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Iron homeostasis is dependent on a complex interplay of
physiological mediators™® and is highly sensitive to in-
flammatory diseases, such as malaria (e.g. Plasmodium
falciparum malaria).” Severe malaria disease is frequently
accompanied by anaemia due to haemolysis of parasitized
erythrocytes.* In the acute situation, this contributes to the
disease burden since tissue oxygenation and energy metab-
olism are impaired. In the longer term, chronic malarial
anaemia and concomitant stress erythropoiesis may im-
pair recovery, pose an additional risk for complications in
pregnant women,” and for failure to thrive in children and
adolescents.® Knowledge of the mechanisms behind malar-
ial anaemia guides the appropriate treatment approach and

We assessed the diagnostic potential of erythroferrone as a biomarker for iron ho-
meostasis comparing iron deficiency cases with anaemia of inflammation and con-
trols. The dysregulation of the hepcidin axis was observed by Latour et al. in a mouse
model of malarial anaemia induced by prolonged Plasmodium infection leading to
increased erythroferrone concentrations. In line with that, we found significantly
higher erythroferrone levels in cases with malaria and anaemia in an African popu-
lation, compared to asymptomatic controls. Therefore, our findings extend the pre-
vious ones of the mouse model, suggesting also a dysregulation of the hepcidin axis
in humans, which should be further corroborated in prospective studies and may lay
the basis for the development of improved treatment strategies according to ERFE
concentrations in such patients.

anaemia, malaria, iron biochemistry

helps to determine the optimal timing, for example iron sup-
plementation in case of additional iron deficiency.

Erythroferrone (ERFE) is a modulator of hepcidin and a
marker of iron requirement of erythroid precursors in the
bone marrow.” In acute iron deficiency, for example from
blood loss, ERFE is secreted and primarily binds bone mor-
phogenetic proteins (BMPs), namely heterodimers of BMP2
and BMP6, blocking their constitutional signal promoting
hepcidin expression.>®

Latour et al. studied the pathophysiological changes
caused by severe malarial anaemia in a mouse model
(Plasmodium berghei K173). According to their findings, a
dysregulation of the hepcidin axis was observed. A marked
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increase in hepcidin concentration during the first acute-
phase reaction was followed by a decline of erythrocyte in-
dices and haemoglobin. Subsequently, an increase in ERFE
expression markers coincided with a reduction in hepcidin
levels.”

Therefore, in order to initially verify this in human, we
assessed ERFE within a case-control study in a malaria-
prone region in Africa.

For this study, subjects from two trials were selected in
whom complete data such as anthropometric, clinical and
in vitro parameters were available as well as correspond-
ing preserved plasma samples for further analysis of ERFE.
Inclusion was further restricted to the wet season, the peak
season of malaria transmission, which is between June and
December (cf. Figure S1). The PALUBAC trial (Burkina
Faso, ClinicalTrials.gov Identifier: NCT02669823) served for
symptomatic cases, a study in febrile patients with or with-
out chronic disease or malaria. Controls (asymptomatic)
were obtained from the NOVAC trial (Burkina Faso, Clini
calTrials.gov Identifier: NCT03176719), a field study in ran-
domly included healthy volunteers from the Nanoro Health
and Demographic Surveillance System. Participants were
further characterized as symptomatically inflamed accord-
ing to a body temperature of equal to or greater than 38.5°C
at enrolment, which categorizes the study participants into
controls without fever (n =455, all from NOVAC) and cases
with fever (n=140, all from PALUBAC). Fever was due to
acute or chronic diseases such as bacterial, viral or malaria
infection (mostly uncomplicated).

ERFE was quantified in EDTA-anticoagulated plasma
by an enzyme-linked immunosorbent assay (Intrinsic
LifeSciences, La Jolle CA, USA), which was programmed on
a DSX device (Dynex, Denkendorf, Germany). It uses a sand-
wich technique with a monoclonal antibody against ERFE
immobilized on 96-well plates and a detection antibody
bound to horse-radish peroxidase facilitating a chromogenic
reaction with tetramethylbenzidine which is proportionately
oxidized and quantified by photometric readings at 450 nm.

Haemocytometry (XN-30, Sysmex, Kobe, Japan) had
been used to assess total haemoglobin and parasite density
in whole blood. The latter was possible due to a specialized
malaria channel newly developed in the XN-30 device. This
channel allows for the counting of dyed parasitized red blood
cell with the aid of an integrated blue laser. According to
the age-related cut-offs recommended by the World Health
Organization,'® we categorized haemoglobin concentrations
into the non-anaemic or anaemic groups. Accordingly, we
considered the following situations as anaemic: children
below 59 months with a haemoglobin below 11.0g/dL, chil-
dren between 5 and 1lyears with a haemoglobin below
11.5g/dL, children between 12 and 14years below and fe-
male above 15years with a haemoglobin below 12.0g/dL,
and male above 15years with a haemoglobin below 13.0g/
dL. Since pregnancy was not registered, a specific cut-off
could not be considered. For parasitaemia, we used a cut-off,
which had been established for the XN-30,""'* to divide into
parasitaemia-negative (P-) or parasitaemia-positive (P+)

categories, that is, 20 parasites or more per microlitre were
deemed positive.

