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RED CELLS, IRON, AND ERYTHROPOIESIS

Erythroferrone contributes to hepcidin suppression and iron overload
in a mouse model of 3-thalassemia
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and Tomas Ganz'*?
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Inherited anemias with ineffective erythropoiesis, such as p-thalassemia, manifest in-
appropriately low hepcidin production and consequent excessive absorption of dietary iron,

e The erythroid regulator leading to iron overload. Erythroferrone (ERFE) is an erythroid regulator of hepcidin
erythroferrone causes hepcidin | synthesis and iron homeostasis. Erfe expression was highly increased in the marrow and
suppression in a mouse model | spleen of Hbb™¥* mice (Th3/+), amouse model of thalassemia intermedia. Ablation of Erfe

of thalassemia. in Th3/+ mice restored normal levels of circulating hepcidin at 6 weeks of age, suggesting

e Ablation of Erfe in ERFE could be afactor suppressing hepcidin production in g-thalassemia. We examined the
thalassemic mice restores expression of Erfe and the consequences of its ablation in thalassemic mice from 3 to 12

h i | i meEl weeks of age. The loss of ERFE in thalassemic mice led to full restoration of hepcidin mRNA
epcidin feve . expression at 3 and 6 weeks of age, and significant reduction in liver and spleen iron content
and decreases ”'°r_‘ overload, at 6 and 12 weeks of age. Ablation of Erfe slightly ameliorated ineffective erythropoiesis, as
but d(_)es not ameliorate indicated by reduced spleen index, red cell distribution width, and mean corpuscular volume,
anemia. but did not improve the anemia. Thus, ERFE mediates hepcidin suppression and contributes

Introduction

to iron overload in a mouse model of B-thalassemia. (Blood. 2015;126(17):2031-2037)

Intermediate and major forms of (3-thalassemia are hemoglobinopa-
thies characterized by decreased [3-globin chain synthesis or stability,
microcytic anemia, ineffective erythropoiesis with elevated levels of
erythropoietin (EPO), shortened red cell survival, and secondary iron
overload." In B-thalassemia intermedia, patients do not require regular
blood transfusions.! Even without the added iron load of transfusions,
pathological suppression of the iron-regulatory hormone hepcidin®? in
patients with (3-thalassemia syndromes results in excessive iron absorp-
tion. Subsequent iron accumulation in the liver, endocrine glands, and
other organs leads to oxidative damage and severe clinical complications
predominantly involving hepatic, endocrine, and vascular systems, but
sparing the heart, at least compared with transfused patients." Hepcidin
acts by binding to ferroportin,® the sole known cellular iron exporter,
leading to ubiquitination, internalization, and degradation of ferroportin
in Iysosomes.” Decreased hepcidin production leads to the stabilization
of ferroportin at the cellular membrane and promotes the absorption of
dietary iron in the duodenum.

The Hbb"** mouse (Th3/+) recapitulates the features of
B-thalassemia intermedia in humans, including low hemoglobin levels,
aberrant erythrocyte morphology, increased reticulocyte count, ineffec-
tive and extramedullary erythropoiesis, hepatosplenomegaly, and liver
and spleen iron overload.*® In contrast to human patients who have
dramatically reduced hepcidin production even in adulthood,”” in the
Th3/+ model, liver hepcidin mRNA expression is only low in young

mice compared with wild-type (WT) mice of the same age; in adult
Th3/+ mice, hepcidin expression becomes similar to that of WT
mice. %! However, even in adult Th3/+ mice, hepcidin levels are
inappropriately low, considering their iron overload, consistent
with the concept that inadequate levels of hepcidin cause the iron
overload in thalassemic mice.

The erythroid regulator erythroferrone (ERFE) mediates hepci-
din suppression during increased erythropoietic activity stimulated
by endogenous or exogenous EPO, and facilitates compensatory iron
acquisition during the recovery from hemorrhage-induced anemia. '
ERFE is produced by erythroid precursors in the marrow and the
spleen and acts directly on the liver to decrease hepcidin production,
and thereby increase iron availability for new red blood cell syn-
thesis. We recently showed that ERFE also contributes to the recov-
ery from anemia of inflammation by suppressing hepcidin and
increasing iron availability."* In contrast to its adaptive role in the
physiological recovery from anemia, ERFE may also act pathologically
to suppress hepcidin production and mediate iron overload and severe
clinical complications in inherited anemias with ineffective erythropoi-
esis such as B-thalassemia.'* We showed that Erfe mRNA expression is
highly increased in the marrow and the spleen of 7h3/+ mice and that
ablation of Erfe in these mice restored normal circulating levels of
hepcidin and improved iron overload. The current report greatly extends
these early studies.
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Several studies support the concept that iron restriction may im-
prove anemia in mouse models of thalassemia.'® Infusions of apo-
transferrin were shown to ameliorate anemia in a model of mild
thalassemia intermedia (thi/thl).!'7 In the Th3/+ model, moderate
increase in hepcidin, caused by transgenic hepcidin overexpression,®
knockdown of the negative hepcidin regulator matriptase 2,'®'? or
administration of hepcidin agonists,® not only decreased iron loading
but also improved anemia.?' The hematological benefits of mild iron
restriction seem to be the result of decreased a-globin precipitation,
lower reactive oxygen species levels, and decreased apoptosis. Ther-
apeutic strategies that increase hepcidin production might significantly
decrease excessive iron accumulation and improve the anemia and organ
damage in patients with 3-thalassemia. Similar effects may be expected
from interfering with overactive hepcidin-suppressive erythroid regu-
lators, including ERFE. To determine the pathogenic contribution of
ERFE in murine 3-thalassemia, we studied the effect of Erfe ablation in
Th3/+ mice at 3, 6, and 12 weeks of age.

