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Anemia is common in patients with chronic kidney disease
(CKD) and results from the dysregulation of iron
metabolism and erythropoiesis. Hepcidin is a key regulator
of iron availability and leads to iron sequestration during
the state of iron repletion. Decreases in the level of
hepcidin in the presence of hypoxia and/or iron limitation
allow for greater iron availability for erythropoiesis.
However, kidney excretion of hepcidin decreases as the
severity of CKD increases, whereas production of hepcidin
is increased under inflammatory conditions often present
in patients with CKD, both of which contribute to anemia.
Assessment of iron status is, therefore, essential in the
treatment of anemia. However, current laboratory tests for
the determination of the adequate supply of iron have
many limitations, including diurnal variation in the levels of
biomarkers, lack of standardized reference methods across
laboratories, and confounding by the presence of
inflammation. In addition, the current treatment paradigm
for anemia of CKD can further disrupt iron homeostasis; for
example, treatment with erythropoiesis-stimulating agents
in the absence of supplemental iron can induce functional
iron deficiency. Moreover, supplemental iron can further
increase levels of hepcidin. Several novel therapies,
including hypoxia-inducible factor prolyl hydroxylase
inhibitors and hepcidin inhibitors/antagonists, have shown
promise in attenuating the levels and/or activity of
hepcidin in anemia of CKD, thus ensuring the availability of
iron for erythropoiesis.
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ron is essential for many biological processes because of its

ability to engage in oxidation-reduction reactions, including, as

a component of heme, the ability to transport oxygen
throughout the body. However, an excess of iron can lead to
the generation of reactive oxygen species, which can damage
many cellular components. Regulation and sequestration of iron
within the body is necessary to maintain this delicate balance.

Most of the iron in the body is derived from recycled red
blood cells, with a lower amount contributed by dietary ab-
sorption. Anemia can result from low iron level and/or
improper regulation of iron level in disorders such as chronic
kidney disease (CKD), in addition to iron losses from blood
draws, uremic bleeding, and hemodialysis. Anemia is defined
as hemoglobin (Hb) level <13.0 g/dl for men and <12.0 g/dl
for nonpregnant women."” In CKD, comorbid anemia is due
to inadequate erythropoietin (EPO) production by the kid-
neys and/or dysregulated iron homeostasis; decreased red
blood cell survival also contributes to anemia development.”’
In the United States, >38 million people (~15% of the
population) have CKD.* Anemia is common among patients
with advancing stages of CKD, with increasing prevalence
from stage G3b CKD onward.” The prevalence of anemia in
US patients with CKD is 15% to 24% (about 5-9 million
people), although treatment with erythropoiesis-stimulating
agents (ESAs) is initiated only in a minority of those pa-
tients with Hb levels <10 g/dL.*’

Herein, an overview is presented of iron homeostasis and
the iron regulator hepcidin, with a focus on anemia of CKD.
The limitations of both laboratory testing for determination
of iron status and the current standard of care for managing
iron deficiency in anemia of CKD are examined. Finally, novel
therapeutics for anemia of CKD that target hepcidin are
discussed.

HEPCIDIN STRUCTURE, PRODUCTION, AND ACTION
Hepcidin-25 is an important regulator of iron availability that
leads to decreased iron transport and increased iron seques-
tration. It is a 25—amino acid peptide produced mainly in the
liver, first discovered about 20 years ago.”” Hepcidin-25
contains 8 cysteine residues, all of which are disulfide
bonded,™” resulting in a hairpin-like structure.'’ Shorter
lengths of hepcidin (hepcidin-20, hepcidin-22, hepcidin-23,
and hepcidin-24) are produced by N-terminal degradation
and may represent an additional mode of inactivation of
hepcidin-25.” These forms are not as well characterized, but
appear to have antimicrobial and antifungal properties, as
does hepcidin-25.”
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The expression of hepcidin is upregulated by inflammation
(Figure la)."" Production of hepcidin-25 appears to be
regulated primarily at the transcriptional level.'” The hepcidin
antimicrobial peptide (HAMP) gene, which encodes hepcidin,
is upregulated by bone morphogenetic protein (BMP) bind-
ing to type I and II BMP receptors and the coreceptor
hemojuvelin. This complex phosphorylates Caenorhabditis
elegans SMA/Drosophila mothers against decapentaplegic
proteins, which then increase transcription of HAMP."” The
amount of BMP is regulated by hepatic iron stores so that
hepcidin levels increase under iron-replete conditions.'* The
inflammatory cytokine, interleukin-6, directly binds the
signal transducer and activator of transcription-3 protein to
the HAMP promoter, thus inducing the expression of hep-
cidin under inflammatory conditions.'” In addition to being a
marker of inflammation, elevated hepcidin expression com-
bined with reduced ferroportin expression and increased
intracellular iron concentrations has been associated with the
development and progression of cancer.'*'®

Several other regulators, such as hypoxia and iron defi-
ciency, attenuate the expression of hepcidin (Figure 1b).
Under iron deprivation conditions, the serine protease
matriptase-2 (also called TMPRSS6) is increased and can
cleave hemojuvelin, thus repressing hepcidin expression.'”*’
The protease furin can also cleave hemojuvelin under con-
ditions of hypoxia and iron deficiency, resulting in repression
of hepcidin expression.”’ Hepcidin is also downregulated via
inhibition of BMP/Caenorhabditis elegans SMA/Drosophila
mothers against decapentaplegic signaling by the hormone
erythroferrone, which is upregulated by EPO.”” In addition,
Ras/RAF mitogen-activated protein kinase and mammalian
target of rapamycin signaling, which control liver nutrient
homeostasis and boost hepatocyte proliferation, repress the
expression of hepcidin.”

