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Under normal conditions, iron metabolism is carefully regulated to sustain normal cellular functions and the production
of hemoglobin in erythroid cells. Perturbation to the erythropoiesis-iron metabolism axis can result in iron imbalances
and cause anemia or organ toxicity. Various congenital and acquired diseases associated with abnormal red cell production
are characterized by aberrant iron absorption. Several recent studies have shown that improvements in red blood cell
production also ameliorate iron metabolism and vice versa. Many therapeutics are now under development with the po-
tential to improve a variety of hematologic diseases, from p-thalassemia and iron-refractory iron deficiency anemia to
anemia of inflammation and polycythemia vera. This review summarizes selected mechanisms related to red cell produc-
tion and iron metabolism and describes potential therapeutics and their current uses. We also consider the potential ap-
plication of the discussed therapeutics on various diseases, alone or in combination. The vast repertoire of drugs under
development offers new opportunities to improve the clinical care of patients suffering from congenital or acquired red

blood cell disorders with limited or no treatment options.

Erythropoiesis and iron metabolism

Erythropoiesis, the production of mature enucleated ery-
throcytes from early progenitor cells, is regulated by mol-
ecules that control proliferation and differentiation.' For
brevity, the descriptions of the molecules that regulate
erythropoiesis and iron metabolism will be limited to
those relevant to the diseases and potential therapies dis-
cussed in this review.

GATA1 is a key transcription factor essential for erythro-
poiesis (Figure 1).? GATA1 promotes maturation and survival
of erythroblasts, which develop into enucleated red cells.?
GATA1 stimulates several pathways, including those re-
sponsible for hemoglobin synthesis and stress erythro-
poiesis.*® The erythrocyte-specific isoform of pyruvate
kinase, R-type pyruvate kinase (Figure 1), is regulated by
GATA1 and is involved in the final steps of glycolysis, which
leads to the formation of two adenosine triphosphate and
two pyruvate molecules per glucose molecule (Figure 1).%’
R-type pyruvate kinase is required for the survival of ma-

ture red cells and to sustain the tricarboxylic acid cycle
in erythroid precursors.”®

Erythropoietin (EPO) binds to the EPO receptor (EPOR) to
regulate early-stage erythropoiesis, primarily by phos-
phorylation of the JAK2 kinase (Figure 2).° Phosphorylated
JAK2 kinase is responsible for the activation of down-
stream pathways that regulate expression of genes that
control proliferation, survival, and iron metabolism, such
as the hormone erythroferrone (ERFE) (Figure 2)." A subset
of transforming growth factor-f superfamily receptors, li-
gands and SMAD2/3 transcription factors may play a major
role in late-stage erythropoiesis by modulation of differ-
entiation and red cell production (Figure 2).2"

Hepcidin (encoded by HAMP) is a liver-secreted hormone
that plays a major role in iron homeostasis (Figure 1) It
binds and inhibits the iron exporter ferroportin, preventing
release of iron into the circulation from duodenal entero-
cytes, macrophages, and hepatocytes.”” Increased hepcidin
expression causes anemia by limiting iron availability,
whereas low hepcidin expression leads to iron overload."®
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Figure 1. The pathways of a subset of the molecules involved in red cell production and iron metabolism. Only those molecules
discussed in this review are included in this schematic. HSP70: heat shock protein 70; CASP3: caspase 3; GATAl: GATA-binding

factor 1; EPO: erythropoietin.

Activation of hepcidin transcription is mediated by the iron-
sensor complex on liver parenchymal cells, which includes
bone morphogenetic protein (BMP) receptors from the
TGF-p receptor superfamily as well as coreceptors, li-
gands, and modulators (Figure 2)."° Liver endothelial cells
secrete the BMP ligands BMP2 and BMP6, which bind class
| and Il BMP receptors in hepatocytes and activate the
SMAD1/5/8 complex and HAMP expression (Figure 2)."°
Hemojuvelin (HJV) acts as a BMP coreceptor, whereas
TMPRSS6 (which encodes for matriptase-2, a transmem-
brane serine protease) downregulates hepcidin by cleaving
HJV (Figure 2).”