Methods

Mice.

Experiments were conducted in accordance with guidelines by the National
Research Council and were approved by the University of California,
Los Angeles. Erfel*’~ mice on a mixed Sv129/C57BL/6 background
(Fam132b™"¢*) were generated by Lexicon Pharmaceuticals®® and trans-
ferred onto a C57BL/6 background at the University of California, Los
Angeles. Hbb™'" mice were obtained from the Jackson Laboratory (strain
name B6;129P-Hbb-b1"' V" Hbb-b2"""""*/]) and maintained at the Uni-
versity of California, Los Angeles, in heterozygosity by breeding with
C57BL/6 mice. Hbb™"¥* mice were mated with Erfe ™ to generate Erfe™,
Hbb™¥* mice, and subsequent breeding of these mice to Erfe™” mice
generated littermates of the following genotypes: WT; Hbb™"¥* (referred to
as Th3/+); Erfe™””, Hbb™™" (veferred to as Erfe™””, Th3/+); and Erfe™”"",
Hbb™* (referred to as Erfe”’~, Th3/+). Mice were maintained at the
University of California, Los Angeles, on an iron-balanced diet containing
50 ppm iron (Harlan Teklad, TD 06015) and studied at the ages of 3, 6, and
12 weeks. The number of animals in each group is shown in supplemental
Table 1. Preliminary analyses were performed in WT and Th3/+ littermates
maintained on a standard chow (200 ppm iron; Labdiet) and analyzed at the age
of 6 weeks. Three 6-week-old Hbb™""" mice were transfused with 400 pL
packed red cells and compared with 3 untransfused controls. Red blood
cells were obtained from littermate WT mice by retroorbital puncture and
administered intraperitoneally after plasma removal. Control mice were
given an equal volume of saline (0.9% NaCl). Six-week-old C57BL/6 male
mice on standard chow were treated with a single dose of 200 U human EPO
(Epogen; Amgen) and analyzed within 48 hours.

Measurement of iron and hematologic parameters.

Serum iron, spleen, and liver nonheme iron concentrations were determined as
previously described,'* using acid treatment followed by a colorimetric assay for
iron quantitation (Sekisui Diagnostics). Complete blood counts were obtained
with a HemaVet blood analyzer (Drew Scientific). Spleen index was calculated
as spleen weight (mg)/body weight (g). Enhanced Perls’ Prussian blue stain was
performed as previously described.”

Quantitation of mRNA levels.

Total RNA from mouse tissues was extracted using Trizol (Invitrogen).
cDNA was synthesized using iScript (Biorad). Quantitative PCR reactions
were prepared with SsoAdvanced Sybr Green supermix (Biorad) and primers
indicated in supplemental Table 2, and run in duplicate on a CFXconnect
Instrument (Biorad). Hamp, Erfe, Gypa, Gdf15, and Twsgl mRNA transcript
abundance was normalized to the reference genes Hprt or Rpl4. Results are
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expressed as —ACt * standard error of the mean (ie, the cycle threshold
differences between reference and target genes within each group of mice).

Fluorescence-activated cell sorting.

To isolate erythroblasts at different stages of maturation, more than 15 X 10°
bone marrow cells from 3 WT and 3 littermate 7/3/+ mice at 12 weeks of age
were sorted as previously described.'?

Isolation of marrow-derived macrophages.

Bone marrow—derived macrophages were isolated from WT mouse femurs
after red blood cells lysis and grown in DMEM with 10% heat-inactivated fetal
calf serum and 20% L1929 cell-conditioned medium for 7 days. Cells were
then treated with 10 U/mL human EPO (Epogen; Amgen) for 15 hours.

ERFE enzyme-linked immunosorbent assay.

Mouse ERFE monoclonal antibodies and recombinant mouse ERFE standard
were produced by Silarus Therapeutics. High binding 96-well EIA plates
(Corning) were coated overnight at 4°C with 100 wL/well of 1.0 pg/mL capture
antibody in 50 mM sodium carbonate buffer (pH 9.6). Plates were washed (TBS,
0.5% Tween-20) and blocked for 45 minutes with 200 wL/well SuperBlock T20
blocking buffer (Pierce). Samples and standards diluted in SuperBlock T20 were
incubated for 2 hours at room temperature. Plates were washed and incubated for
1 hour with 100 pL/well of 1.0 pg/mL biotinylated detection antibody, and then
washed and then incubated for 45 minutes with Streptavidin-HRP conjugate
(Invitrogen). Plates were developed with 100 pL/well Supersensitive TMB
substrate (Sigma) in the dark at room temperature, the reaction was stopped
by adding 100 nL of 0.5 M sulfuric acid, and the absorbance was measured
at 450 nm. Erfe”’” and Erfe”’~, Th3/+ were used as negative control to
determine the limit of detection (100 pg/mL).

Statistical analysis.

The statistical significance of differences between groups was evaluated using
the Sigmaplot 11.0 package (Systat Software). The Student 7 test was used
to compare 2 groups of normally distributed data. The Mann-Whitney rank-
sum test was used to compare data that were not normally distributed.
A P value < 0.05 in a 2-tailed test was considered statistically significant.

