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ABSTRACT

he erythropoietin (Epo)-erythroferrone (ERFE)-hepcidin axis coor-

dinates erythropoiesis and iron homeostasis. While mouse studies

have established that Epo-induced ERFE production represses hep-
cidin synthesis by inhibiting hepatic BMP/SMAD signaling, evidence for
the role of ERFE in humans is limited. To investigate the role of ERFE as
a physiological erythroid regulator in humans, we conducted two stud-
ies. First, 24 males were given six injections of saline (placebo), recombi-
nant Epo (thEpo) at a dose of 20 IU/kg (micro-dose) or thEpo at 50 IU/kg
(low dose). Second, we quantified ERFE in 22 subjects exposed to high
altitude (3800 m) for 15 h. In the first study, total hemoglobin mass (Hb...)
increased after low- but not after micro-dose injections, when compared
to the mass after placebo injections. Serum ERFE levels were enhanced
by rhEpo, remaining higher than after placebo for 48 h (micro-dose) or 72
h (low-dose) after injections. Conversely, hepcidin levels decreased when
Epo and ERFE rose, before any changes in serum iron parameters
occurred. In the second study, serum Epo and ERFE increased at high alti-
tude. The present results demonstrate that in healthy humans ERFE
responds to slightly increased Epo levels not associated with Hb... expan-
sion and downregulates hepcidin in an apparently iron-independent way:.
Notably, ERFE flags micro-dose Epo, thus holding promise as a novel bio-
marker of doping.

Introduction

Erythropoiesis and iron metabolism are tightly linked and an inadequate iron
supply to developing erythrocytes results in anemia, a condition affecting a large
segment of the world’s population. The coordination between erythropoietic activ-
ity and iron homeostasis is provided by hepcidin, which controls body iron balance
by negatively regulating the activity of the iron exporter, ferroportin."” Hepcidin
expression is inhibited by iron deficiency and high erythropoietic activity,"” a
response that increases iron availability to meet iron needs for hemoglobin synthe-
sis. Accordingly, we and others have demonstrated that recombinant human ery-
thropoietin (thEpo) administration to healthy humans is followed by a prompt
downregulation of hepcidin.*> The identification and characterization of erythro-
ferrone (ERFE), a hepcidin-inhibiting factor produced by erythroblasts in response
to Epo, provided an additional link between erythropoietic activity and iron home-
ostasis.® Mouse studies established that ERFE synthesized in response to Epo
impairs hepcidin transcription by inhibiting hepatic BMP/SMAD signaling.*” The
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Figure 1. Effects of repeated administration of very low to low doses of recombinant human erythropoietin on total hemoglobin mass, erythropoietin, erythroferrone
and hepcidin. (A) Total hemoglobin mass (Hb...), determined at baseline (Pre) and 72 h after the last of the six injections (Post) of placebo (n=7), recombinant human
erythropoietin (rhEpo) 20 1U/kg (micro-dose) (n=7) or rhEpo 50 IU/kg (low dose) (n=8). ANOVA for a significant time x treatment interaction (P=0.049). *Indicates a sig-
nificant difference between low-dose rhEpo and placebo. Data are means + standard deviations. Individual Hb... values are available in Online Supplementary Figure
S1. (B-D) Serum concentrations of erythropoietin (B), erythroferrone (In transformed, n=7 for the placebo condition) (C) and hepcidin (In transformed) (D) before, during
and after six injections of placebo (n=8), micro-dose rhEpo (n=8) or low-dose rhEpo (n=8). Vertical dotted lines indicate injections. Baselines are means from duplicate
blood samples collected on separated days. Blood sampling was repeatedly performed at 24 h (2 occurrences), 48 h (4 occurrences) and 72 h (2 occurrences) after an
injection. Additional samples were obtained at 7 and 14 days after the last injection. Numbers above the abscissa line (i.e., 24, 48, 72, 7d and 14d) indicate these sam-
pling times, respectively. Data are means + standard deviations. For each panel, the inserted table reports estimated marginal means + standard errors and P-values
for the effect of the group (placebo, micro-dose, low dose), the occurrence (i.e., the number of samples at 24 h, 48 h, 72 h, 7 days and 14 days, from 1 to 4) and the
group x occurrence (G x 0) interaction. Multiple comparisons between groups at 24 h, 48 h or 72 h are reported in each table, *Denotes a difference from placebo and
tdenotes a difference from micro-dose rhEPO (see the Online Supplementary Material, Statistical analysis section). Epo: erythropoietin; ERFE: erythroferrone; PLA: place-
bo. EPO20: recombinant human erythropoietin 20 1U/kg; EPO50: recombinant human erythropoietin 50 IU/kg.
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Figure 2. Effects of repeated administration of very low to low doses of recombinant human erythropoietin on hematologic and iron parameters. (A-D) Blood hemo-
globin concentration (A), hematocrit (B), serum concentration of ferritin (In transformed) (C) and transferrin saturation (D) before, during and after six injections of
placebo (n=8), recombinant human erythropoietin (rhEpo) 20 IU/kg (micro-dose) (n=8) or rhEpo 50 IU/kg (low dose) (n=8). Vertical dotted lines indicate injections.
Baselines are means from duplicate blood samples collected on separated days. Blood sampling was repeatedly performed at 24 h (2 occurrences), 48 h (4 occur-
rences) and 72 h (2 occurrences) after an injection. Additional samples were obtained at 7 and 14 days after the last injection. Numbers above the abscissa line
(i.e., 24, 48, 72, 7d and 14d) indicate these sampling times. Data are means + standard deviations. For each panel, the inserted table reports estimated marginal
means + standard errors and P-values for the effect of the group (placebo, micro-dose, low dose), the occurrence (i.e., the number of samples at 24 h, 48 h, 72 h,
7 days and 14 days, from 1 to 4) and the group x occurrence (G x O) interaction. Multiple comparisons between groups at 24 h, 48 h or 72 h are reported in each
table, *Denotes a difference from placebo and tdenotes a difference from micro-dose (see the Online Supplementary Material, Statistical analysis section). Epo:
erythropoietin; ERFE: erythroferrone; PLA: placebo. EPO20: recombinant human erythropoietin 20 1U/kg; EPO50: recombinant human erythropoietin 50 1U/kg.
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development of a validated assay for human ERFE led to
the demonstration that ERFE is increased in patients with
B-thalassemia and in response to blood donation or
administration of high doses of rhEpo.® Moreover, serum
ERFE levels were found to be elevated in patients with
chronic kidney disease treated with thEpo” and in children
affected by iron deficiency anemia.'” However, another
study did not find increased ERFE levels in patients with
chronic kidney disease." In addition, ERFE did not change
in patients with reduced erythropoiesis caused by andro-
gen deprivation therapy” or in athletes exposed to alti-
tude” and, unexpectedly, decreased in parallel with hep-
cidin in subjects experiencing expansion of hemoglobin
mass (Hb..) due to exposure to altitude." The effect of
accelerated erythropoiesis on ERFE in humans does, there-
fore, remain uncertain. Here, we tested the hypothesis
that, in healthy humans, ERFE is a physiological erythroid
regulator, i.e. it responds to moderate erythropoietic stim-
ulation, such as very low rhEpo doses or exposure to high
altitude.