Iron homeostasis and hepcidin

Most of the iron in the body is stored in reticuloendothelial
macrophages and the liver and is derived from recycled
erythrocytes. Iron is gained through dietary absorption from
the small intestine.” After reduction to the ferrous form by
duodenal cytochrome B, iron enters enterocytes via divalent
metal transporter 1, a transmembrane protein that transports
several metals, including ferrous iron (Figure 1).”* The pro-
tein transferrin binds iron to transport it to other types of
cells, where it then binds to the transferrin receptor, is
internalized, and the iron is extracted; the iron-free trans-
ferrin is released to the extracellular space, and the intracel-
lular iron is stored within ferritin.'?

Feedback regulation of hepcidin is mediated by iron levels
in plasma and liver, the need for erythropoiesis, and the in-
flammatory state.'” Under normal, iron-replete conditions,
hepcidin binds to ferroportin, an iron exporter that is
required for the release of iron from enterocytes, macro-
phages, and hepatocytes into plasma or extracellular space,
and causes its internalization and degradation, leading to
intracellular iron retention.”

Kidney International Supplements (2021) 11, 46-58

Absolute iron deficiency occurs when iron is depleted
from the body, such as during blood loss. In contrast,
functional iron deficiency is a state in which total body
iron stores are sufficient but iron is not effectively mobi-
lized from storage; this can occur under conditions of
chronic inflammation or when erythropoiesis is stimulated
to a large, supraphysiologic degree, such as during treat-
ment with ESAs.”® A hallmark of functional iron deficiency
in the presence of inflammation is an increased level of
hepcidin.”” Patients with anemia of CKD may exhibit ab-
solute iron deficiency (e.g., due to blood loss from he-
modialysis), functional iron deficiency (e.g., due to high
levels of inflammation), or both.

TESTS FOR CLINICAL MEASUREMENT OF IRON AND THEIR
LIMITATIONS

A complicating factor in measuring iron levels and the
response to treatment is that many of the commonly used
tests for iron do not accurately reflect body iron load,
especially in the presence of inflammation, which is com-
mon in CKD. Some of these parameters exhibit diurnal
variation (including serum levels of iron and hepcidin),***’
rendering sampling time important for comparisons. In
addition, the wide variety of assay procedures, some of
which show high intermethod variability,” further com-
plicates interpretation of these iron parameters. Despite
their shortcomings, these iron parameters are commonly
reported in clinical trials and in monitoring patients with
anemia of CKD,' in part because of the relative ease of
obtaining blood samples compared with bone marrow

examination (Table 1°'7%).

Serum ferritin

The primary role of ferritin is to function as the intracellular
storage of iron, with a normal range of 15 to 300 pg/L.”*”
Serum ferritin is low (<100 ng/ml) in absolute iron defi-
ciency in patients with CKD.’® However, although ferritin can
reliably indicate iron status in the absence of inflammation, it
is upregulated under inflammatory conditions. Thus, normal
or high serum ferritin levels may not accurately indicate iron
repletion in state of inflammation and functional iron defi-
ciency.'””” More than half of patients with CKD exhibit
chronic inflammation with increased prevalence at higher
stages of CKD; and in patients receiving dialysis,”’ serum
ferritin levels can be misleading. Thus, a transferrin satura-
tion (TSAT) test is recommended to confirm iron deficiency
in patients with inflammatory conditions who have serum
ferritin values of 100 to 300 pg/L.”’

