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Introduction

Malaria remains a major health burden in intertropical countries. According to
the annual World Malaria Report by the World Health Organization, an estimated
214 million people were clinically affected by malaria in 2015 and approximately
438 000 of these patients died due to severe complications.1 Infection initiates when
Plasmodium sporozoites are injected together with anti-coagulant saliva during a
blood meal of an infected Anopheles mosquito. Sporozoites migrate to the liver in
search of a favorable niche in the hepatocyte where they replicate extensively.
Thousands of merozoites are then produced and released into the circulation to
invade red blood cells (RBCs),2 in which parasites further replicate during the symp-
tomatic blood stage of the asexual developmental cycle.3

Nearly all forms of life, including plants and pathogens, utilize iron for fundamen-
tal processes such as DNA synthesis, oxygen transport and generation of ATP.
Plasmodium species are no exception, as the replication of the parasite in the liver
and in erythrocytes is highly dependent on iron.4 Indeed, iron chelators can inhibit
Plasmodium growth in vitro,5 in murine models of malaria infection,6,7 and in malar-
ia-infected monkeys.8 In humans, iron deficiency appears to protect against severe
malaria,9-11 while iron supplementation increases the risks of infection and disease.12-

15 Iron deficiency also provides protection against infection with Plasmodium berghei
in mice.16,17

Malaria, a major global health challenge worldwide, is accompa-
nied by a severe anemia secondary to hemolysis and increased
erythrophagocytosis. Iron is an essential functional component

of erythrocyte hemoglobin and its availability is controlled by the liver-
derived hormone hepcidin. We examined the regulation of hepcidin
during malarial infection in mice using the rodent parasite Plasmodium
berghei K173. Mice infected with Plasmodium berghei K173 develop a
severe anemia and die after 18 to 22 days without cerebral malaria.
During the early phase of blood-stage infection (days 1 to 5), a strong
inflammatory signature was associated with an increased production of
hepcidin. Between days 7 and 18, while infection progressed, red blood
cell count, hemoglobin and hematocrit dramatically decreased. In the
late phase of malarial infection, hepcidin production was reduced con-
comitantly to an increase in the messenger RNA expression of the hep-
cidin suppressor erythroferrone in the bone marrow and the spleen.
Compared with wild-type mice, Erfe–/– mice failed to adequately sup-
press hepcidin expression after infection with Plasmodium berghei K173.
Importantly, the sustained production of hepcidin allowed by erythro-
ferrone ablation was associated with decreased parasitemia, providing
further evidence that transient iron restriction could be beneficial in the
treatment of malaria.
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The host systemic iron availability is controlled by the
iron regulatory hormone hepcidin,18-20 which could there-
fore influence the susceptibility to malaria. Iron is
absorbed from the diet by intestinal enterocytes and recy-
cled from senescent or damaged RBCs by macrophages.21

The export of iron across the basolateral membrane of
enterocytes and from iron-recycling macrophages is
ensured by the sole known iron exporter, ferroportin.
Hepcidin binds to ferroportin and causes its internaliza-
tion and degradation.19,20 The loss of ferroportin from the
cell surface prevents iron efflux from intestinal enterocytes
and from macrophages, leading to iron retention in these
cells and subsequent hypoferremia.

Multiple studies have shown that hepcidin is upregulat-
ed during malarial infection in humans22-24 and in murine
models.25,26 The underlying mechanisms may involve para-
site-induced inflammatory pathways, but they are still
unclear. Under the influence of high hepcidin concentra-
tion, as iron is redistributed to macrophages, the flow of
iron into plasma is decreased, which routes iron away
from the parasite and thereby prevents its multiplication.
As a consequence, combined with RBC destruction by the
parasite, this may worsen the host anemia because of
restricted iron availability for erythropoiesis. 