Results
Expression profiling of ERFE in thalassemic mice.

We first assessed the expression of Erfe (Faml32b) mRNA in the
marrow and spleen of 7h3/+ mice compared with WT mice at 3, 6, and
12 weeks of age. Erfe mRNA levels were increased 8- to 32-fold in the
marrow and 16- to 32-fold in the spleen of 3- to 12-week-old Th3/+
mice compared with WT mice and had already reached their maximal
expression level at 3 weeks of age (Figure 1A). Consistent with a time of
rapid growth and erythroid expansion, Erfe mRNA levels were higher
in 3-week-old WT mice compared with 6- and 12-week-old animals
in the marrow (P = .02 and .014) and in the spleen (P = .042 and .005,
respectively). In the spleen, glycophorin A (Gypa) mRNA expression
was higher in Th3/+ mice compared with WT mice, reflecting extra-
medullary erythropoiesis (Figure 1B). To discern the relative contri-
butions of changes in erythroid precursor numbers and changes in Erfe
mRNA expression per erythroid cell, we analyzed Erfe expression
relative to Gypa (supplemental Figure 1). Although Erfe mRNA levels
were increased at all ages in the marrow and the spleen of 7h3/+ mice
compared with WT mice, the induction is smaller when the erythroid
expansion is taken into account. In contrast to the transcriptional acti-
vation observed in the marrow, the increase in Erfe mRNA expression
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Figure 1. Time course of Erfe and Gypa mRNA expression in the marrow and
the spleen of WT and Th3/+ mice. Erfe (A) and glycophorin A (Gypa) (B) mRNA
expression in the marrow and the spleen was compared between WT and Th3/+
mice at 3, 6, and 12 weeks of age. Erfe mRNA level was significantly elevated at
all ages in Th3/+ mice compared with WT mice, and its expression was already
maximal in the marrow and spleen of 3-week-old animals. Gypa expression was un-
changed in the marrow but significantly elevated in the spleen of Th3/+ mice com-
pared with WT mice. Data shown are means + SEM and were compared for each
point between WT and Th3/+ mice (n = 9-24 per group) by 2-tailed Student t-test.
***P < 001, *P < .05.

observed in the spleen of 7h3/+ mice can therefore be attributed mostly
to the expansion of the erythroid compartment.

We also examined the expression of growth differentiation factor
15 (GDF15) and twisted-gastrulation 1 (TWSG1), bone morphogenetic
protein family members that have been proposed as pathological sup-
pressors of hepeidin in thalassemia.>**> Gdf15 expression was not in-
creased in the marrow and was only mildly increased (less than 2-fold)
in the spleen of 6-week-old Th3/+ mice compared with WT mice
(supplemental Figure 2A-B). Similarly, Twsg/ expression was slightly
decreased in the marrow and unchanged in the spleen of 7h3/+ mice
compared with WT mice (supplemental Figure 2C-D), suggesting that
neither GDF15 nor TWSG1 are likely to play a role in hepcidin reg-
ulation in 7h3/+ mice.

Polychromatic erythroblasts are the main source of ERFE.

To determine the specific erythroid cell type producing ERFE in
B-thalassemia, we sorted the erythroblast populations in the marrow of
Th3/+ mice and WT mice. Erythropoiesis in [3-thalassemia is char-
acterized by an accumulation of polychromatic erythroblasts that do
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not mature to the orthochromatic stage (Figure 2A). We found that Erfe
expression is increased more than 16-fold in proerythroblasts, baso-
philic, polychromatic, and orthochromatic erythroblasts isolated from
Th3/+ mice compared with those of WT mice, but given their abun-
dance, polychromatic erythroblasts are the predominant source of ERFE
in B-thalassemia (Figure 2B). Macrophages do not produce ERFE:
Erfe expression was at the detection limit in mouse marrow-derived
macrophages, even after 15 hours of treatment with EPO (Figure 2C).

Erythrocyte transfusion decreases Erfe mRNA expression.

To determine whether ERFE overproduction in 3-thalassemia is stim-
ulated by anemia, we tested whether erythrocyte transfusion influences
Erfe mRNA expression in thalassemic mice, but not in WT mice in
which Erfe levels are already low. Six-week-old thalassemic mice were
injected with 400 L packed red cells or with an equivalent volume
of saline and analyzed after 48 hours. Red blood cells (RBC) and he-
moglobin were increased to normal ranges in 7/43/+ mice 48 hours after
transfusion, showing that blood transfusion effectively relieved the
anemia in thalassemic mice (Figure 3A-B). We found that hepatic
hepcidin expression was increased in transfused mice compared
with control mice (Figure 3C). Consistent with the resolution of the
anemia, Erfe mRNA expression was reduced to baseline levels
in the bone marrow and the spleen of transfused 7Th3/+ mice
compared with control mice (Figure 3D).

Circulating levels of ERFE are greatly increased in thalassemia.