Serum iron

Serum iron concentration reflects circulating iron primarily
bound to transferrin; the normal range is typically between 65
and 175 pg/dl in men and between 50 and 170 pg/dl in
women.”® Serum iron levels are low in iron deficiency’* and
exhibit high intraindividual variation over time, and are
further decreased under inflammatory conditions.”’
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Figure 1| Regulation of hepcidin and iron homeostasis. (a) Under conditions of iron repletion, bone morphogenetic protein (BMP) is
upregulated. Binding of BMP to the BMP receptor (BMPR)/hemojuvelin (HJV) complex activates phosphorylation of Caenorhabditis elegans
SMA/Drosophila mothers against decapentaplegic (SMAD), which then activates transcription of hepcidin antimicrobial peptide (HAMP) gene.
Under inflammatory conditions, interleukin-6 (IL-6) activates the Janus kinase/signal transducer and activator of transcription (STAT) pathway
that also activates transcription of HAMP. Hepcidin is then secreted by the liver and is able to bind ferroportin (FPN), a key exporter of iron into
the circulation, on the surface of iron exporting cells such as macrophages and enterocytes. The binding of hepcidin to FPN results in the
internalization and subsequent degradation of FPN, reducing iron export into the circulation. This then reduces the amount of transferrin-
bound iron within the circulation, limiting the availability of iron for key biological processes, including erythropoiesis. (b) Under conditions of
hypoxia or iron deprivation, transcription of HAMP is inhibited in hepatocytes via multiple mechanisms that are regulated by hypoxia-inducible
factor, including furin-mediated conversion of membrane-bound HJV to soluble HJV (s-HJV), which can interfere with BMP signaling;
erythroferrone (ERFE) produced during erythropoiesis signaling; and activation of the Ras rapidly accelerated fibrosarcoma mitogen-activated
protein kinase (Ras/RAF-MAPK)-mammalian target of rapamycin (mTOR) signaling pathway. In the absence of hepcidin, iron is able to mobilize
from cells to be used in heme formation during erythropoiesis. DCytB, duodenal cytochrome B; DMT1, divalent metal transporter 1; IL-6R, IL-6
receptor; TF, transferrin; TFR1, TF receptor 1.
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Table 1| Benefits and shortcomings of clinical iron measurements

Iron parameter

Benefits

Shortcomings

Hepcidin

%Hypo

Reticulocyte Hb concentration

Serum ferritin

Ease of measurement

Sensitive, reliable marker of functional iron deficiency
(when =6%)*

Ease of measurement (decreased in both absolute
and functional iron deﬁciency)27

Reliably indicates iron status in noninflammatory
conditions (decreased in absolute iron deﬁciency)27
May be used in combination with low TSAT (normal or
elevated in functional iron deficiency)**

Diurnal variation’®

High (~49%) within-person variation®'~*

Unreliable indicator of short-term changes in iron
status

Lack of standardized reference methods across
laboratories®"

Variations in results because of sample transport and
storage®’

Unreliable indicator of iron status in the presence of
inflammation'*?’

Serum iron Ease of measurement

Soluble transferrin receptor

Ease of measurement (increased in absolute iron

Diurnal variation®®
High (~30%) within-person variation®'
Further decreased in inflammatory conditions®'

Lack of standardized reference methods across

deficiency)®’ laboratories>'
Affected by inflammation (decreased in functional
iron deficiency)?’
TIBC Ease of measurement Diurnal variation'?
TSAT Ease of measurement (decreased in both absolute Same as those of its components (serum iron and

and functional iron deﬁciency)27

TIBC)**

May be used in combination with serum ferritin to

diagnose functional iron deficiency**

Bone marrow examination Accuracy

Painful, cannot repeat often

%Hypo, percentage of hypochromic red cells; Hb, hemoglobin; TIBC, total iron binding capacity; TSAT, transferrin saturation.

Total iron binding capacity

Serum total iron binding capacity (TIBC) describes the
amount of circulating transferrin available to bind iron, and is
high when iron is deficient (>450 pg/dl).”**’ However, TIBC
can be below normal in functional iron deficiency because
iron stores are elevated. Transferrin levels are decreased under
inflammatory conditions, further confounding TIBC inter-
pretation.”’ In addition, the amount of iron bound to
transferrin is subject to diurnal variation and turnover occurs
every few hours, complicating its measurement.'”

Transferrin saturation

TSAT reflects the proportion of transferrin that is bound to
iron and is low in absolute iron deficiency, with values
of <20% indicative of iron deficiency.”””**® Because TSAT is
calculated by dividing levels of serum iron by TIBC,”* TSAT
mirrors any inaccuracies in the measurements of serum iron
or TIBC as well as any effects of inflammation on either.

Soluble transferrin receptor

Iron deficiency decreases the amount of iron-laden trans-
ferrin and results in cleavage of the cell membrane-bound
transferrin receptor to soluble transferrin receptor (sTfR).”
Because the majority of sTfR in serum is derived from
erythroblasts and reticulocytes, increased levels of circulating
sTfR indicate erythropoietic activity and the development of
iron deﬁciency.‘m’41 The presence of inflammation can,
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however, inhibit erythropoiesis and thus reduce sTfR levels.?”
The use of sTfR to assess iron status is also complicated by the
lack of standardization across laboratories.”’

Hypochromic red cells

The percentage of hypochromic red cells is often used to
confirm a diagnosis of functional iron deficiency in patients
with CKD.”” Red blood cells with intracellular Hb levels <28
g/dl are classified as hypochromic. A percentage of hypo-
chromic red cells of =6% is considered more effective for the
identification of functional iron deficiency than sTfR, zinc
protoporphyrin, serum ferritin, and TIBC in patients with
CKD receiving ESA therapy.*” However, percentage of hy-
pochromic red cells assessment does not provide a reliable
measure of short-term changes in iron status in response to
iron administration."’