Although the majority of studies on hepcidin and malar-
ia have demonstrated an increased production of hepcidin
during malarial infection, three recent studies have shown
that in certain circumstances, hepcidin suppression may
also occur. One study reported that among all children
presenting with malaria, those with severe anemia had the
lowest hepcidin levels.27 Another study demonstrated that
children with uncomplicated malaria had higher hepcidin
levels than those who could be classified as either present-
ing with severe anemia or cerebral malaria.28 Finally, a
group of children with severe malarial anemia exhibited
very low serum hepcidin levels.29 Taken together, these
studies clearly indicate that during severe malarial anemia,
the signaling pathway that suppresses hepcidin can over-
ride the activation pathway associated with parasite-
induced inflammation. 

The mechanisms of hepcidin suppression in severe
malaria syndromes are not well defined. In the two
human studies that monitored erythropoietin (EPO) levels
and serum hepcidin in malaria infection, EPO and hep-
cidin were negatively correlated.27,29 One animal study has
also demonstrated a significant negative correlation
between serum EPO and hepcidin in mice infected with
Plasmodium berghei.24 We recently showed that high levels
of EPO cause hepcidin suppression indirectly by inducing
the production of the erythroid regulator erythroferrone
(ERFE) by erythroid progenitors in the bone marrow and
the spleen.30 ERFE is secreted in the circulation and acts on
the liver to suppress hepcidin expression and increase
dietary iron absorption and iron release from
macrophages.30 To assess the role of ERFE in hepcidin sup-
pression observed in severe malaria, we first checked
whether Erfe expression was upregulated in a murine
model of malaria induced by Plasmodium berghei K173
(PbK), a strain that causes severe malarial anemia. Mice
injected with PbK-parasitized RBCs develop high para-
sitemia and severe anemia and die without cerebral symp-
toms 18-22 days post-infection.31 We then infected Erfe-
deficient mice and examined the impact of Erfe deletion on
hepcidin expression, parasitemia and RBC indices. By
highlighting the contribution of ERFE in hepcidin regula-

tion in malaria, this study may suggest new therapeutic
strategies to combat malaria.

Methods

Mice and infection
Since iron parameters and hepcidin levels differ significantly

between male and female mice,32,33 only male mice were used in
this study. 9 week-old C57BL/6 wild-type (WT) mice (5 to 10 per
time-point) were infected intraperitoneally with 106 PbK-infected
RBCs, and given free access to tap water and standard laboratory
mouse chow diet (250 mg iron/kg; SAFE, Augy, France) during the
18 days post-infection. All animals were kept in pathogen-free ani-
mal facilities in Toulouse, and analyzed at days 0, 1, 2, 3, 4, 5, 7, 9,
11, 13, 16 and 18 post-infection. PbK was serially passaged in vivo
in C57BL/6 mice. Infected blood was harvested at day 5-7 post-
infection and stored as frozen stabilates in Alsever's solution con-
taining 10% glycerol.

Erfe–/– mice on a C57BL/6 background were maintained at
UCLA on a standard chow (200 ppm iron; Labdiet, MO, USA).
Control WT C57BL/6J males were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA). 8 week-old WT and Erfe–/–

mice were infected intraperitoneally with 106 PbK-infected RBCs
(6 mice per genotype). 50 ml of blood was sampled on days 0, 7, 10
and 13 to determine complete blood count and hepcidin levels,
and mice were sacrificed on day 16. To monitor the effect of repet-
itive blood collection, control WT and Erfe–/– mice were injected
intraperitoneally with normal saline and manipulated similarly to
the infected mice (4 mice per genotype). 

Ethic statement
Experimental protocols were approved by the Midi-Pyrénées

Animal Ethics Committee, France (n° MP/07/59/10/11).
Experiments including Erfe–/– mice were conducted in accordance
with guidelines by the National Research Council and were
approved by the University of California, Los Angeles, USA (pro-
tocol #2011-114-13C). 

Measurement of hematologic parameters and 
parasitemia

Complete blood counts were obtained with a CELL-DYN
Emerald Hematology System (Abbott Diagnostics, France) or with
a HemaVet blood analyzer (Drew Scientific) for the experiment
performed at UCLA. Serum iron concentration was determined
using  the IRON Direct Method kit (BIOLABO, Maizy, France).
Parasitemia (i.e., the percentage of infected RBCs) was assessed at
each time point by microscopic counts of thin blood smears
stained with Giemsa solution (Diff-Quik, Medion Diagnostics,
Switzerland).