Statistical analysis was performed using R version 4.3.1
(The R Foundation for Statistical Computing, Vienna,
Austria). The aANova was used for comparison of means
after log transforming the data to achieve a normal distribu-
tion, and the subsequent test for departure from normality
was not significant. Otherwise, the Kruskal-Wallis test was
employed. Pearson's chi-squared test was used to compare
categorical variables. Univariate and multivariate analyses
for the assessment of possible predictors of a continuous
response (ERFE concentration) were carried out through
linear regression using Beta estimates to quantify the rela-
tionship. Interactions were assessed through linear regres-
sion. p-values less than 0.05 were considered statistically
significant.

Baseline characteristics of cases and controls are summa-
rized in Table 1. Sex distribution did not differ significantly
between groups (*(3) =6.33, p=0.11). However, a significant
difference between cases and controls in the distribution of
age (y*(3)=20, p<0.001) was found. Haemoglobin was sig-
nificantly lower and anaemia was more prevalent in cases
than in controls while plasma ERFE concentrations were sig-
nificantly higher in cases (y*(3) =49, p<0.001).

To explore this further, we tested the differences in para-
sitaemia subgroups outlined in Figure 1A and observed a sig-
nificant difference for elevated mean ERFE concentrations
(aNova, F(3, 468)=6.793, p<0.001). The same was true for
ERFE with a significant impact on different anaemia groups
outlined in Figure 1B (aNova, F(3, 468)=11.03, p<0.001).
This is also evident in the linear model described in Table S1.
In this model, parameters without a significant association
with ERFE concentrations, as assessed by previous multi-
variable regression without the interaction term, were ex-
cluded from the calculation. These were age (Beta=-0.02,
Cl,: —0.05 to 0.01, p=0.2) and sex (Beta=-0.28, CI,.: -1.3
to 0.78, p=0.6). Furthermore, an interaction term between
fever and anaemia was included. Independent from ma-
laria parasitaemia, anaemia in combination with fever had
a highly significant impact on ERFE with higher concen-
trations in cases than in controls (Beta=6.3, Cl,.: 3.3-9.2,
p<0.001; Table S1). In contrast, the multivariate analysis did
not show a significant interaction effect for ERFE concentra-
tion when fever and parasitaemia coincided (Table S2).

Haemolysis during severely symptomatic malaria dis-
ease stimulates haemato- and particularly erythropoiesis.
Therefore, the increased ERFE represents the increased pro-
liferation of red cell precursors due to erythropoietin stimuli
and their immediate demand for iron."*"* Similar obser-
vations of possible ERFE action, judging from the lowered
hepcidin concentrations, have been made before in studies
of highly inflamed children'> while other authors describe
complex kinetics of hepcidin in malarial anaemia,'® which
hint at the interference from ERFE. Furthermore, Latour
et al. describe a decreased parasite density in ERFE knock-
out mice, which could correspond to the restricted iron sup-
ply. The lack of correlation of ERFE with parasitaemia in our
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TABLE 1 Baseline characteristics of study population and statistical comparison between all four groups.
Controls Cases
Parasitaemic, Parasitaemic,
Characteristic Aparasitaemic, N=209 N=246 Aparasitaemic, N=90 N=50 p-value
Female sex™* 120 (57%) 118 (48%) 44 (49%) 21 (42%) 0.11
Age (years)b’d 7 (4,29) 10 (6, 14) 19 (3, 54) 3(2,21) <0.001
Temperature ("C)b’d 36.5 (36.2, 37.0) 36.5(36.2, 36.8) 38.0 (38.0, 39.0) 38.0 (38.0, 39.8) <0.001
EREE (pg/L)b’d .2(0.3,5.9) 2.1(0.0,5.9) 5(2,11) 8(3,13) <0.001
Hepcidin (pg/L)> 7 (3, 14) 10 (4, 19) A (NA, NA) NA (NA, NA) <0.001
Ferritin (ug/L)>¢ 33 (15, 66) 43 (27, 81) 124 (18, 726) 263 (91, 999) <0.001
Haemoglobin (g/dL)b‘Gl 11 (11, 12) 11 (10, 12) 10 (7, 12) 7 (5, 10) <0.001
Anaemia®* 110 (53%) 151 (61%) 68 (76%) 45 (90%) <0.001
MCV (f1)> 81 (76, 86) 80 (76, 85) 81 (73, 86) 82 (76, 90) 0.4
MCH (pg)®¢ 26 (25, 28) 26 (24, 28) 26 (23,28) 26 (24, 30) 0.3
MCHC (g/dL)b’Cl 33 (32, 34) 32 (31, 34) 32 (31, 33) 32 (30, 34) 0.004
Reticulocytes (104/;1L)b‘d 6.1 (5.0, 8.4) 7.3 (5.6, 9.0) 4.6 (2.7,6.8) 7.4 (4.8,11.8) <0.001

*1(%).
"Median (IQR).