Reticulocyte Hb concentration

Reticulocyte Hb concentration is a sensitive measure of the
amount of functional iron available for erythropoiesis’' and
can detect short-term changes in iron status*’ because it
measures the amount of Hb in the reticulocytes (i.e., red
blood cells that are only 1-2 days old, in contrast to total red
blood cells, some of which may be up to 120 days old). Thus,
reticulocyte Hb concentration mirrors the amount of iron
available for incorporation into these new red blood cells.”
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However, a drawback of this measurement also includes a lack
of standardization of methods.

Hepcidin

Circulating hepcidin levels are high under iron-replete condi-
tions but are also high in anemia of CKD because of the
upregulation of hepcidin due to inflammation. Hepcidin can be
measured via several different assays. Liquid chromatography—
tandem mass spectrometry requires expensive, specialized
equipment but can distinguish among the hepcidin isoforms.
Enzyme-linked immunosorbent assay and other immunoassays,
however, will detect all hepcidin isoforms, even the inactive
forms, and can potentially overestimate levels of functional
hepcidin. Recently, latex immunoassays have shown utility, be-
ing equivalent to liquid chromatography—tandem mass spec-
trometry for measurement of hepcidin-25 and can also be faster
and easily performed at the clinical site.**

Notably, high interstudy and intraindividual variability has
cast doubt on the utility of hepcidin levels as a biomarker of
iron status.”’*? Serum hepcidin levels, measured via enzyme-
linked immunosorbent assay, were significantly higher in
adult patients with CKD compared with healthy adults. In
addition, in both healthy volunteers and patients with CKD,
ferritin and sTfR levels were significantly associated with
hepcidin levels, whereas glomerular filtration rate was
inversely correlated. The latter may indicate that, as glomer-
ular filtration rate is impaired, hepcidin is no longer effi-
ciently excreted in urine.”*” In contrast, another study found
that levels of serum hepcidin-25 (measured via matrix-
assisted laser desorption ionization—time-of-flight mass
spectrometry) were correlated with ferritin but not estimated

glomerular filtration rate in patients with CKD."® Similarly,
serum  hepcidin-25  levels, measured via liquid
chromatography—tandem mass spectrometry, negatively

correlated with Hb levels in patients with non—dialysis-
dependent (NDD) CKD,*” but in another study, high levels of
hepcidin and other inflammatory parameters were seen in
patients with early CKD, but serum hepcidin did not correlate
with Hb. Because hepcidin was measured via enzyme-linked
immunosorbent assay, the discrepancy between the results
may be due to the assay or a different patient population.*’

Bone marrow examination

Iron stores may be determined by cytological assessment of
bone marrow aspirate and use of Perls Prussian blue.”
Although this test may be considered “gold standard,” insuf-
ficient material often leads to inaccurate results, and the test
provides no information on the amount of available iron for
erythropoiesis.”” In addition, bone marrow examination is
painful and often associated with postbiopsy complications,
including bleeding, and therefore is generally not justifiable
for assessing iron stores in patients with CKD.””

Combination of parameters to assess iron status
Several studies have examined the combination of >1 clinical

measurement of iron to assess iron status. The most
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commonly used combination of iron parameters for the
diagnosis of functional iron deficiency anemia in CKD is
normal or high serum ferritin plus low TSAT.””*” Although
neither serum ferritin nor TSAT alone demonstrated high
specificity and sensitivity, use of both did when bone marrow
iron was used as a reference standard in patients with anemia
of CKD.”" Ferritin and TSAT assay results poorly indicated
body iron load in patients with dialysis-dependent (DD)
CKD.””> A combined index of TSAT, TIBC, and ferritin
showed the strongest association with Hb levels in patients
with noninflammatory NDD CKD.”

IRON DEFICIENCY IN PATIENTS WITH ANEMIA OF CKD
Anemia of CKD occurs as a result of a relative deficiency of
EPO, functional iron deficiency, impaired iron absorption,
and/or blood loss due to dialysis.”'” Tron-restricted erythro-
poiesis can also occur because of the elevated inflammatory
state in patients with CKD as well as from ESAs used to treat
anemia of CKD, as described in the next section. Levels of
serum hepcidin-25 are elevated in patients with anemia of
CKD, although there is high intrapatient variability and
diurnal variation.”® Higher serum hepcidin levels, along with
higher levels of inflammatory markers, such as C-reactive
protein and interleukin-6, are frequently observed in patients
on hemodialysis compared with healthy controls.”*”” In pa-
tients with NDD CKD, serum hepcidin levels were not
associated with anemia in patients with earlier stages of CKD,
but serum hepcidin was significantly associated with anemia
in patients with later stages of CKD.”® Reduced renal excre-
tion of hepcidin has been observed in patients with CKD,
which may also contribute to the higher observed hepcidin
levels."’

Iron supplementation in the current standard of care of
anemia of CKD and its limitations

Anemia of CKD can be treated with iron supplementation to
increase Hb levels with or without concomitant use of
ESAs."” Tron is frequently given along with ESA treatment
because ESAs stimulate erythropoiesis that may lead to
functional iron deficiency."”” Supplemental iron is generally
administered either orally or i.v., and several considerations
should guide the choice.