Methods
Study design

For the rhEpo study, Hb.., indices of iron homeostasis and
hematologic parameters were repeatedly measured in 24 healthy
males given six injections (every second/third day) of saline (place-
bo), thEpo 20 IU/kg (micro-dose) or thEpo 50 IU/kg (low dose)
Written informed consent to participation in the study was pro-
vided by all these subjects. The study (NCT03276910) was
approved by the French ethics committee (CPP Est-III, EudraCT
2017-0003875-82). For the high-altitude study, iron parameters
were determined in 22 healthy subjects exposed to high altitude
(3800 m) for 15 h. Written informed consent to participation in the
study was provided by all these subjects. The study
(NCT02778659) was approved by the French ethics committee
(CPP Sud-Est-III, EudraCT 2015-004512-38).

Details of the methods are available in the Online Supplementary
Material.

Results

er in subjects treated with low-dose rthEpo than in those
given the placebo (Figure 1A). In contrast, treatment with
micro-doses of thEpo did not induce significantly higher
Hb... levels in comparison to those induced by placebo
treatment. Hb... was not significantly altered following
placebo treatment but nonetheless tended to decrease,
possibly because of frequent blood sampling. Short treat-
ment duration may otherwise explain the marginal
change of Hb... following micro-doses of rhEpo. Unlike
Hb..., hemoglobin concentration and hematocrit progres-
sively increased with both rhEpo doses (Figure 2A, B). As
expected, circulating Epo levels increased after each injec-
tion, but rapidly declined, in particular after micro-dose
treatment (Figure 1B). ERFE levels showed a significant
dose-related increase after each injection, remaining above
placebo levels for up to 48 h (micro-dose) or 72 h (low
dose) and decreasing thereafter (Figure 1C). Following
low-dose rhEpo treatment, ERFE reached levels similar to
those found in patients with anemia induced by bleeding
(see the Online Supplementary Material, Analyses section).