Quantitation of messenger RNA (mRNA) levels
Total RNA from mouse liver, spleen, kidney or bone marrow

was extracted using TRIzol (Invitrogen). Complementary DNA
(cDNA) was synthesized using M-MLV RT (Promega).
Quantitative polymerase chain reaction (qPCR) reactions were
prepared with LightCycler® 480 DNA SYBR Green I Master reac-
tion mix (Roche Diagnostics) and run in duplicate on a
LightCycler® 480 System (Roche Diagnostics). For experiments in
which WT and Erfe–/– mice were compared, cDNA was synthe-
sized using iScript (Bio-rad). Quantitative PCR reactions were pre-
pared with SsoAdvanced Universal Sybr Green supermix (Bio-
Rad) and run in duplicate on a CFX Connect Instrument (Bio-Rad).
Primer sequences are indicated in the Online Supplementary Table
S1. Tnf, Ifn-γ, Hamp, Erfe, Gypa, Gdf15 and Twsg1 mRNA transcript
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abundance was normalized to the reference gene Rpl4. Epo mRNA
expression was normalized to the reference gene Hprt. Results are
expressed as -ΔCt ± standard error of the mean (i.e., the cycle
threshold differences between reference and target genes within
each group of mice).

Serum hepcidin enzyme-linked immunosorbent assays
Serum hepcidin and serum IL-6 levels were quantified using the

Intrinsic LifeSciences (La Jolla, CA, USA) Hepcidin-Murine
Compete competitive ELISA and the R&D Systems Mouse IL-6
Quantikine ELISA Kit, respectively, according to the manufactur-
er's instructions. 

Statistical analysis
The statistical significance of differences between groups was

evaluated by one-way ANOVA followed by Dunnett’s multiple
comparisons test using GraphPad Prism version 6.00 (GraphPad
Software, La Jolla, CA, USA). The Student's t-test was used to
compare WT and Erfe–/– mice. A P value <0.05 in a two-tailed test
was considered as statistically significant.

Results

Plasmodium berghei K173 infection causes 
inflammation and leads to severe anemia

We first assessed parasitemia and the hematological
parameters 1 to 18 days after infection of mice with PbK.
The parasites became detectable in the bloodstream 3
days after injection and multiplied exponentially to nearly
70% of parasitized RBCs 18 days after infection (Figure
1A). White blood cells count increased concomitantly
with the parasitemia from day 7 to day 18 (Figure 1B). We

next examined the expression of inflammatory cytokines
during PbK infection. Tnf mRNA expression was induced
8-fold at day 1 and more than 30-fold at day 18 in the liver
of PbK-infected mice compared to control mice (Figure
1C). Similarly, interferon-γ (Ifn-γ) expression was slightly
increased at day 2 and maximally increased by 30- to 60-
fold between day 5 and day 18 after infection with PbK
compared to controls (Figure 1D). On the contrary, RBC,
hemoglobin concentration, and hematocrit dramatically
decreased between day 7 and day 18 after infection (Figure
2A-C), whereas mean corpuscular volume (MCV)
increased between days 13 and 18 (Figure 2D).
Collectively, these results indicate that infection with PbK
leads to a severe malarial anemia with subsequent death
after 18 days.

Hepcidin expression in Plasmodium berghei
K173-infected mice is first induced by 
parasite-induced inflammation and, in a second phase,
suppressed while anemia worsens