Oral iron is relatively inexpensive, and the route of
administration avoids the need for i.v. access in patients who
are not receiving hemodialysis." In addition, newer oral iron
formulations, with improved tolerability and absorption, are
in development (ferric maltol and Sucrosomial® iron) or have
been approved (ferric citrate) for the treatment of anemia in
patients with NDD CKD.” However, oral iron is not readily
absorbed and is thus not as effective as i.v. iron in raising Hb
levels."°>°! In addition, the common gastrointestinal adverse
effects of oral iron, although not serious, may limit
adherence.'

The 2012 Kidney Disease: Improving Global Outcomes
guideline recommends a trial of iv. iron with or without
concomitant ESA therapy in patients with CKD and anemia

Kidney International Supplements (2021) 11, 46-58
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who require an increase in Hb levels or who have serum
ferritin =500 ng/ml and TSAT =30%." In the recent Proac-
tive IV Iron Therapy in Haemodialysis Patients (PIVOTAL)
study, high-dose i.v. iron sucrose administration led to
reduced ESA dose requirements in patients with DD CKD on
maintenance hemodialysis compared with low-dose i.v. iron
sucrose.”” Intravenous iron may be associated with more
frequent serious adverse events than oral iron, including
allergic/anaphylactoid reactions, cardiovascular events, and
infections,”” ®” as i.v. iron in CKD patients has been shown to
promote oxidative damage to DNA, proteins, and lipids.®
However, in the PIVOTAL study, the risk of death or major
cardiovascular event was lower with high-dose versus low-
dose i.v. iron sucrose administration.”” This suggests that
adverse events with i.v. iron may not be dose dependent.

Iron delivery via dialysate, in the form of ferric pyro-
phosphate citrate, is efficacious in patients with anemia of
CKD who are receiving hemodialysis but cannot be admin-
istered to patients on peritoneal dialysis or patients not on
dialysis.””

In addition to the increase in hepcidin levels seen in
response to oral or i.v. iron in CKD patients,”>*" patients with
DD CKD who received i.v. iron also showed higher levels of
inflammatory markers compared with patients who did not
receive i.v. iron.”” Iron overload must be avoided because high
iron levels are associated with higher risks of hospitalization
and mortality.”””" However, the impact of iron in patients on
dialysis remains a subject of debate. In the prospective, ran-
domized, multicenter, open-label PIVOTAL trial in 2141 pa-
tients on hemodialysis, a high-dose, proactive iv. iron
regimen was associated with a decreased risk of the composite
end point of death, myocardial infarction, stroke, or hospi-
talization for heart failure compared with a low-dose, reactive
iron regimen.®” In addition, patients on the high-dose, pro-
active iron regimen had a nearly 20% lower monthly ESA
dose than those on the low-dose, reactive iron regimen.(’2
Thus, the risks and benefits of i.v. iron must be carefully
weighed.”"”!

New therapies with the potential to restore iron homeostasis
in patients with anemia of CKD

Several new strategies are being explored for the management
of anemia of CKD (Table 2’*°7). One strategy involves
hypoxia-inducible factor (HIF), a heterodimeric transcription
factor that is regulated by HIF-prolyl hydroxylase (PH),
which targets it for degradation under oxygen-replete con-
ditions™ (see the article by Haase™ in this supplement for
detailed discussion). Under hypoxic conditions, HIF-a regu-
lates genes encoding EPO and iron transporters, such as
ferroportin, thereby facilitating erythropoiesis and iron utili-
zation.'"’'*” Stabilization of HIF with inhibitors of HIF-PH
is a strategy to increase the expression of EPO in the kidney'*”’
to ameliorate anemia of CKD. In addition to stimulating EPO
production'’* and raising and/or maintaining Hb levels in
patients with anemia of CKD, all reported HIF-PH inhibitors
have shown hepcidin-lowering effects. Indeed, HIF indirectly
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decreases the expression of HAMP, the gene encoding hep-
cidin, through induction of erythropoiesis.'”” HIF also
modulates iron homeostasis via regulation of genes encoding
divalent metal transporter 1, duodenal cytochrome B, trans-
ferrin, transferrin receptor, and ceruloplasmin.'’°

Several HIF-PH inhibitors are currently in development
for the treatment of anemia of CKD, and 3 have been
approved for use. The HIF-PH inhibitor roxadustat has
received regulatory approval in China for treatment of anemia
of CKD in patients with NDD CKD or DD CKD'’”'*® and in
Japan for patients with DD CKD.'"” Vadadustat''’ and dap-
rodustat''" have recently been approved for use in patients
with DD and NDD CKD in Japan. In a randomized, double-
blind, phase 3 trial of patients with NDD CKD, greater re-
ductions in hepcidin levels were seen in those treated with
roxadustat versus placebo. Serum iron levels were stable and
similar in both groups, whereas transferrin and TIBC
increased and ferritin decreased in the roxadustat group.**
Similarly, in a randomized, open-label, phase 3 trial in pa-
tients with DD CKD, greater reductions in hepcidin levels
were seen in those treated with roxadustat compared with
epoetin alfa. Serum iron levels were stable and transferrin

levels increased, whereas TSAT decreased, in the roxadustat
90

group.