Erfe mRNA expression is greatly stimulated by EPO, but the corre-
sponding plasma ERFE protein levels have not been reported. We
measured ERFE concentration in the plasma of EPO-treated WT mice
and of untreated littermate WT and 7h3/+ mice at 3, 6, and 12 weeks of
age. Although ERFE levels were below the lower limit of detection at
baseline (less than 100 pg/mL), ERFE concentration increased to
25 ng/mL 15 to 24 hours after EPO injection and progressively de-
creased between 24 and 48 hours (Figure 4A). Similarly, ERFE was
not detectable in 3-, 6-, and 12-week-old WT mice, but 7h3/+ mice
exhibited massively increased circulating concentration of ERFE
(25 ng/mL at 3 weeks of age and 10 ng/mL at 6 and 12 weeks of age)
(Figure 4B). Because ERFE has been previously described as aregulator
whole-body fatty acid metabolism,?® we assayed ERFE levels in the
plasma of WT and Apoe-deficient mice fed 2 months with either a low-
fat diet or a Western diet> (male mice, n = 5 for each of the 4 groups).
Interestingly, ERFE was not detectable in any of these groups, sug-
gesting that the production of ERFE during the regulation of energy
metabolism may not be stimulated or is negligible compared with its
production by erythroid cells during increased erythropoietic activity.

Ablation of Erfe in Th3/+ mice relieves hepcidin suppression.

We next investigated the contribution of ERFE-mediated suppression
of hepcidin in iron overload and anemia in 3-thalassemia in the mouse.
In contrast to human patients, hepcidin mRNA expression increases
concomitantly with the iron overload, and the deficitin hepcidin mRNA
expression is only observed in young 7h3/+ mice compared with WT
mice. On standard chow (containing about 270 ppm iron; ie, 8 times the
daily iron requirement of 35 ppm®"), by the age of 6 weeks, Th3/+ had
similar hepcidin levels and higher liver iron content than WT mice
(supplemental Figure 3). To allow the analysis of iron loading in adult
mice, the mice were maintained on an iron-sufficient diet containing
50 ppm Fe. We compared littermates WT, Th3/+, and Th3/+ with
homozygous or heterozygous ablation of Erfe at 3, 6, and 12 weeks
of age (Figure 5). At 3 and 6 weeks of age, hepcidin expression was

¥20z AeN 81 uo 3sanb Aq ypd'L£02/6¥968€EL/LE0Z/LL/IZ L /Pd-BloE/POO|qABU"SUOHEDIIgNdYSE//:dlY WOy papeojumog



2034 KAUTZ et al

A —— WTce—=a Th3/+ B —— WT == Th3/+
80 p -2
% 70 :i i ek Kk
; 60 @ 5 ~L - -
E 50 ij|_| -5 Fkk
= oy
5 40 DC:L -7
T 30 5 8
5 g 9
iy x ' -10
0 ¥ + + -12 g
oo% oo o ® ?‘0'?' o oM ¥°

Erythroid population Erythroid population

reduced 8- and 4-fold in the liver of 7h3/+ mice (gray bars) compared
with WT mice (white bars). Ablation of Erfe in Th3/+ mice (black bars)
restored low hepcidin levels to normal. At 6 weeks of age, even het-
erozygous deletion of Erfe on a thalassemic background (gray dashed
bars) was sufficient to significantly increase hepcidin levels compared
with Th3/+ mice. By 12 weeks of age, all genotypes reached maximal
expression of hepcidin, and no difference was observed between the
groups. Our results demonstrate that inactivation of Erfe in a mouse
model of 3-thalassemia normalizes hepcidin expression to the levels
observed in WT animals.

Ablation of Erfe in Th3/+ mice relieves the iron overload.

Consistent with higher hepcidin levels, ablation of Erfe in thalassemic
mice led to a significant reduction in liver iron content compared with
Th3/+ mice at 6 weeks and at 12 weeks of age (Figure 6A). Similarly,
we observed significantly reduced total spleen iron content in Erfe ",
Th3/+ mice compared with Th3/+ mice at 6 and 12 weeks of age
(Figure 6B). At the age of 12 weeks, heterozygous Erfe™””, Th3/+
mice also exhibited reduced spleen iron compared with 7h3/+ mice.
No difference in liver iron content was observed at 3 weeks of age
between the genotypes, and spleen iron content was undetectable for
most of the mice, regardless of their genotype (data not shown). Inter-
estingly, although Erfe ablation decreased liver and spleen iron content
of thalassemic mice at 6 weeks of age, they still had higher liver and
spleen iron content than WT mice, despite hepcidin levels that were
comparable to that of WT mice at both 3 and 6 weeks of age. Because
in Erfe-deficient Th3/+ mice these “normal” hepcidin levels were not
sufficient to prevent additional iron accumulation, and their slope of
hepcidin increase as a function of liver and spleen iron concentration
was intermediate between that of 7h3/4+ and WT mice (supplemental
Figure 4), we surmise that in addition to ERFE-mediated hepcidin sup-
pression, additional mechanisms contribute to iron overload: a hepcidin-
independent increase of iron absorption and an ERFE-independent
mechanism of hepcidin inhibition. As mice progressively increased
their hepcidin levels between 3 and 12 weeks of age (Figure 5), iron
was no longer accumulating in the liver of thalassemic mice between
6 and 12 weeks of age (Figure 6A), but was retained in the spleen
(Figure 6B), so that total spleen iron content was significantly increased
in 12-week-old thalassemic mice compared with 6-week-old animals,
independent of their Erfe genotype. Erfe ”~, Th3/+ exhibited slightly
reduced serum iron concentration compared with WT and Th3/+
mice at 6 weeks of age (supplemental Figure 5).

Loss of ERFE does not improve anemia in thalassemic mice.