Increased production of the liver-produced hormone
hepcidin has proven beneficial to prevent superinfec-
tions.25 However, hepcidin expression is stimulated by
inflammation during infections, but also repressed by
increased erythropoietic activity during anemia. We there-
fore measured circulating levels of hepcidin and liver hep-
cidin mRNA expression in PbK-infected mice. Consistent
with the inflammatory status, serum hepcidin concentra-
tion and liver hepcidin mRNA expression were increased
by approximately 2-fold 3 to 5 days after infection with
PbK compared to control mice (Figure 3A,B). Since hep-
cidin expression is regulated by iron and inflammation, we
next assessed the iron parameters and the production of
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Figure 1. Plasmodium berghei K173
infection is accompanied by a strong
inflammatory response. Parasitemia
(A) and WBC count (B) progressively
increased from day 7 to day 18.
Hepatic Tnf mRNA expression (C)
increased from day 1 to day 18 in the
liver of mice infected with PbK.
Similarly, Interferon-γ (Ifn-γ) expres-
sion (D) significantly increased by day
2 and reached a plateau at day 5 after
infection with PbK. Data shown are
mean ± sem and were compared for
each time point to values for control
mice at t=0 (n=5 to 10 mice per group
except at day 18 where only 3 mice
had survived) by one-way ANOVA.
***P<0.001, **P<0.01, *P<0.05.
WBC: white blood cell; PbK:
Plasmodium berghei K173.
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IL-6 and activin B, two activators of hepcidin expression
during inflammation. Serum iron concentration was only
marginally increased 3 to 5 days after infection while liver
Bmp6 mRNA expression decreased 4 to 5 days after infec-
tion (Figure 4A,B), suggesting that changes in circulating
iron and liver iron content do not contribute to hepcidin
upregulation during malarial infection. Changes in serum
iron concentration are concomitant with the increase in
parasitemia 3 days after infection. Erythrocytic forms of
Plasmodium degrade approximately 60% to 80% of the
total RBC hemoglobin content, which generates free
heme and reactive oxygen species.34 We therefore surmise
that the slight increase in serum iron observed at days 3 to
5 may be attributable to the release of free iron after
hemoglobin degradation, or to positive interference of
contaminating heme with the colorimetric procedure dur-
ing the measurement.35 Compared to mice injected with
lipopolysaccharide (LPS), serum IL-6 concentration and
liver activin B (Inhbb) mRNA expression (Figure 4C,D)
were only modestly increased after infection with PbK,
and hepatocytes STAT3 phosphorylation was not
detectable (Online Supplementary Figure S1). These results
suggest that these molecules are not major contributors to
the stimulation of hepcidin production during malaria.
While anemia progressed, serum hepcidin concentration
decreased below baseline levels 13 to 18 days after infec-
tion (Figure 3A). Hepcidin mRNA expression was also
repressed by approximately 8- to 32-fold between 13 and
18 days after infection with PbK compared to control mice
(Figure 3B). 

Hepcidin suppression coincides with increased 
erythropoietic activity and erythroferrone production

In parallel, Epo mRNA expression in the kidney was
upregulated between days 7 and 18 in mice infected with

PbK compared to control mice (Figure 5A). Similarly,
spleen index (spleen weight relative to body weight)
increased from day 4 to day 18 after infection with PbK
(Figure 5B) and glycophorin A (Gypa) mRNA expression, a
marker of erythropoiesis, was elevated by approximately
5- to 64-fold in the spleen between days 7 and 18 (Figure
5C). Collectively, these results show a progressive increase
in erythropoietic activity that is proportional to the degree
of anemia in PbK-infected mice and accompanied by
extramedullary erythropoiesis. Interestingly, Gypa mRNA
expression was reduced 2 to 5 days after infection in the
bone marrow and 3 days after infection in the spleen, pre-
sumably because of an inhibition of erythropoiesis by
inflammatory cytokines36 during Plasmodium berghei infec-
tion. To decipher the mechanism involved in hepcidin
suppression, we studied the expression of the known neg-
ative regulators of hepcidin: Erfe,30 Gdf15,37 and Twsg1.38