Trial data for other HIF-PH inhibitors in development,
including daprodustat, molidustat, vadadustat, enarodustat,
and desidustat, are consistent with these findings. In patients
with NDD CKD, treatment with these HIF-PH inhibitors led
to increases in Hb levels, TIBC, and/or reticulocyte concen-
tration as well as decreases in hepcidin, ferritin, serum iron,
and/or TSAT.*"***!'>113 Similarly, in patients on dialysis who
were switched from an ESA to daprodustat, vadadustat, or
enarodustat, Hb levels remained stable or increased, whereas
hepcidin, ferritin, and/or TSAT decreased and TIBC
increased.””®"'"* In a randomized, open-label, phase 2b trial in
patients who received molidustat and iron supplementation,
levels of hepcidin, TSAT, and TIBC remained stable, whereas
ferritin decreased and iron concentration increased. In patients
who received molidustat but no iron supplementation, hepci-
din and ferritin decreased, whereas iron concentration and
TIBC increased and TSAT remained stable.'"”

Another experimental therapy that appears to stabilize HIF
is Angelica sinensis polysaccharide. Anemia and inflammation
improved in a rat CKD model via stabilization of HIF-ol by
preventing its degradation, thus stimulating EPO expres-
sion.'"” In addition, treatment of rats with CKD with Angelica
sinensis polysaccharide reduced the expression of hepcidin
and ferroportin and increased serum iron levels and expres-
sion of ferritin.

Several hepcidin antagonists are in development to treat
anemia of CKD. A polyethylene glycolated anticalin protein
(PRS-080#22) binds to and antagonizes hepcidin. In a phase 1
clinical trial in patients with anemia and DD CKD, increased
serum iron and TSAT and decreased free hepcidin levels were
seen following a single treatment with PRS-080#22.”* In
addition, PRS-080#22 was well tolerated in both CKD
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Table 2| Randomized, controlled trials of newer therapies for anemia of CKD

Trial phase, Treatment Hepcidin, Serum Ferritin, Transferrin, TIBC, sTfR,
Therapy Class Patients identifier duration  Hb, g/dl ng/L iron, pg/dl pg/L g/L pumol/L  TSAT, % nmol/L CHr, pg
Daprodustat HIF-PH CKD stage 3-5, Phase 2, 4 wk Dose- Decreased -1.7 to -0.4 Decreased Increased Increased -3.4 to — —
inhibitor NDD NCT01587898"* dependent -143.6 to pmol/L -1018to 0.03 to 03to83 -26
increase -16.2 -8.2 0.39
-0.12 to
0.95
CKD stage 3-5, Phase 2, 28d Increased Decreased Dose- Decreased — Increased Decreased — —
NDD NCT0104739773 dependent
decrease
CKD stage 3-5, Phase 2, 24 wk Increased Decreased — Decreased — Increased Decreased — —
NDD NCT019775737* -17.3 -37.9 3.1 -4.5
mmol/L
HD, stable ESA Phase 2, 4 wk Stable -0.5 to Increased -80.8 to 0.1 to 0.2 Increased Increased — —
NCT015879247° -1.06 to 154.0 22t0 5.0 74.2 33to52 03to 10.1
-0.08 pumol/L
HD, stable ESA Phase 2, 4 wk Dose- Decreased Decreased Decreased 0.4 to 0.8 Increased Decreased — —
NCT020197197° dependent -604 to -24 to -50.6 to 86to 17.2 -31.3 to
increase -76.2° -4.9 -113.3 -50.4
-0.28 to
0.97
CKD stage 5, Phase 2, 28d Increased Decreased — Decreased — Increased Inconsistent — —
HD, no ESA NCT010473977°
HD, chronic ESA Phase 2, 16 wk Increased Fluctuated — Decreased Increased — Increased — —
hyporesponsiveness NCT020754637°
HD, stable ESA Phase 2, 24 wk ~0.1 -20.6 — -59.9 — 55 -44 — —
NCT01977482"7
HD, no ESA Phase 3, 24 wk Increased Decreased — Decreased — Increased Decreased — —
NCT0282932078 0.79 -55.67% -107.03 9.34 -10.07
Desidustat HIF-PH CKD stage 1-4, Phase 2, 6 wk Increased Decreased Stable — — Increased — — —
inhibitor NDD CTRI/2017/ 1.57 to -59.24to0 -0.2to 303 to
05/008534"° 292 -91.36 5.63 70.6
Enarodustat HIF-PH NDD CKD Phase 2, 6 wk Increased Decreased — Decreased — Increased Decreased — —
inhibitor JapicCTI-
152881%°
HD, stable ESA Phase 2, 6 wk Dose- Decreased — Decreased — Increased Decreased — —
JapicCTI- dependent
152892°%" increase
-0.62 to
0.89
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Table 2| (Continued)