‘We next analyzed the hematological parameters in mice at 3 to 12 weeks
of age. We observed that compared with Th3/+ mice, thalassemic
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C Figure 2. Erfe mRNA expression in erythroid cell
populations. Erythroid cells from proerythroblasts
-16 (Pro-E) through basophilic (Baso) and polychromatic
(Poly) to orthochromatic (Ortho) erythroblasts were
isolated from the marrow of 3 WT and 3 Th3/+ mice
at 12 weeks of age. (A) The percentage of each cell
type (means = SEM) in the total (Ter119+) erythroid
cell population was compared between WT and
Th3/+ mice by 2-tailed Student t-test. (B) Erfe mMRNA
expression (means * SEM) was compared for each
cell type between WT and Th3/+ mice by 2-tailed
Student t-test. Erfe mRNA expression was greatly
increased in all erythroid cell types. (C) Treatment of
17 WT marrow-derived macrophages with EPO did not
Control EPO influence Erfe mRNA expression. Means = SEM of
3 independent experiments were compared between
controls and EPO-treated cells by 2-tailed Student

ttest. ***P < .001, *P < .05.

mice haploinsufficient or deficient for Erfe had similar hemoglobin
concentration (Figure 7A), red blood cell count, and hematocrit
(supplemental Figure 6), all lower than in WT mice at 3, 6, and
12 weeks of age. Consistent with reduced iron overload, we
observed a slight reduction in mean corpuscular volume (MCV), red
cell distribution width (RDW) (Figure 7C-D), and MCH (supple-
mental Figure 7) in Erfe ", Th3/+ mice compared with Th3/+ mice
at 6 and 12 weeks of age. The most prominent effect of Erfe deletion
was on the spleen index, which was reduced in Erfe ", Th3/+
mice compared with 7h3/+ mice at 6 and 12 weeks of age (20 = 1 vs
24 = 1.6 and 13.5 = 1 vs 21 = 1, respectively), although it was
still higher than in WT mice (Figure 7B). The beneficial effect was
more prominent at 12 weeks of age, as even heterozygous Erfe™,
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Figure 3. RBC, hemoglobin, Hamp mRNA, and Erfe mRNA levels after trans-
fusion in thalassemic mice. RBC (A) and hemoglobin (B) were significantly increased
in Th3/+- mice 48 hours after transfusion of 400 uL packed red cells. Hamp mRNA
expression was increased in the liver, whereas Erfe mRNA levels were decreased and
returned to baseline in the bone marrow and spleen of transfused Th3/+ mice compared
with saline-treated control mice. (C-D) Data shown are means + SEM and were
compared between control and transfused Th3/+ mice (n = 3 per group) by 2-tailed
Student ttest. **P < .01.
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Figure 4. Measurement of plasma ERFE after EPO injection and in thalassemic
mice. ERFE concentration was measured in plasma samples of EPO-treated WT
mice (A) and littermate WT and Th3/+ mice at 3, 6, and 12 weeks of age (B). (A)
ERFE levels in WT mice gradually and significantly increased between 4 and
15 hours after administration of EPO (200 U), reached maximum at 15 and 24 hours,
and decreased again by 48 hours. Plasma ERFE concentration was elevated into
a similar range in Th3/+ mice (B) at 3, 6, and 12 weeks of age compared with
WT mice (P < .001), in which ERFE levels were lower than the limit of detection
(100 pg/mL). Data shown are means + SEM and were compared for each point to
values for control mice at t = 0 (n = 4 mice per group and condition) in EPO-treated
mice and for each age group between WT and Th3/+ mice (n = 6 to 13 per group) by
2-tailed Student t-test. ***P < .001, *P < .05.

Th3/+ mice exhibited a decreased spleen index compared with
Th3/+ mice (15 = 1 vs 21 *= 1). However, we did not observe any
difference in liver and spleen iron distribution or on peripheral blood
smears between Th3/+ and Erfe ’~, Th3/+ mice at 12 weeks of
age (supplemental Figure 8). Taken together, these results suggest that
disruption of Erfe in thalassemic mice somewhat ameliorates inef-
fective erythropoiesis but does not improve anemia.

Discussion

Hepcidin suppression by increased erythropoietic activity underlies
the development of iron overload in inherited anemias with ineffective
erythropoiesis. This is particularly evident in untransfused patients, >
in whom hyperabsorption of dietary iron is the sole source of iron
overload. Secondary iron overload, mainly through its cardiac toxicity,
is the primary cause of mortality in patients affected with [3-thalassemia
syndromes. Transfusions partially relieve the ineffective erythropoiesis
and raise hepcidin concentrations,?® but worsen the iron overload
because of the iron content of transfused blood. Iron chelation
therapy, although effective, is not well tolerated by many patients
both because of toxic adverse effects (all current chelators) and the
burden of parenteral administration (deferoxamine). Alternatives to
existing treatments are therefore needed, and hepcidin has become
a promising target for novel therapeutic approaches.?! Increasing
hepcidin would not reverse established iron overload but could pre-
vent further accumulation of iron and diminish iron-mediated tissue
injury by redistributing iron from parenchymal tissues to macro-
phages®® where iron is less toxic.