Additional proteins in the liver modulate the activity of
the iron-sensor complex by sensing the level of iron
bound to transferrin (TF), the main molecule responsible
for the transportation of iron from the duodenum (Figure
2).® Increasing amounts of diferric TF displace HFE from

TF receptor 1.° This not only enables iron uptake in the
liver but also stabilizes TF receptor 2 (TFR2), potentiating
signaling of the iron-sensor complex (Figure 2)."° Although
TFR2 was thought to only modulate hepcidin synthesis in
the liver, it was recently shown that TFR2 colocalizes with
EPOR on erythroid precursor cells to modulate EPO sen-
sitivity (Figure 2).®"® The role of TFR2 in this setting is
thought to be that of finetuning erythropoiesis based on
the amount of iron bound to TF.”®

Diseases associated with abnormal
red cell synthesis and their
pathophysiology

Erythropoiesis can be altered by genetic mutations that
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impair red cell production, such as in congenital anemias
or polycythemia vera (PV), or by conditions that perturb
normal iron metabolism, such as iron-refractory iron defi-
ciency anemia (IRIDA).?° Conditions associated with
chronic inflammation, such as chronic kidney disease, are
also characterized by reduced red cell production and
survival.?! In this review, we focus on diseases that illus-
trate key pathophysiological mechanisms responsible for
altered red cell production, the role of iron metabolism,
and strategies targeting these mechanisms that may serve
as potential novel treatment approaches.

Anemia is a consequence of inadequate functional red
cells in circulation, which can result from reduced red cell
production, increased red cell destruction, or a combina-
tion of these two processes. Diseases associated with
genetic mutations that directly alter red cell production
are generally characterized by defects at the erythroid
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cell-differentiation stage at which the mutated genes
exert their functions. These mutations may also affect the
quality and lifespan of surviving mature red cells.

B-thalassemia

B-thalassemia (BT) and a-thalassemia (AT) are two of the
most widespread forms of congenital anemias.?? These dis-
eases are triggered by mutations that reduce the synthesis
of B-globin or a-globin, respectively.?? Heterozygosity for BT
null mutations (BT trait) is usually clinically silent but be-
comes symptomatic with coinheritance of extra a-globin
genes, as a consequence of a relatively increased amount of
free a-globin protein.>*** Hence, the globin-chain imbalance
with an accumulation of free a-globin is a major determinant
of BT pathophysiology and causes a variety of effects that
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Figure 2. Schematic representation of normal and p-thalassemic erythropoiesis. A few consequences associated with
ineffective erythropoiesis in f-thalassemia, such as iron overload and hepatosplenomegaly, are presented. EPO: erythropoietin;
TF: transferrin; ERFE: erythroferrone; EPOR: erythropoietin receptor; TFR: transferrin receptor; JAK2: Janus kinase 2; BMP: bone
morphogenetic protein; HJV: hemojuvelin; TMPRSS6: transmembrane protease, serine 6; HFE: homeostatic iron regulator; SMAD:
small mothers against decapentaplegic; HAMP: hepcidin antimicrobial protein.
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impair red cell maturation and survival (Figure 2).%

Excess a-globin chains precipitate as hemichromes, which
are insoluble aggregates of a-chains and heme molecules
that form large inclusion bodies and cause iron accumu-
lation and free radical production (Figure 1).252¢ These
events lead to premature destruction by apoptosis of a
portion of red cell precursors in the bone marrow as well
as the production of abnormal enucleated erythrocytes
with reduced lifespan.?” In addition, excess a-globin
chains also interfere with erythroid differentiation. In nor-
mal erythropoiesis, chaperone heat shock protein 70
(HSP70) protects GATA1 from caspase-3 cleavage (Figure
1).28 However, in BT, HSP70 interacts directly with free a-
globin chains, and therefore HSP70 is sequestered and un-
able to protect GATA1, resulting in end-stage maturation
arrest (Figure 1).?® Altogether, this mechanism limits the
production of enucleated red cells and consequent
oxygen delivery (Figure 1). The resulting hypoxia increases
the production of EPO in the kidneys. EPO further stimu-
lates the production and expansion of early erythroid pro-
genitors without generating sufficient mature red cells
(Figure 1).?" This leads to a net imbalance between nu-
cleated and enucleated erythroid cells - the number of
terminally differentiated red cells is disproportionally low
compared with the number of progenitor red cells (Figure
1).2” This abnormal production of erythroid progenitors,
combined with a hypoxic environment, profoundly affects
iron metabolism. The production of ERFE, by the early pro-
genitor red cells, increases as the number of erythroid
precursor cells increases, leading to suppression of hep-
cidin and results in enhanced iron absorption (Figure 2).%
In addition, the hypoxic environment also triggers the syn-
thesis of genes responsible for iron absorption in the duo-
denum, further exacerbating the process of iron overload
in organs.?"?°