Trial phase, Treatment Hepcidin, Serum Ferritin, Transferrin, TIBC, sTfR,
Therapy Class Patients identifier duration  Hb, g/dI ng/L iron, pg/dl pg/L g/L pmol/L  TSAT, % nmol/L CHr, pg
Molidustat HIF-PH NDD, ESA-naive Phase 2, 16 wk Increased Decreased Decreased Decreased — Increased Decreased — —
inhibitor NCT02021370 14 to 2.0 -18 -1 -99 3 -7
(DIALOGUE 1)%?
NDD, stable ESA Phase 2, 16 wk Increased Decreased Decreased Decreased — Stable Stable — —
NCT02021409 0.4 to 0.9 -8 -8 -15 -0.1 -0.8
(DIALOGUE 2)**
DD, stable ESA Phase 2, 16 wk -2.4 to -0.1 7 7 54 — 3 2 — —
NCT01975818
(DIALOGUE 4)**
Roxadustat HIF-PH CKD stage 3-4, Phase 2, 4 wk Increased Decreased Decreased Decreased — Increased Decreased — —
inhibitor NDD NCT00761657% 04to 1.8 -225 to -11.0 -68.8 41.8 pg/dl -8.1
-70
CKD stage 3-5, Phase 3, 8 wk Increased Decreased Stable Decreased Increased Increased Decreased — —
NDD NCT02652819%* 1.9 -56.14 -0.24 -933 0.73 18.20 -5.2
pumol/L
NDD CKD Phase 2, 8 wk Increased Decreased -8.1 to Decreased Increased Increased Decreased Increased -1.13 to
NCT01599507%° 1.82 to 2.59 -37.8 to 0.2 ug/ml -124 to 67.1 to 65.1 to -8.66 to 2.71 to -0.87
-37.2 -98 95.7 mg/dl  102.0 -3.85 3.68 mg/L
pa/dl
CKD stage 3-4, Phase 2, 16 or Increased Decreased 1.1 ng/dl Decreased — Increased -2.7 — Stable
NDD, no ESA NCT01244763%° 24 wk 0.57 to 1.71 -27.7 -85.9 40.4 pg/dl 0.2
ESRD, incident HD Phase 2, 12 wk Increased Decreased -2.1to 14 -120to 55t095 97to174 -7410 26 Increased Decreased
or PD, ESA-naive  NCT01414075% 3.1 -634to  pmol/L -25 pmol/L 1.8t043 -22to
-12.6 ng/ml -1.0
HD, ESA-naive Phase 3, 24 wk Increased Decreased Stable Decreased Increased Increased Decreased Increased  Stable
NCT02780141%8 2.26 -23.199 0.4 umol/L -74.34 0.648 135 -5.02 10.40 -0.85
nmol/L
ESRD, HD, Phase 2, 6 wk Increased Decreased Increased Decreased — Increased Decreased Increased Increased
stable ESA NCT01147666% 03 -392 7.1 pg/di -1855 51.0 pg/dl -2.5 069 mg/L 03
ESRD, HD, Phase 2, 9 wk Increased Decreased -3.3 to 8.9 -162 to 21 Increased  Increased Decreased Increased -0.90 to
stable ESA NCT01596855 0.11 to 1.42 -102.7 to  pg/ml 39.8 to 58.8 41.5 to -8.98 to 0.51 to 0.84
-25.7 mg/dl 59.1 pg/dl -3.77 2.05 mg/L
ESRD, HD or PD, Phase 3, 27 wk Increased Decreased Stable Increased  Increased Increased Decreased
stable ESA NCT02652806°° 07 £1.1 -30.2 + 0.1 +£83 -119 + 040 + 100 + -5.7% +
g/dl 1133 pumol/L 208 0.48 1.9 15.4%
HD, stable ESA Phase 3, 52 wk Maintained Decreased Stable Decreased Increased Increased Stable Stable Stable
NCT02779764% 0.12 -6.159 0.4 pmol/L  -23.99 0.495 10.0 -3.93 3.72 nmol/L -0.89

(Continued on following page)
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Table 2| (Continued) Randomized, controlled trials of newer therapies for anemia of CKD

Trial phase, Treatment Hepcidin, Serum Ferritin, Transferrin, TIBC, sTfR,
Therapy Class Patients identifier duration  Hb, g/dI ng/L iron, png/dl pg/L g/L pmol/L  TSAT, % nmol/L CHr, pg
Vadadustat HIF-PH CKD stage 3-5, Phase 2, 20 wk Increased Decreased — Decreased — Increased —
inhibitor NDD NCT01906489°"
CKD stage 3-4, Phase 2, 6 wk Increased Decreased — Decreased — Increased
NDD, no ESA NCT01381094°° 0.70 to -90 to
1.39 -139
HD, ESA Phase 2, 16 wk Maintained Decreased Increased Decreased — Increased Increased — Stable
NCT02260193% -0.03 to -49 to 103 to -39.0 to 249 to 1.7 to 2.5
-0.14 -21.7 14.0 -1154 27.7 pg/di
PRS-080#22 Hepcidin CKD stage 5, HD,  Phase 1, Single Not affected  Decreased Increased — — — Increased — —
antagonist stable ESA use NCT02754167°* dose
LY2928057 Blocking ESRD, HD Phase 1, 6 wk — Increased  Increased Decreased — — Increased — —
(monoclonal interaction NCT01991483°°
antibody with hepcidin
against
ferroportin)
LY3113593 Repression of ESRD, HD Phase 1, Single Increased Decreased Increased Decreased — — Increased — —
(monoclonal hepcidin NCT02144285°° dose 1.36-fold
antibody expression
against BMP6)
Vitamin D, Repression of HD Phase 4, 6 mo — — — 47 — — -04 — —
hepcidin NCT01395823%°
expression
Vitamin D3 Repression of CKD, stage Phase 1, 6 wk Stable Stable — Stable — — Stable — —
hepcidin 3-4, NDD, NCT01988116°”
expression no ESA use