The erythroid mediator ERFE,'? produced in response to EPO by
erythroblasts in the marrow and the spleen, is a strong suppressor of
hepcidin expression. Erfe-deficient mice failed to suppress hepcidin
after hemorrhage or EPO administration. Importantly, Erfe mRNA ex-
pression was greatly increased in the marrow and the spleen of Th3/+
mice, a mouse model of B-thalassemia intermedia.'® We therefore
tested whether increased ERFE levels could be responsible for hepcidin
suppression and increased dietary iron absorption in {3-thalassemia.
Here we showed that Erfe is maximally expressed in 7h3/+ mice as
early as at 3 weeks of age (Figure 1) and is produced predominantly
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by polychromatic erythroblasts. In the Th3/+ mouse model of
[-thalassemia, these are the most abundant (Figure 2) erythroid pre-
cursors, but are largely destined for apoptosis.>! Erythrocyte transfusion
relieves the anemia and decreases Erfe mRNA expression in the bone
marrow and spleen of Th3/+ mice (Figure 3), and untreated Th3/+
mice have plasma ERFE concentrations similar to those induced by
EPO injections into WT mice, supporting the idea that increased plasma
ERFE in Th3/+ mice is driven by anemia and the resulting increase in
plasma EPO concentrations.

Ablation of Erfe in thalassemic mice restored hepcidin to levels
similar to those of WT animals (Figure 5) and led to lower iron accu-
mulation in liver and spleen iron content compared with 7h3/+ mice
(Figure 6). However, despite hepcidin levels similar to WT mice
already at the age of 3 weeks, Erfe-deficient Th3/+ mice still de-
veloped progressive iron overload in their livers and spleens.
Between 6 and 12 weeks, enough hepatic iron accumulated in all
mouse genotypes to raise hepcidin expression to WT levels so that
iron no longer increased in the liver but was instead retained in the
spleen, especially in Th3/+ mice. Thus, in thalassemic mice the
setpoint for hepcidin regulation of iron absorption appears altered
so that physiologically normal (WT) levels of hepcidin could not
inhibit iron absorption enough to prevent iron overload. Moreover,
whereas Erfe-deficient thalassemic mice increased their hepcidin
expression in response to iron loading more than Erfe-sufficient
thalassemic mice, the increase of hepcidin relative to the liver iron
content was still blunted compared with WT mice (supplemental
Figure 4). Thus, 2 types of mechanisms may contribute to residual
iron overload in the absence of ERFE. First, anemia causes in-
creased duodenal hypoxia, leading to increased HIF2a-enhanced
transcription of DMT-1 with a secondary increase in ferroportin
mRNA>? and to increased ferroportin on cell membranes of enterocytes
despite normal hepcidin expression. In addition, other as-yet-unknown
ERFE-independent suppressors of hepcidin could contribute to
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Figure 5. Ablation of ERFE in thalassemic mice restores WT hepcidin levels.
Th3/+ mice had significantly lower hepcidin mRNA levels at 3 and 6 weeks of age
compared with WT mice. Erfe-deficient mice on a thalassemic background (Erfe ",
Th3/+) had similar hepcidin to WT mice at 3 and 6 weeks of age. Erfe*’~, Th3/+
mice also showed greatly elevated hepcidin compared with Th3/+ mice at the age
of 6 weeks. No difference was observed between the 12-week-old mice. Data shown
are means + SEM and were compared for each age group among WT, Th3/+, Erfe™”",
Th3/+, and Erfe™”~, Th3/+ mice (n = 9 to 36 per group) by 2-tailed Student ttest.

P < .001, **P < .01, *P < .05.
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Figure 6. Ablation of Erfe in thalassemic mice decreases iron overload. Liver (A) and spleen (B) nonheme iron content was measured in WT, Th3/+, Erfe*’~, Th3/+, and
Erfe™~, Th3/+ at 3, 6, and 12 weeks of age. Mice with thalassemic trait mice had higher liver iron content at all ages compared with WT mice. Erfe-deficient mice on
a thalassemic background (Erfe™’~, Th3/+) had reduced liver (A) and spleen (B) iron content compared with Th3/+ mice at 6 and 12 weeks of age. No difference in liver and
spleen iron content was observed between the genotypes in 3-week-old animals, and the spleen iron content was not detectable in most of the mice at the age of 3 weeks.
Data shown are means + SEM and were compared for each age between Erfe /", Th3/+ or Erfe*’~, Th3/+ mice and Th3/+ mice (n = 9-36 per group) by 2-tailed Student
t-test. ***P < .001, **P < .01, *P < .05. WT mice had significantly lower liver and spleen iron content compared with all the thalassemic mice (#P < .05 or less). Note that the

data in A for 6-week-old mice were previously shown in Figure 7E of Kautz et al.'®

hepcidin repression in thalassemic mice. Both of these effects can
be overcome by pharmacologically increased hepcidin levels, as
indicated by the correction of iron overload in Th3/+ mice with
ablation of Tmprss6,'® transgenic overexpression of Hamp,® or
treatment with hepcidin agonist minihepcidin.3 3