Iron accumulation results in free radical damage to cells
and organs and contributes to the morbidity and mortality
of iron overload (Figure 1).*° Although the main source of
extra iron in patients with severe BT comes from blood
transfusions, the main cause of iron overload in patients
who only sporadically receive transfused blood is from in-
creased iron absorption.*’ When total body iron is signifi-
cantly elevated the TF iron-binding ability is exceeded and
circulating non-TF-bound iron appears in the plasma. Non-
TF-bound iron rises markedly when the TF saturation
reaches high levels, and a reactive Fe?* subspecies of non-
TF-bound iron called labile plasma iron increases con-
comitantly.®>®® It is important to underline that clinical
observations suggested that non-TF-bound iron was ab-
sent in non-transfusion-dependent thalassemia patients
without previous transfusions.?**® Further, labile plasma
iron was not detected in most non-transfusion-dependent
thalassemia patients, whereas other iron storage and
turnover markers were elevated.*?3* Nevertheless, in both
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transfusion- and non-transfusion-dependent thalassemia
patients, iron chelation is the only treatment to eliminate
excess iron and prevent organ damage.*

Following extensive studies in mouse models and humans,
many novel drugs and genetic approaches are now in de-
velopment to improve the quality of life of or provide a
cure for patients with BT. These drugs can be loosely clas-
sified based on their mechanism of action, such as im-
provement of red cell quality and production (e.g.,
luspatercept, mitapivat, and drugs that target excess a-
globin chains), improvement of anemia, suppression of
erythropoiesis and improvement of splenomegaly (e.g.,
JAK2 inhibitors), limitation of iron absorption and/or ery-
throid iron intake (e.g., hepcidin agonists, hepcidin in-
ducers, ferroportin or ERFE inhibitors, and TF therapy), all
which lead to improvements of iron overload, and, poten-
tially, improvement of red cell production over time (Table
1).3%3%¢ |In addition, novel gene therapy approaches and
strategies aimed to pharmacologically reactivate fetal he-
moglobin have the potential to significantly improve
symptoms of BT or to cure BT, but these topics are beyond
the scope of this review.

Drugs that improve red cell quality
and production

Luspatercept (Reblozyl®) is a ligand trap made using the
extracellular domain of the activin receptor type 1I1B (Table
1).%"38 This drug binds to a subset of TGF-p ligands to in-
hibit aberrant SMAD2/3 signaling and enhances late-stage
erythropoiesis.’*® Luspatercept has recently been ap-
proved in the USA and Europe for the treatment of adult
patients with transfusion-dependent BT (TDBT).*" In the
pivotal clinical trial, a significantly greater proportion of
patients in the luspatercept group had a reduction in
transfusion burden compared with the placebo group.*
Additional observations also suggest that patients with
non-transfusion-dependent BT (NTDBT) may also benefit
from this drug.®® Although luspatercept treatment reduced
transfusion burden and iron loading in patients affected
by TDBT, NTDBT, or myelodysplastic syndrome, likely
caused by improved erythropoiesis and iron consumption,
luspatercept treatment also increased ERFE levels and,
consequently, reduced hepcidin levels.*”® It is, therefore,
possible that luspatercept may negatively modulate hep-
cidin transcription by binding TGF-f family ligands impli-
cated in hepcidin synthesis.”” These observations suggest
it could be beneficial to use luspatercept in combination
with iron chelators or other therapeutics, as elaborated in
the section “Anemias associated with impaired iron ab-
sorption.”