We found that Erfe mRNA expression mirrored circulating
levels of EPO, and was induced in the bone marrow
(~128-fold) and in the spleen (~2000-fold) of PbK-infected
mice compared to control mice at day 18 (Figure 5D). The
increase in Erfe mRNA expression in the spleen is mostly
attributable to the expansion of the splenic erythroid com-
partment, as shown by Gypa mRNA expression (Figure
5C). On the contrary, Gdf15 and Twsg1 mRNA expression
did not correlate with hepcidin suppression during malar-
ial infection. Indeed, Gdf15 mRNA expression was only
slightly increased between day 1 and day 9 in the bone
marrow and the spleen of infected mice, and returned to
normal before hepcidin suppression (Online Supplementary
Figure S2). Similarly, Twsg1 mRNA expression showed
only minor fluctuations in the spleen, and was significant-
ly decreased in the bone marrow 11 and 13 days after
infection compared to control mice (Online Supplementary
Figure S2).
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Figure 2. Mice infected with
Plasmodium berghei K173 develop a
severe anemia. RBC count (A), hemo-
globin concentration (B) and hemat-
ocrit (C) decreased dramatically from
day 7 to day 18. Conversely, MCV was
increased 13 to 18 days after infection
with PbK. Data shown are mean ± sem
and were compared for each time point
to values for control mice at t=0 (n=5
to 10 mice per group except at day 18
where only 3 mice had survived) by
one-way ANOVA. ***P<0.001,
**P<0.01, *P<0.05. RBC: red blood
cell; PbK: Plasmodium berghei K173;
MCV: mean corpuscular volume.
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Erythroferrone contributes to hepcidin suppression dur-
ing malarial anemia, and its absence in Erfe–/– mice has
a significant impact on parasitemia

To determine whether ERFE contributes to hepcidin
suppression during malarial infection, we compared WT
and Erfe–/– mice after infection with PbK. Six mice per
genotype were infected with PbK, and blood was repeti-
tively sampled on days 0, 7, 10 and 13 before the mice
were analyzed on day 16. The repetitive blood collection
did not influence serum hepcidin concentration (Figure
6A). We found that serum hepcidin concentration was
similarly elevated in WT and Erfe-deficient mice 7 and 10
days after infection compared to baseline at day 0 (Figure
6B). However, whereas serum hepcidin concentration was
reduced below baseline in WT mice 13 and 16 days after
infection, hepcidin suppression was totally blunted in 
Erfe-deficient mice. In the same line, hepatic hepcidin
mRNA expression was 6-fold higher in Erfe–/– mice com-
pared to WT mice 16 days after infection with PbK (Figure
6C). As a consequence of higher circulating levels of hep-
cidin, Erfe–/– mice had higher spleen iron content compared
to WT mice 16 days after infection (Figure 6D), which is
consistent with hepcidin-induced degradation of the iron
exporter ferroportin at the cell surface of macrophages.
These results clearly demonstrate that ERFE contributes to
hepcidin suppression and the mobilization of iron from
the stores during malarial infection. Interestingly, determi-
nation of parasitemia revealed lower parasite count in Erfe-
deficient mice compared to WT mice 13 days after infec-
tion (Figure 7A), suggesting that iron retention in the retic-
uloendothelial system temporarily impeded the multipli-
cation of the parasite. Despite higher hemoglobin concen-
tration and RBC in Erfe–/– compared to WT mice at day 10,
the drop in hemoglobin (Figure 7B) and RBC (Online
Supplementary Figure S3) was more prominent in Erfe–/–

mice than in WT mice between day 10 and day 13 after
infection with PbK (Figure 7B). Indeed, Erfe–/– mice had sig-
nificantly lower hemoglobin at day 13 compared to WT
mice. Similarly, MCV and mean corpuscular hemoglobin
(MCH) were also lower in Erfe-deficient mice compared to

WT mice at day 13 (Figure 7C,D), indicating a mild iron
restriction in Erfe–/– mice. This shows that, by preventing
the complete suppression of hepcidin, the absence of ERFE
leads to transient iron restriction during Plasmodium berghei
infection and has a significant impact on parasitemia.