Low-dose erythropoietin induces erythroferrone -

The pattern of variation of ERFE levels mirrored that of
serum Epo (Figure 3A). Conversely, serum hepcidin
decreased when Epo and ERFE rose, independently of the
dose, and remained low as long as Epo and ERFE were
above baseline values (Figure 1D). Both ERFE and hepcidin
returned to placebo levels 1 week after the last injection.
Interestingly, there was no cumulative effect of repeated
thEpo injections on ERFE levels (Figure 1C). Consistent
with previous studies,” the decrease in serum ferritin
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Figure 3. Relationships between erythroferrone and erythropoietin with
recombinant human erythropoietin and high altitude. (A, B) Relationship
between individual serum concentrations (In transformed) of erythroferrone
(ERFE) and erythropoietin (Epo), before, during and after six injections of
placebo, micro-dose or low-dose recombinant human erythropoietin (rhEpo) in
healthy subjects (A), and at sea level and after 15 h of exposure to high alti-
tude (3800 m) in healthy subjects (B). Regression equations, coefficients of
determination and P values are reported in each panel. Relationships
between hepcidin, Epo and ERFE during rhEpo injections are available in
Online Supplementary Figure S2.
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with rhEpo was progressive (Figure 2C). In contrast, trans-
ferrin saturation (Tfsat) was not significantly altered by
thEpo injections (Figure 2D).

We also found concomitant increases in Epo and ERFE
in healthy subjects exposed to a high altitude condition
associated with O. saturation of 85 = 3% (Figure 4A, B).
The correlation between ERFE and serum Epo found at
high altitude (Fig 3B) and with rhEpo treatment (Figure
3A) suggests that hypoxia-related signaling is not directly
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involved in ERFE induction, as previously shown in mice.®
ERFE tended to increase more with micro-dose rhEpo
than with exposure to high altitude (P=0.22), whereas Epo
increased less with the micro-dose injections than with
exposure to high altitude (P=0.04) (data not shown). We
speculate that the shorter time of exposure to elevated
Epo levels at high altitude (15 h) versus micro-dose injec-
tions (24 h) may account for the observed trend. Tfsat,
which was close to the level defining iron deficiency

¥5
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Figure 4. Effects of acute exposure to high altitude. Individual serum concen-
trations and means * standard deviations of erythropoietin (n=21) (A), ery-
throferrone (In transformed, n=21) (B), transferrin saturation (n=22) (C), hep-
cidin (In transformed, n=7) (D) and ferritin (n=22) (E), at sea level and after 15
h of exposure to high altitude (3800 m). Of note, out of 22 subjects, 15 sub-
jects had sea-level hepcidin concentrations which were below the detection
limit; therefore, the hepcidin statistical analysis was performed on seven sub-
jects. P values denote differences between sea level and high altitude. Epo:
erythropoietin; ERFE: erythroferrone.
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(<20%), did not change (Figure 4C). Consistent with the
low Tfsat, hepcidin concentration at sea level was below
the detection limit in 15 subjects and was unchanged after
exposure to high altitude in the subjects with detectable
baseline values (Figure 4D). Lack of correlation between
ERFE and hepcidin was previously found in patients with
chronic kidney disease, in whom increased ERFE levels
were not accompanied by lower hepcidin.’ In line with a
previous report showing unaltered iron availability and no
signs of inflammation at high altitude," the inflammatory
marker interleukin-6 was not affected by the subjects’
exposure to high altitude (1.28 + 1.04 pg/mL vs. 1.25 £ 0.9
pg/mL at sea level), whereas the concentration of ferritin
increased slightly (from 125 + 8 to 132 + 7 ng/mlL),
although remaining within the normal range (Figure 4E).

Discussion

Recently, mouse studies have shown that acute rhEpo
treatment downregulates hepcidin in an ERFE-indepen-
dent manner by decreasing serum iron and Tfsat.'*"
Moreover, the demonstration that rhEpo administration
also downregulates hepcidin in mice lacking ERFE" sug-
gests that prolonged erythropoietic stimulation inhibits
hepcidin expression in mice by depleting iron stores,
whereas ERFE represents an acute regulator of stress ery-
thropoiesis.” Conversely, the present results show that in
healthy humans ERFE responds even to low Epo levels
which are not associated with an expansion of Hb.., a
functional marker of erythropoietic response.” This con-
clusion is also supported by our findings in a physiological
condition such as high-altitude hypoxia (Figure 4).
Furthermore, our data showing no alterations in Tfsat and
a progressive decrease in ferritin with repeated rhEpo
injections are consistent with the view that ERFE may
inhibit hepcidin transcription directly in the absence of
changes in serum and liver iron.” In fact, the ERFE-hep-
cidin axis was affected early, i.e. 24 h after the first thEpo
injection, while other serum iron parameters were
unchanged at that time, as ¢ test analysis showed no dif-
ference in ferritin between groups at 24 and 48 h after the
first injection (see Online Supplementary Material, Statistical
analysis section). However, it is well conceivable that
under conditions of strong erythropoietic stimulation,
such as in mice treated with high doses of rhEpo (8000
[U/kg),"*** increased iron consumption for erythropoiesis
leads to iron depletion and repression of hepcidin.

The introduction of the Athlete’s Blood Passport™ has
improved the detection of blood doping, although the
Passport does have several limitations,” in particular in
detecting micro-dose rhEpo doping.” A study in which
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