Mitapivat (AG-348; Pyrukynd®) is a small-molecule activa-
tor of R-type pyruvate kinase which enhances the affinity
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of R-type pyruvate kinase for its substrate, phosphoenol-
pyruvate (Table 1).***% Mitapivat was initially developed to
treat patients with pyruvate kinase deficiency, as it can
improve pyruvate kinase activity, increase red cell deform-
ability, and reduce transfusion burden in some patients
who receive regular blood transfusions.** Additional ob-
servations found that mitapivat induces a rapid and sus-
tained increase in hemoglobin levels in approximately 50%
of patients with pyruvate kinase deficiency who did not
receive regular blood transfusions.”® In mouse models of
BT, oral mitapivat administration ameliorated ineffective
erythropoiesis and anemia by improving red cell metab-
olism.® Likely caused by improved erythropoiesis, mitapi-
vat administration resulted in reduced levels of soluble
ERFE, increased liver hepcidin expression, and diminished
liver iron overload.® Mitapivat also reduced duodenal iron
absorption, suggesting that this drug could further reduce
iron overload independently of its indirect effect on hep-
cidin expression.?*®> Ongoing observations in patients with
non-transfusion-dependent AT (NTDAT) and NTDBT
treated with mitapivat suggest that this drug could ameli-
orate anemia in these patients.*

Other studies are investigating the possibility of targeting
pathways that enhance the removal of excess a-globin in
BT erythroid precursor cells (Table 1).** These types of de-
toxification strategies would allow BT to be treated similarly
to other protein aggregation disorders.*® Pharmacological in-
duction of protein-targeted quality control pathways and
autophagy to eliminate relevant unstable proteins could be
potentially beneficial in patients with BT.**** As mTORC1 in-
hibits autophagy, systemic treatment with the mTORC1 in-
hibitor rapamycin reduces a-globin precipitates and lessens
pathologies in BT mice.*”® These findings may allow investi-
gation of additional pathways that can be regulated by drugs
for amelioration of BT symptoms. However, we do not know
if rapamycin or similar drugs also improve iron metabolism
in patients with BT, although rapamycin has been shown to
increase hepcidin expression in wild-type mice.*®
Selective deletion of Tfr2 exclusively in cells of the bone
marrow in both NTDBT and TDBT mice significantly ameli-
orated anemia and highlight a major role for TFR2 in modu-
lating the relationship between erythroid delivery of iron by
TF, EPO sensitivity, and ineffective erythropoiesis (Table

1).51,52

Drugs that limit erythropoiesis to re-
duce splenomegaly

In BT, in response to anemia and hypoxia, high levels of
EPO are associated with increased activation of the JAK2
pathway and increased numbers of erythroid progenitors
in both the bone marrow and the spleen.?® This extrame-
dullary hematopoiesis leads to hepatosplenomegaly,
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which enhances the entrapment of red cells in the spleen
and exacerbates the anemia, further worsening the hepa-
tosplenomegaly.?”®® Additionally, erythropoiesis occurs in
extramedullary sites, most commonly resulting in a para-
spinal mass.** Unfortunately, splenectomy considerably in-
creases the rate of thromboembolic complications.*
Although administration of JAK2 inhibitors does not re-
duce transfusion burden, the combination of blood trans-
fusions with JAK2 inhibitors could be effective in reversing
splenomegaly and could, therefore, be used as an alter-
native to splenectomy (Table 1).5>°¢

Drugs that limit iron absorption and
heme synthesis

Identification of hepcidin and elucidation of the pathways
that control its synthesis have been crucial to the devel-
opment of pharmacological compounds that mimic the ac-
tivity of hepcidin, increase hepcidin expression, and
decrease ferroportin or ERFE activity, which all lead to de-
creased iron absorption and TF saturation.®® In a similar
fashion, administration of exogenous apo-TF can also de-
crease levels of TF saturation.’’ These potential therapeutics
have reduced iron overload in animal models of BT.*® Intri-
guingly, in BT mice, the same drugs also lead to reduction
in anemia.**® These drugs decreased not only iron absorp-
tion but also erythroid iron intake.®*° In thalassemic ery-
throid progenitor cells, reduced iron uptake reduces the
detrimental effects of oxidative stress triggered by the ex-
cess iron and heme that are not included in functional he-
moglobin molecules.***® Overall, the consequences of iron
restriction to erythroid cells improve the quality and life-
span of mature red cells and increase circulating hemoglo-
bin levels.*®*® An ERFE antibody is also a potential
therapeutic that targets a component of the iron-regulation
pathway, as it prevented hepcidin suppression and cor-
rected the iron-loading phenotype in a mouse model of BT.®°
These observations suggested that iron-restricted erythro-
poiesis could benefit BT patients in a similar fashion, and a
series of clinical trials were designed using drugs that re-
strict iron absorption. The hepcidin mimetic rusfertide®
(PTG-300) can reduce iron absorption by targeting ferropor-
tin.*" Rusfertide treatment improved iron metabolism and
erythropoiesis in BT mice and decreased serum iron levels
in patients with TDBT (https:/www.protagonist-inc.com/in-
vestors-media/press-releases/default.aspx) but failed to im-
prove symptoms in patients who received regular blood
transfusions.®? The ferroportin inhibitor vamifeport® (VIT-
2763) showed similar endpoints in BT mice. However, also
in this case it failed to improve symptoms in NTDBT patients
(https:/thalassaemia.org.cy/fr/clinical-trial-updates/ferro-
portin-inhibitors/#:~:text=A%20randomized%2C%20con-
trolled%2C%20multi-centred%20phase %202%20proof-of-co
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ncept%20trial,serum%20iron%20for%20up %20t0%2024%20