Finally, ablation of Erfe in Th3/+ mice did not ameliorate the
anemia, as shown by the hemoglobin concentration (Figure 7A), RBC,
and hematocrit (supplemental Figure 5), but slightly improved the
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ineffective erythropoiesis compared with Th3/+ mice, as Erfe ",
Th3/+ mice exhibited lower spleen index (Figure 7B), MCV, RDW
(Figure 7C-D), and MCH (supplemental Figure 7). Amelioration of
anemia in this mouse model probably requires higher hepcidin levels
and mild iron restriction, which may act to limit a-globin synthesis
and reduce the imbalance with B-globin synthesis.®'®
Extrapolation of these findings to humans with (3-thalassemia must
take into account important differences in their iron metabolism
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mice at 6 and 12 weeks of age (B). Erfe*’~, Th3/+

mice also had slightly lower spleen index than
ok Th3/+ mice at the age of 12 weeks. MCV (C) and
RDW (D) were significantly reduced in Erfe™~, Th3/+
mice compared with Th3/+ mice at the age of 6 and
12 weeks. No difference was observed at 3 weeks of
age. Data shown are means = SEM and were compared
for each age between Erfe™’~, Th3/+ or Erfe™’~, Th3/+
mice and Th3/+ mice (n = 9-36 per group) by 2-tailed
Student ttest. ***P < .001, **P < .01, *P < .05. For
comparison, hemoglobin and spleen index were re-
spectively higher and lower in WT mice compared
with all the thalassemic mice (#P < .001). MCV was
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higher at the age of 12 weeks, and RDW was lower at
all ages in WT compared with all the thalassemic
mice (#P < .001). Note that the data in A and C for
6-week-old WT, Th3/+, and Erfe™”~, Th3/+ mice were
previously shown in Figure 15B and 15C, respectively,
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compared with the mouse model of this disease. Unlike adult 7h3/+
mice, human adults with 3-thalassemia intermedia continue to exhibit
marked hepcidin suppression,” suggesting a much greater activity of
hepcidin suppressors relative to the hepcidin-stimulatory effect of iron
overload. Thus, the mouse model may underestimate the beneficial
effect of ERFE antagonism (and hepcidin agonists) in human
B-thalassemia. No validated assays to measure plasma ERFE have yet
been reported, and the role of ERFE in human pathologies remains to
be confirmed. Clinical studies including measurements of plasma ERFE
in 3-thalassemic patients will be necessary to determine the full potential
of these novel therapeutic interventions.

Acknowledgments

We thank Iris Williams for her help in cell sorting. Flow cytometry
was performed in the University of California, Los Angeles
(UCLA) Jonsson Comprehensive Cancer Center and Center for
AIDS Research Flow Cytometry Core Facility, supported by National
Institutes of Health, National Cancer Institute award P30 CA016042
and National Institutes of Health, National Institute of Allergy and
Infectious Diseases award 5P30 AI028697, and by the Jonsson Com-
prehensive Cancer Center, the UCLA AIDS Institute, the David

ERYTHROFERRONE IN B-THALASSEMIA 2037

Geffen School of Medicine at UCLA, the UCLA Chancellor’s
Office, and the UCLA Vice Chancellor’s Office of Research.

This research was supported by the National Institutes of
Health, National Institute of Diabetes and Digestive and Kidney
Diseases RO1 DK 065029 (to T.G.) and the American Society of
Hematology scholar award (to L.K.).

Authorship

Contribution: L.K. designed and performed the experiments, analyzed
the data, and wrote the paper. G.J. assisted with experiments. V.G. bred
the mice. X.D., J.C., and M.N. developed the ERFE ELISA. E.N. and
T.G. supervised the project and wrote the paper.

Conflict-of-interest disclosure: E.N. and T.G. are shareholders
and scientific advisors of Intrinsic LifeSciences, Merganser Biotech,
and Silarus Therapeutics. T.G. is a consultant to Keryx Biopharma-
ceuticals. X.D., J.C., and M.N. are shareholders of Silarus Therapeutics.

Correspondence: Léon Kautz, UCLA, Department of Medicine,
10833 LeConte Ave, CHS 37-131, Los Angeles, CA 90095; e-mail:
Ikautz@mednet.ucla.edu; and Tomas Ganz, UCLA, Department of
Medicine, 10833 LeConte Ave, CHS 37-131, Los Angeles, CA 90095;
e-mail: tganz@mednet.ucla.edu.

Reference List

. Taher AT, Musallam KM, Cappellini MD,

Weatherall DJ. Optimal management
of B thalassaemia intermedia. Br J Haematol.
2011;152(5):512-523.

Papanikolaou G, Tzilianos M, Christakis JI, et al.
Hepcidin in iron overload disorders. Blood. 2005;
105(10):4103-4105.

Origa R, Galanello R, Ganz T, et al. Liver iron
concentrations and urinary hepcidin in beta-
thalassemia. Haematologica. 2007;92(5):583-588.

Kearney SL, Nemeth E, Neufeld EJ, et al. Urinary
hepcidin in congenital chronic anemias. Pediatr
Blood Cancer. 2007;48(1):57-63.

Jones E, Pasricha SR, Allen A, et al. Hepcidin is
suppressed by erythropoiesis in hemoglobin E
B-thalassemia and B-thalassemia trait. Blood.
2015;125(5):873-880.

Nemeth E, Tuttle MS, Powelson J, et al. Hepcidin
regulates cellular iron efflux by binding to
ferroportin and inducing its internalization.
Science. 2004;306(5704):2090-2093.

Qiao B, Sugianto P, Fung E, et al. Hepcidin-
induced endocytosis of ferroportin is dependent
on ferroportin ubiquitination. Cell Metab. 2012;
15(6):918-924.

Gardenghi S, Ramos P, Marongiu MF, et al. Hepcidin
as a therapeutic tool to limit iron overload and
improve anemia in B-thalassemic mice. J Clin Invest.
2010;120(12):4466-4477.

erythroid regulator of iron metabolism. Nat Genet.
2014;46(7):678-684.

Kautz L, Jung G, Nemeth E, Ganz T. Erythroferrone
contributes to recovery from anemia of inflammation.
Blood. 2014;124(16):2569-2574.