Discussion 

Malaria is currently one of the most geographically
widespread and deadly diseases resulting in around half a
million deaths every year.1 Iron, and its regulatory hor-
mone hepcidin, play a crucial role in determining the mul-
tiplicity of malaria infections within the host. In accor-
dance with previous studies on other murine models of
malaria infection,25,26 we observed that the injection of
PbK-infected RBCs into C57BL/6 mice led to a rapid
upregulation of hepcidin production. The circulating levels
of hepcidin more than doubled 3 to 5 days after infection,
but the mechanisms involved in this upregulation remain
unclear. Although IL-6 has been shown to be correlated
with hepcidin in some studies,27-29 in another study serum
IL-6 and urinary hepcidin were not significantly associat-
ed.23 Furthermore, in one ex vivo study, human peripheral
blood mononuclear cells co-incubated with Plasmodium-
infected RBCs exhibited a significant upregulation of hep-
cidin mRNA without a concomitant IL-6 mRNA
increase.39 Finally, a study investigating the mechanisms
by which blood-stage malaria infection can prevent the
establishment of a liver-stage infection, which is thought
to be modulated by hepcidin, found that liver-stage inhi-
bition was preserved in mice treated with anti-IL-6 anti-
bodies.25 Thus, the role of IL-6 in hepcidin induction in
malaria remains controversial. Notably, in comparison to
mice injected with LPS,40 we did not observe any physio-
logically relevant increase in serum IL-6 concentration 4 to
5 days after infection with PbK, and phosphorylated
STAT3 was not detected in hepatocytes (Figure 4 and
Online Supplementary Figure S1). Activin B is a ligand of the
TGF-β superfamily that is upregulated by inflammatory
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Figure 3. Biphasic regulation of hepcidin production during Plasmodium berghei K173 infection. Consistent with the inflammatory stimulation, serum hepcidin con-
centration (A) and hepcidin (Hamp) mRNA expression in the liver (B) were increased between day 3 and day 5 but progressively returned to normal between day 5
and 11 and were significantly reduced between day 13 and day 18. Data shown are mean ± sem and were compared for each time point to values for control mice
at t=0 (n=5 to 10 mice per group except at day 18 where only 3 mice had survived) by one-way ANOVA. ***P<0.001, **P<0.01, *P<0.05. PbK: Plasmodium berghei
K173.
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stimuli such as LPS, and was shown to increase hepcidin
expression through SMAD1/5/8 signaling in hepatoma
cell lines.40 Similarly to IL-6, we detected only a mild
induction of activin B mRNA expression compared to
mice challenged with LPS (Figure 4). It is therefore unlikely
that IL-6 and activin B stimulate hepcidin expression dur-
ing Plasmodium berghei infection. Dissecting the pathways
leading to early hepcidin upregulation in response to par-
asite exposure represents a major goal for future studies. 

Although the mechanism stimulating hepcidin in malar-
ia is unclear, increased hepcidin production appears to
have several advantages for the host. First, as seen in this
study, sustained hepcidin production leads to iron relocal-
ization in macrophages, which is reflected by the
increased splenic iron content in Erfe-deficient mice com-
pared to WT mice. Although hepcidin upregulation also
blocks iron absorption from the diet, which together with
iron retention in macrophages probably contributes to the
malarial anemia, it routes iron away from pathogens that
could potentially exploit circulating iron, limiting
Plasmodium growth and proliferation. Interestingly, the
increased hepcidin caused by blood-stage infections was
shown to significantly reduce the development of liver-
stage Plasmodium infection by limiting the access of prolif-
erating parasites to iron in hepatocytes.25 Clearance of an
ongoing blood-stage infection with chloroquine returned
hepcidin mRNA to normal levels and allowed the develop-
ment of a secondary liver infection. Thus, the redistribu-
tion of iron caused by hepcidin is a key factor that can
determine the outcome of liver Plasmodium infection, and
may protect children living in endemic areas of malaria
from superinfections.41

Iron sequestered in macrophages is not available for an
efficient bone marrow response to increased ery-
throphagocytosis of both parasitized and non-parasitized
RBCs.42 As a consequence, starting at day 7, mice infected
with PbK present with a progressive decrease in the num-
ber of RBCs, hemoglobin, and hematocrit. A few days
later, massive erythrocyte lysis due to elevated para-
sitemia and the negative effects of inflammatory
cytokines, including TNF-a and IFN-γ, on reticulocyte pro-
duction, leads to severe anemia in this experimental
model. Stimulation of erythropoietic activity translates
into a dramatic increase of EPO expression and
extramedullary erythropoiesis. These manifestations are
reminiscent of severe anemia observed in some children
living in endemic areas of malaria,27,29 and is accompanied
by a strong repression of hepcidin expression, both at the
mRNA and the protein level. There is, therefore, a turning
point post-infection where the signaling pathway that
suppresses hepcidin overrides the activation pathway
associated with blood-stage parasitemia. 