hours%20post-dose).®® Since, administration of these re-
agents in these clinical trials was associated with decreased
levels of TF saturation, it is possible that the biology of
human red cells may be less sensitive to the deleterious ef-
fect of hemichromes or that the effects of erythroid iron re-
striction on the viability of BT red cells may surpass the
beneficial effects of reducing hemichrome formation. Alter-
natively, the use of these drugs may require some adminis-
tration of EPO, as it has been shown to be very efficacious
in BT mice.** However, the ability of these reagents to
modulate hemichrome formation in the red cells of BT pa-
tients has never been investigated. Although these drugs
failed to improve anemia in BT patients, it is important to
underline that they were efficacious in reducing dietary iron
intake and TF saturation, which is a prerequisite to improv-
ing iron overload. This suggests that these drugs could be
used to prevent iron overload or could be combined with
other medications that improve erythropoiesis or reduce
iron overload (e.g., luspatercept, mitapivat or iron chelators)
in order to obtain a rapid reduction of iron overload, as
shown in animal studies.?*%*6°

Bitopertin is an oral inhibitor of glycine transporter type 1, a
key membrane transporter required to supply red cells with
sufficient glycine to support erythropoiesis.®® By limiting gly-
cine uptake, bitopertin regulates downstream heme syn-
thesis.®® In a mouse model of erythropoietic protoporphyria,
bitopertin reduced the excessive production of protopor-
phyrin IX (a precursor of heme) and improved liver fibrosis.®’
Based on these preclinical studies, bitopertin is currently
being tested in patients with erythropoietic protoporphy-
ria.®” Bitopertin also limited abnormal levels of heme and
reduced anemia in BT mice.®® However, a clinical trial in pa-
tients with NTDBT failed to reverse the anemia, with de-
creased levels of mean corpuscular hemoglobin and
hemoglobin.®®

Additional conditions that may
benefit from modulation of erythro-
poiesis or suppression of iron
absorption

a-thalassemia

Patients with severe forms of AT who require chronic blood
transfusion therapy for survival (i.e., who have TDAT) almost
exclusively make hemoglobin H, which is a tetramer made
of four pB-globin chains that has extremely high oxygen af-
finity but provides poor oxygen delivery to tissues.®®™ These
patients share several pathophysiological manifestations
with patients with TDBT, such as iron overload and the
requirement for iron chelation therapy.” However, patients
with TDAT require a more aggressive transfusion regimen
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than patients with TDBT.” If not, patients with TDAT con-
tinue to have a high proportion of circulating non-functional
hemoglobin H and exhibit features of hypoxia and EPO-
driven increased erythropoietic activity.””® These observa-
tions suggest that ineffective erythropoiesis in patients with
TDAT may be qualitatively and quantitively different from
that observed in patients with TDBT, with potentially more
enucleated but non-functional cells in circulation and in-
creased iron absorption. If these predictions are confirmed
by future studies, this will indicate that drugs that alter red
cell quality may not be efficacious in patients with TDAT, al-
though therapeutics that limit iron absorption or spleno-
megaly (such as JAK2 inhibitors) may be beneficial (Table 1).
In contrast, the less severe forms of AT (i.e., NTDAT), in
which some level of functional hemoglobin is present, may
benefit from the same therapeutics that are being tested
for patients with NTDBT, such as luspatercept and mitapi-
vat. In a preliminary study, patients with NTDAT seemed to
benefit from administration of mitapivat.*® As is the case
with severe forms of AT, other drugs that limit iron absorp-
tion or erythroid iron intake could also be effective in the
less severe forms of AT associated with iron overload (Table

1).

