings: 1) a lack of release of the MT-2 S/P domain in the culture media of transfected cells; 2) a defective ability to repress the HAMP promoter, using the luciferase assay; or 3) no detection of membrane-derived HJV fragments, using cells co-transfected with HJV and MT-2.68
Treatment of IRIDA patients: intravenous iron and future treatments
In most patients, oral iron is ineffective in correcting the anemia and patients must receive intravenous iron. The response to parenteral administration of iron is variable but generally leads to a progressive increase in Hb levels. Correction of the anemia is partial and much slower than in patients with acquired iron deficiency. In addition, Hb levels rarely normalize, microcytosis persists, and transferrin saturation remains below normal values. By contrast, serum ferritin increases following iron injections, somehow in a dose-dependant manner. These features can be easily explained based on the hepcidin-ferroportin interactions.75 Indeed, hepcidin levels in these patients prevent increasing intestinal iron absorption in response to iron deficiency, or following oral iron therapy. However, they are probably not sufficient to fully suppress iron release from macrophages. Serum ferritin levels are also within the normal range, indicating absence of macrophage iron retention. Intravenous iron preparations usually consist of a colloidal suspension of large iron-sucrose complexes that are phagocytosed and metabolized by macrophages before iron is released to plasma transferrin. Adult patients usually require no or reduced iron supplementation compared to young subjects, probably as a consequence of the spontaneous reduction in iron requirement in adulthood.42
Although the term Iron Refractory Iron Deficiency Anemia (IRIDA) implies that oral iron is completely inefficient, in at least 4 IRIDA cases from three unrelated families sustained administration of oral iron partially corrected the anemia and Hb raised to acceptable levels without intravenous iron administration.71,73 Nevertheless, the partial correction of the anemia required an unusually long treatment. Concomitant administration of iron and ascorbate might be beneficial. It was recently reported that ascorbic acid (30 mg/day) supplementation at the time of ferrous sulfate administration had improved Hb and iron status in an infant patient.76 Some of us have observed a similar response in a young patient for whom Hb levels were maintained around 12 g/dL under a long-term therapy with ferrous ascorbate, while anemia reappeared when the treatment was discontinued (B Grandchamp, personal observation, 2013).
In rare cases, intravenous iron is inefficient, badly tolerated or made difficult by the lack of adequate venous access, and other therapies must be considered. In 2 patients, recombinant erythropoietin was added to the iron therapy in order to counteract excessive liver iron deposition caused by large doses of parenteral iron that were necessary to correct the anemia.70 This led the authors to suggest that it might be appropriate to target a sub-normal concentration of Hb to avoid the risk of iron overload
In the future, other treatments aimed at lowering plasma hepcidin levels might become available. These innovative therapies are currently being developed with the aim of correcting the anemia of chronic diseases but they could represent an interesting alternative to intravenous iron treatment in other conditions of iron-restricted erythropoiesis, especially in IRIDA. Anti-hepcidin antibodies were shown to correct the anemia of chronic diseases in a mouse model based on injections of heat-killed Brucella abortus.77 Another promising approach is the development of Anticalins® (Pieris AG, Germany) which are genetically modified lipocalins that can target almost any desired molecule with a high affinity. One Anticalin® has been developed that is highly specific for hepcidin and is proposed to antagonize hepcidin for the treatment of anemia of chronic diseases.78 An interesting alternative for the sequestration of hepcidin comes from the Spiegelmer® technology (Noxxon Pharma) with a PEGylated anti-hepcidin L-RNA oligonucleotide, now starting in phase I/IIa clinical trials in cancer patients.
Finally, the reduction of HAMP mRNA by siRNA technology (Alnyam, USA) has also proven pre-clinical efficacy79 and the same company also plans to apply this technology to the silencing of other molecules in the hepcidin regulatory pathway.
Conclusion
Iron refractory iron deficiency anemia is a new disease entity that must be considered whenever contemplating a diagnosis of microcytic anemia. The biological hallmarks of the disease are microcytic hypochromic anemia, low transferrin saturation and normal/high serum hepcidin values. Refractoriness to oral iron, and a slow and partial response to intravenous iron injections are features of this disease. The prevalence of the disease is still unknown, but it is worth noting that in GWAS studies, common SNPs in the TMPRSS6 gene have been found to be associated with Hb,80 or with iron status and erythrocyte volume.81 The strongest TMPRSS6 association with serum iron, transferrin saturation and Hb values was found with the non-synonymous coding SNP A736V (rs855791), while the intronic SNP NM_153609.2:c.1468+426A>G (rs2413450) was found to be strongly associated with hematocrit, MCV and MCH values. This suggests that TMPRSS6 might have a role in common disorders in which it could act as a gene modifier. For instance, in a large meta-analysis of around 50,000 non-diabetic adults of European descent, TMPRSS6 was one of the loci found to influence HbA1c levels. However, this association was likely indirect, occurring via the association between TMPRSS6 and erythrocyte biology.82 Considering the function of MT-2 as a negative regulator of HAMP expression, it is possible that TMPRSS6 could also be a modifier gene for hemochromatosis. Indeed, this has been shown in mouse models.83 However, from the limited number of studies available, TMPRSS6 SNPs do not seem to modulate iron accumulation in hemochromatosis patients.
Further studies are still required to fully understand the sensing pathway leading to MT-2 activation in response to iron deficiency and the role of this protein in rare anemia or common diseases. Finally, there is also evidence to suggest that, as with other members of the TTSPs, MT-2 may have a role in cancer development and progression.84 Although the evidence currently available points to a role for MT-2 only in prostate and breast tumor development, the link between MT-2 and liver tumor is a challenging avenue to explore, especially considering the well-known relationship between iron overload and hepatocellular carcinoma.85
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