CHr, reticulate Hb concentration; CKD, chronic kidney disease; DD, dialysis dependent; ESA, erythropoiesis-stimulating agent; ESRD, end-stage renal disease; Hb, hemoglobin; HD, hemodialysis; HIF-PH, hypoxia-inducible factor-prolyl

hydroxylase; NDD, non-dialysis dependent; PD, peritoneal dialysis; sTfR, soluble transferrin receptor; TIBC, total iron binding capacity; TSAT, transferrin saturation.

“Median percentage change from baseline.
Actual values are provided where available; however, some data were published only as graphs.
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clinical investigation

patients and in healthy volunteers. Data are awaited for a
recently completed phase 2 trial in patients with DD CKD and
anemia (ClinicalTrials.gov, NCT03325621). Lexaptepid pegol
(NOX-H94, a Spiegelmer product) is a pegylated mirror-
image L-oligoribonucleotide that binds hepcidin with high
affinity, thus blocking the function of hepcidin. Treatment
with NOX-H94 was well tolerated in healthy volunteers and
showed dose-dependent increases in serum iron and TSAT as
well as hepcidin inhibition.''® In healthy volunteers with
systemic inflammation induced by injection of Escherichia coli
lipopolysaccharide, lexaptepid treatment resulted in a pro-
longed increase in serum iron levels compared with placebo,
indicating that it may be useful for patients with chronic
inflammation, including those with anemia of CKD'"7;
whether lexaptepid moves to clinical trials remains to be
determined.

Several other strategies for lowering hepcidin levels are
currently in the preclinical or early clinical stages of devel-
opment. Several therapies involve monoclonal antibodies to
selectively inactivate components involved in iron meta-
bolism. For example, an antihepcidin monoclonal antibody
therapy treated anemia of inflammation in a mouse model.'"*
In addition, monoclonal antibodies against BMP6 and fer-
roportin, which respectively blocked interactions with its re-
ceptor and with hepcidin, led to increases in serum iron and
decreases in ferritin in healthy volunteers and in patients with
end-stage renal disease.”” In addition, nonanticoagulant
heparins can inhibit the expression of hepcidin by inhibiting
the BMP/Caenorhabditis elegans SMA/Drosophila mothers
against decapentaplegic pathway, although this awaits testing
in clinical trials.'"”

Finally, transcriptional repression of HAMP, the gene
encoding hepcidin, is also the target of therapeutics but with
mixed results to date. Vitamin D directly represses tran-
scription of HAMP, and vitamin D deficiency is prevalent in
patients with CKD."”” Hepcidin levels decreased by one-third
in a study of healthy volunteers who received a single oral
dose of vitamin D, (100,000 IU)."*' However, in a random-
ized trial in which patients on hemodialysis received vitamin
D, (50,000 IU) weekly, no significant changes were seen in
serum ferritin levels, TSAT, or epoetin dose at 3 or 6 months,
although hepcidin levels were not reported in this study.”
Vitamin Dj (calcitriol) supplementation for 6 weeks in pa-
tients with stage 3 or 4 CKD resulted in no changes in hep-
cidin, serum ferritin, TSAT, or Hb over time compared with
placebo.””

SUMMARY

Iron is highly regulated in the body, and a large part of this
regulation is due to the peptide hepcidin. Dysregulation of
iron homeostasis and high levels of hepcidin are observed in
several chronic conditions, including anemia of CKD. Many
commonly used diagnostic tests for assessing iron status may
not accurately measure total body iron availability; therefore,
more accurate and standardized methods of identifying iron

Kidney International Supplements (2021) 11, 46-58

deficiency in patients with CKD and inflammation should be
pursued. The current standard of care for patients with
anemia of CKD does not necessarily address this dysregula-
tion of iron and in many cases can worsen the problem.
Emerging therapies targeting other pathways (such as HIF-
PH inhibitors, which allow for increased activity of the HIF
pathway) ameliorate anemia by increasing Hb levels and
improving iron homeostasis by decreasing hepcidin levels,
increasing iron absorption by upregulating duodenal cyto-
chrome B and divalent metal transporter 1, and increasing
iron transport by upregulating transferrin and transferrin
receptor 1.'”* Hepcidin antagonists in development directly
target hepcidin or components of its expression pathway to
increase available iron. Great potential exists for newer ther-
apies to address these challenges of the current treatment
paradigm for anemia of CKD.
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