Polycythemia vera

There are conditions in which modulation of iron metab-
olism could be beneficial to reduce excessive production of
red cells. Mutations in JAK2 can lead to PV, which is char-
acterized by erythrocytosis, bone marrow erythroid and
megakaryocytic hyperplasia, fatigue, and splenomegaly.” Pa-
tients with PV are frequently iron deficient at the time of
diagnosis, which is further exacerbated by therapeutic phle-
botomies to maintain the hematocrit below 45% in order to
decrease the risk of thrombosis.”>"®

Studies in PV mice demonstrated that administration of
exogenous hepcidin or induction of endogenous hepcidin
using TMPRSS6-ASO, an antisense oligonucleotide to
TMPRSS6 messenger RNA, was able to reverse erythrocyto-
sis, decrease splenomegaly, and sequester iron in splenic
macrophages, suggesting that approaches that limit ery-
throid iron absorption and/or heme synthesis could be
beneficial in patients with PV (Table 1).3>"® Additionally, pre-
liminary results from clinical trials that aimed to evaluate
the safety and efficacy of the hepcidin mimetic rusfertide
in phlebotomy-requiring patients with PV suggest that ap-
proaches that limit erythroid iron absorption and/or heme
synthesis could eliminate phlebotomy requirements, in-
crease systemic iron stores, and decrease systemic symp-
toms.”

Other conditions

In brief, some conditions, such as congenital dyserythro-
poietic anemia type Il, myelodysplastic syndrome, and Dia-
mond-Blackfan anemia, may benefit from therapeutics that
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modulate erythropoiesis, erythroid iron intake, heme syn-
thesis, and/or decreased dietary iron absorption. For in-
stance, a subset of patients affected by myelodysplastic
syndrome benefit from luspatercept treatment and may
also benefit from iron restriction.®® Similar approaches may
also benefit a subset of patients with congenital dysery-
thropoietic anemia type Il (mutations in SEC23B) who have
anemia associated with increased ERFE expression, de-
creased hepcidin levels, and iron overload.®"®? Finally, ery-
throid cells in patients with Diamond-Blackfan anemia
synthesize excess heme, which could be reduced by limiting
erythroid iron intake and/or heme synthesis by treatment
with a drug such as bitopertin.?®

Anemias associated with impaired
iron absorption

Other forms of anemia can help us to further understand
the relationship between ineffective erythropoiesis and iron
metabolism. In this part of the review, we will discuss in-
formative forms of anemia and speculate on novel potential
drugs to treat them.

Anemia of inflamsnmation (Al) and IRIDA are two of the clinical
manifestations associated with inappropriately high hepci-
din levels.?"®%#5 Al is common in inflammatory diseases with
complex pathophysiological features, such as chronic kidney
disease, autoimmune diseases, and some forms of cancer
and myelofibrosis.?*##¢ Here, we review conditions in which
inflammatory cytokines together with hepcidin contribute
to iron-restricted erythropoiesis.

The primary clinical goal for patients with Al is to treat the
cause of inflammation; however, treatment for anemia is
often managed by administration of intravenous iron and
erythropoiesis-stimulating agents,®® which is ineffective for
some patients and is associated with adverse effects.®
Myelofibrosis is a myeloproliferative neoplasm character-
ized by splenomegaly, debilitating constitutional symptoms,
and bone marrow failure.®® Disease-related anemia is com-
mon and associated with increased expression of hepci-
din'86,87

IRIDA develops when mutations in TMPRSS6 lead to high
hepcidin levels.?° Patients with IRIDA have microcytic ane-
mia and low plasma-iron levels and are refractory to oral
iron therapy but are partially responsive to parenteral iron
administration.?%8

In all these conditions, high levels of hepcidin not only limit
iron absorption but also sequester the iron provided to the
patients by oral or intravenous administration to parenchy-
mal cells and macrophages.® Therefore, drugs that target
proteins that interfere with the iron-sensor complex and
decrease hepcidin levels or that can redistribute iron to TF
may make iron more available for erythropoiesis. In addition,
drugs that increase EPO sensitivity could also improve red
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cell production.