Kautz L, Nemeth E. Molecular liaisons between
erythropoiesis and iron metabolism. Blood. 2014;
124(4):479-482.

Ginzburg Y, Rivella S. B-thalassemia: a model for
elucidating the dynamic regulation of ineffective
erythropoiesis and iron metabolism. Blood. 2011;
118(16):4321-4330.

Li H, Rybicki AC, Suzuka SM, et al. Transferrin
therapy ameliorates disease in beta-thalassemic
mice. Nat Med. 2010;16(2):177-182.

Gelderman MP, Baek JH, Yalamanoglu A, et al.
Reversal of hemochromatosis by apotransferrin
in non-transfused and transfused Hbbth3/+
(heterozygous B1/B2 globin gene deletion) mice.
Haematologica. 2015;100(5):611-622.

Nai A, Pagani A, Mandelli G, et al. Deletion of
TMPRSS6 attenuates the phenotype in a mouse
model of B-thalassemia. Blood. 2012;119(21):
5021-5029.

Guo S, Casu C, Gardenghi S, et al. Reducing
TMPRSS6 ameliorates hemochromatosis and
B-thalassemia in mice. J Clin Invest. 2013;123(4):
1531-1541.

24.

25.

26.

27.

28.

29.

30.

Tanno T, Porayette P, Sripichai O, et al.
Identification of TWSG1 as a second novel
erythroid regulator of hepcidin expression in murine
and human cells. Blood. 2009;114(1):181-186.

Tanno T, Bhanu NV, Oneal PA, et al. High levels
of GDF15 in thalassemia suppress expression of
the iron regulatory protein hepcidin. Nat Med.
2007;13(9):1096-1101.

Seldin MM, Peterson JM, Byerly MS, Wei Z, Wong
GW. Myonectin (CTRP15), a novel myokine that
links skeletal muscle to systemic lipid homeostasis.
J Biol Chem. 2012;287(15):11968-11980.

Research IfLA. Nutrient Requirements of the
Mouse. Nutrient Requirements of Laboratory
Animals. Washington, DC: The National
Academies Press; 1995:80-102.

Pippard MJ, Callender ST, Warner GT, Weatherall
DJ. Iron absorption and loading in beta-thalassaemia
intermedia. Lancet. 1979;2(8147):819-821.

Pasricha SR, Frazer DM, Bowden DK, Anderson
GJ. Transfusion suppresses erythropoiesis

and increases hepcidin in adult patients with
B-thalassemia major: a longitudinal study. Blood.
2013;122(1):124-133.

Viatte L, Nicolas G, Lou DQ, et al. Chronic hepcidin
induction causes hyposideremia and alters the pattem
;of cellular iron accumulation in hemochromatotic

20. Casu C, Oikonomidau R, Shah Y, et al. mice. Blood. 2006;107(7):2952-2958.
9. Adamsky K, Weizer O, Amariglio N, et al. Decreased Concurrent treatment with minhepcidin
hepcidin mRNA expression in thalassemic mice. and deferiprone improves anemia and enhances 31. Centis F, Tabellini L, Lucarelli G, et al.
Br J Haematol. 2004;124(1):123-124. reduction of spleen iron in a mouse model of The importance of erythroid expansion )
10. Gardenghi S, Marongiu MF, Ramos P, et al. non-transfusion dependent thalassemia Presented in determining tht‘? e>tdenthfbali0ﬂE’5ils in erythroid
Ineffective erythropoiesis in beta-thalassemia is at 56th ASH Annual Meeting and Exposition. BT Ot I D e e e e assemia
- ; ) > i major. Blood. 2000;96(10):3624-3629.
characterized by increased iron absorption December 9, 2014. San Francisco, CA.
mediated by down-regulation of hepcidin and 21. Ruchala P, Nemeth E. The pathophysiology and 32. Anderson ER, Taylor M, Xue X, et al. Intestinal
up-regulation of ferroportin. Blood. 2007; pharmacology of hepcidin. Trends Pharmacol Sci. HIF2a promotes tissue-iron accumulation in
109(11):5027-5035. 2014;35(3):155-161. disorders of iron overload with anemia. Proc Natl
11. De Franceschi L, Daraio F, Filippini A, 22, Tang T, LiL, Tang J, et al. A mouse knockout Acad Sci USA. 2013;110(50):E4922-E4930.
et al. L_iver expression of hepcidin and other irqn Iibrary‘for secreted and transmembrane proteins. 33. Ramos E, Ruchala P, Goodnough JB, et al.
genes in twq mouse models of beta-thalassemia. Nat Biotechnol. 2010;28(7):749-755. Minihepcidins prevent iron overload in
Haematologica. 2006;91(10):1336-1342. 23. Kautz L, Gabayan V, Wang X, et al. Testing the iron a hepcidin-deficient mouse model of severe
12. Kautz L, Jung G, Valore EV, Rivella S, Nemeth E, hypothesis in a mouse model of atherosclerosis. Cell hemochromatosis. Blood. 2012;120(18):

Ganz T. Identification of erythroferrone as an

Reports. 2013;5(5):1436-1442.

3829-3836.

¥20z AeN 81 uo 3sanb Aq ypd'L£02/6¥968€EL/LE0Z/LL/IZ L /Pd-BloE/POO|qABU"SUOHEDIIgNdYSE//:dlY WOy papeojumog


mailto:lkautz@mednet.ucla.edu
mailto:tganz@mednet.ucla.edu