Consistent with previous studies,27,29 we observed that
the suppression of hepcidin starting at day 7 was negative-
ly correlated with the increase in EPO. More interestingly,
we show herein that this suppression is also negatively
correlated with the expression of the recently described
erythroid factor ERFE in the bone marrow and in the
spleen. Given that ERFE suppresses hepcidin during
increased erythropoietic activity, we used Erfe-deficient
mice to demonstrate that ERFE was indeed involved in the
suppression of hepcidin in mice infected with PbK. We
showed that, in contrast to WT mice, Erfe-deficient mice
failed to repress their hepcidin below the level of non-
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Figure 4. Serum iron and IL-6
concentration and liver Bmp6
and Inhbb mRNA expression
during Plasmodium berghei
K173 infection. Serum iron con-
centration (A) was slightly
increased at days 4, 13 and 16
whereas Bmp6 mRNA expres-
sion (B) was decreased 5 days
after infection with PbK. Serum
IL-6 concentration (C) and liver
activin B (Inhbb) mRNA expres-
sion (D) were marginally
increased 4-5 days after infec-
tion with PbK compared to mice
challenged with LPS.40 Data
shown are mean ± sem and
were compared for each time
point to values for control mice
at t=0 (n=5 to 10 mice per
group except at day 18 where
only 3 mice had survived) by
one-way ANOVA. ***P<0.001,
**P<0.01, *P<0.05. PbK:
Plasmodium berghei K173;
LPS: lipopolysaccharide; lL-6:
interleukin 6.
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Figure 5. ErfemRNA expression is
highly increased during infection
with Plasmodium berghei K173.
Epo mRNA expression was highly
induced in the kidney of infected
mice (A). Increased EPO produc-
tion was accompanied by a mas-
sive increase in spleen index (B),
Gypa (C) and Erfe mRNA expres-
sion (D) in the bone marrow and
the spleen. Gypa mRNA expres-
sion (C) decreased between day 0
and day 3 in the bone marrow and
the spleen and increased in the
spleen between day 15 and 18.
Data shown are mean ± sem and
were compared for each time
point to values for control mice at
t=0 (n=5 to 10 mice per group
except at day 18 where only 3
mice had survived) by one-way
ANOVA. (A, B) ***P<0.001,
**P<0.01 and (C, D)
***P<0.001, *P<.05 for the mar-
row and ###P<0.001, ##P<0.01,
#P<0.05 for the spleen. Spleen
index = spleen weight in mg/body
weight in g. PbK: Plasmodium
berghei K173; A.U: arbitrary units.

Figure 6. Ablation of Erfe leads to
impaired regulation of hepcidin
and iron retention in the stores
during infection with Plasmodium
berghei K173. Repetitive blood
collection did not influence serum
hepcidin concentration in saline
controls (A). Serum hepcidin levels
(B) were significantly decreased
below baseline at days 13 and 16
after infection in WT mice (solid
line, dotted symbols) but not in
Erfe-deficient mice (dashed line,
triangle symbols). At day 16 after
infection with PbK, Hamp mRNA
expression (C) was suppressed in
WT but not in Erfe–/– mice. As a
result,  Erfe–/– mice had higher
spleen iron content than WT mice
(D). (A, B) The same mice were
monitored between day 0 and 16
(n=6 mice per genotype for PbK-
treated mice and 4 mice per geno-
type for saline controls). Data
shown are mean ± sem and were
compared for each mice at each
time point to values at t=0
(***P<0.001, **P<0.01) and
between WT and Erfe–/– mice
(###P<0.001, ##P<0.01,
#P<0.05) by two-tailed Student's t-
test (n=6 mice per group). (C-D)
Data shown are mean ± sem and
were compared for each genotype
between mice injected with saline
and PbK (***P<0.001,
**P<0.01) and between WT and
Erfe–/– mice (##P<0.01, #P<0.05)
at day 16 by two-tailed Student's t-
test. WT: wild-type; PbK:
Plasmodium berghei K173.  
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infected mice. As a consequence, they retain more iron in
the cells of the reticuloendothelial system than WT mice,
which translates into higher splenic iron content and
lower RBC indices. Most interestingly, parasitemia is sig-
nificantly lower at day 13 post-infection in Erfe-deficient
mice compared with WT mice. These data indicate the
potential benefit of maintaining even a moderate hepcidin
production during the course of severe malaria.