Activin-like receptor 2 (ALK2) belongs to the TGF-f receptor
superfamily and is part of the iron-sensor complex.?88 ALK2
is the target for the drugs momelotinib and LJ000328.%%*"
These drugs can downregulate hepcidin expression and in-
crease availability of iron for erythropoiesis.?®®' In clinical
testing, momelotinib improved hemoglobin levels and re-
duced transfusion burden in patients with myelofibrosis and
baseline anemia, while also reducing spleen size and symp-
tom burden.®" In mice, LJ0O00328 repressed hepcidin activity
and significantly reduced the symptoms of IRIDA.*°
Mutations in HJV are associated with a severe form of
hemochromatosis.?®*? Therefore, pharmacological targeting
of HJV could lead to hepcidin suppression. Anti-HJV anti-
bodies, such as DISC-0974, have been effective in suppress-
ing hepcidin expression in normal individuals and in
preclinical models of Al and IRIDA, in which the antibodies
were shown to increase hemoglobin levels in both inflam-
matory and non-inflammatory states.?*-%¢

It has recently been observed that luspatercept treatment
in patients with BT or myelodysplastic syndrome resulted
in the release of excess iron from stored organs into pe-
ripheral blood.*° This was associated with decreased hepci-
din levels, suggesting that luspatercept (which targets a
subset of TGF-f ligands) may also inhibit the activity of the
iron-sensor complex, possibly by targeting BMP or BMP-like
molecules involved in hepcidin synthesis.* These observa-
tions provide a mechanistic rationale for evaluating luspa-
tercept also in diseases of elevated hepcidin synthesis, such
as Al and IRIDA.

Deferiprone (Ferriprox®) does not directly affect iron absorp-
tion, but it chelates iron and is used to treat iron overload
in BT.*” Deferiprone readily reaches the major intracellular
sites of iron accumulation, facilitating the extraction of iron
deposited in organs.®® The iron affinity of deferiprone is
lower than that of TF, so deferiprone could redistribute iron
sequestered in organs to erythroid cells.?® Therefore, in pa-
tients with high hepcidin levels, deferiprone could shuttle
the sequestered iron to unbound TF, paradoxically improving
erythroid iron consumption and anemia in Al and IRIDA. This
strategy may also require concurrent iron administration to
provide the optimal amount of iron needed for efficient ery-
thropoiesis.

Finally, it could be beneficial to patients with many of the
above-mentioned conditions to target TFR2 on erythroid
cells, as deletion of TFR2 in hematopoietic cells can improve
EPO sensitivity and increase red cell production.® Because
deletion of TFR2 in the liver decreases hepcidin expression
and leads to increased iron absorption, it is currently chal-
lenging to target TFR2 selectively to erythroid cells and im-
prove anemic conditions associated with iron overload (e.g.,
AT and BT). However, it may be beneficial to target TFR2 on
both erythroid cells and liver cells in conditions in which in-
creases in both EPO sensitivity and iron absorption may be
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beneficial (i.e., chronic kidney disease).”"

Additional emerging technologies

Current nucleoside-modified mRNA-lipid nanoparticle tech-
nology has successfully paved the way for next-generation
vaccinations against severe acute respiratory syndrome co-
ronavirus-2 during the COVID-19 pandemic.® This emerging
technology is also being used for additional applications,
such as the ability to deliver small interfering RNA, mess-
enger RNA, or plasmid DNA to treat most genetic diseases
by silencing pathological genes, expressing therapeutic pro-
teins, or gene editing. Using unmodified or targeted lipid na-
noparticles encapsulating mRNA, several studies are
underway to treat a variety of non-liver and liver dis-
eases.®®* As the pathways that control iron metabolism are
primarily localized to the liver, it is only a question of time
before this technology will be applied to modify the ex-
pression of iron-related genes and to improve iron overload
or to correct genetic defects directly, as in IRIDA or HFE-re-
lated hemochromatosis.

Combinatorial therapies and
conclusion

Future clinical trials should clarify which drugs benefit all
or a subset of patients with diseases associated with de-
fective erythropoiesis. Combination therapies may emerge
as the best approach, not only to improve anemia and iron
overload but also to enhance treatment efficacy in a larger
number of patients. Drug combinations that prevent excess
iron absorption and improve red cell production have al-
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