We also observed a decrease in hepcidin production in
Erfe-deficient mice between days 7 and 10 after infection,
which may be attributable to the resolution of the inflam-
matory pathway stimulating hepcidin, or to potential
additional regulators. Similar results were observed in
mice treated with heat-killed Brucella abortus particles.43

However, hepcidin levels only returned toward baseline
and we did not observe any suppression of hepcidin in
Erfe–/– mice, indicating that ERFE represses hepcidin during
malarial anemia. Further investigation will be necessary to
identify the mechanism leading to hepcidin upregulation
during malarial infection. 

Surprisingly, Erfe–/– mice had higher RBC and hemoglo-
bin levels compared to WT mice 7 to 10 days after infec-
tion, despite comparable parasitemia and hepcidin levels.
We speculate that ERFE deficiency is somewhat protective
against the ability of the parasite to invade or to replicate
in RBCs during the early stage of infection. 

Given the hepcidin suppressive effect of ERFE,30,43,44 and
the clear advantage of Erfe-deficient mice during malaria
infection, ERFE inhibitors would be expected to maintain
hepcidin levels high enough to impede Plasmodium growth
and proliferation and promise to be useful adjuvants in the
treatment of malaria. However, the inhibition of ERFE
during malarial infection may also worsen the anemia.30,43

Thus, after clearance of the parasite from the bloodstream,
ERFE or related agonists could, in a second step, accelerate
the recovery from malarial anemia by increasing intestinal
iron absorption and mobilization of iron from the stores.

Importantly, our study focused on the blood-stage infec-
tion as the liver-stage was completely bypassed by the
direct injection of infected RBCs into mice. However, the
malaria parasite also requires iron during the exoerythro-
cytic phase of replication in the liver. Indeed, hepcidin
peptide injection or hepcidin overexpression by transgene
or viral vector can reduce parasite survival in the liver.25 It
remains to be determined whether ERFE contributes to
the asymptomatic liver-stage and the release of mero-
zoites into the bloodstream.
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Figure 7. Parasitemia, hemoglobin,
MCV and MCH in WT and Erfe–/–

mice during infection with
Plasmodium berghei K173. WT and
Erfe–/– mice exhibited similar para-
sitemia at days 7 and 10 post-infec-
tion, but Erfe–/– had lower parasite
count at day 13 (A). Hemoglobin (B)
dramatically decreased during
infection, whereas MCV (C) and
MCH (D) increased between day 10
and 16. Compared to WT mice, the
drop in hemoglobin between day 10
and 13 was more prominent in
Erfe–/– mice,  despite lower para-
sitemia. MCV and MCH were lower
in Erfe–/– mice than in WT mice at
day 13, suggesting iron restriction.
The same mice were monitored
between day 0 and 16 (n=6 mice
per genotype for PbK-treated mice
and 4 mice per genotype for saline
controls). Data shown are mean ±
sem and were compared for each
mice at each time point to values at
t=0 (***<0.001, **P<0.01,
*P<0.05) by one-way ANOVA and
between WT and Erfe–/– mice
(##P<0.01, #P<0.05) by two-tailed
Student's t-test. WT: wild-type; PbK:
Plasmodium berghei K173; MCV:
mean corpuscular volume; MCH:
mean corpuscular hemoglobin.
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