“Pearson'’s chi-squared test.

dKruskal—Wallis; ERFE, erythroferrone; MCV, mean corpuscular volume; MCH, mean corpuscular haemoglobin; MCHC, mean corpuscular haemoglobin concentration;

NA, not applicable.
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Logarithmic erythroferrone levels, ANOva was applied as a global test to guard against false-positive observations in pair-wise

comparisons. (A) Data divided into controls (afebrile) without (P—, n=209) or with (P+, n=246) malaria parasitaemia, and cases (febrile) without

(P—, n=90) or with (P+, n=>50) malaria parasitaemia (ANOVA, F(3.468)=6.793, p <0.001); (B) data divided into controls without (A-, n=194) or with
(A+, n=261) anaemia, and cases without (A—, n=27) or with (A+, n=113) anaemia (ANOVA, F(3.468)=11.03, p <0.0001). Post hoc pair-wise comparisons
were performed with Wilcoxon-Mann-Whitney U-tests (p>0.05=non-significant (not indicated), p <0.001 =***, p <0.0001 =****).

cohort might be attributable to pro- and anti-inflammatory
stimuli beyond parasitaemia. While parasitaemia in the pe-
ripheral blood is not the only marker of disease activity in
malaria, inflammation due to disease other than malaria
might add to the ERFE secretion through a so far unknown
mechanism.

According to our data, the ERFE level is increased in
human malarial anaemia similarly to the previously de-
scribed mouse model by Latour et al. While ERFE is one of
the inhibitors of hepcidin expression and influences iron
absorption, this is a promising finding, since it could possi-
bly help to find suitable timing for therapeutic interventions

like iron supplementation. The importance of careful and
selective iron therapy has been established in a rodent
model."”” While iron supplementation can ameliorate iron
deficiency anaemia and anaemia of inflammation, its suc-
cess is dependent on the severity of inflammation.'” Iron is
being withheld from circulation and tissues by enterocytes
and macrophages as long as hepcidin is ineffectively sup-
pressed. This is pathophysiologically’® and clinically** rel-
evant. Concerning concomitant iron deficiency in malaria
patients, ERFE and hepcidin are prospective biomarkers in
the diagnostic work-up. However, hepcidin levels were not
available in all the case subjects of this study to investigate its
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relationship between ERFE in malaria and anaemia further.
ERFE concentration in plasma may be a potential biomarker
to optimize the timepoint for iron supplementation, that
is, to start earlier than in current daily practice, where this
therapy is recommended only after cured inflammation."
Additionally, such an improved regime could contribute
to lowering side-effects such as increased oxidative stress,
gastrointestinal distress due to ineffective absorption or ex-
acerbation of underlying condition. As Latour et al. hypoth-
esized, a treatment strategy with controlled iron restriction
for symptomatic malaria illness may be beneficial to better
overcome the disease. We here corroborated previous find-
ings of the above-mentioned mouse model, that ERFE lev-
els are increased also in humans infected with malaria and
suffering from anaemia. Our data should be confirmed in
prospective studies before ERFE could serve as a potential
decision biomarker to improve therapeutic interventions
such as optimal timing of iron supplementations.
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the Supporting Information section at the end of this article.

BRITISH JOURNAL OF HAEMATOLOGY

How to cite this article: Neyer PJ, Kaboré B, Nakas
CT, Diallo S, Tinto H, Post A, et al. Increased
erythroferrone levels in malarial anaemia. Br |
Haematol. 2024;00:1-5. https://doi.org/10.1111/

bjh.19309

5U80| 7 SUOWIWOD 3AEaID 3|qedljdde au Aq pausencb aJe sajolie O ‘8sn JO Sa|nJ 10} AreiqiT8ulUQ A8 UO (SUOIPUOD-PUe-SUBYW0D A3 1M Ale.q)1BUI|UO//SANY) SUOIIPUOD PUe swie 1 81 88S *[202/T0/62] Uo Ariqiauliuo A8|im ‘ulg TyseAIN Aq 60E6T UMA/TTTT OT/I0PAU00" AB| M Akeiq Ul juo//Sdny W1} papeojumoq ‘0 ‘THTZS9ET


https://doi.org/10.1111/bjh.19309
https://doi.org/10.1111/bjh.19309

	Increased erythroferrone levels in malarial anaemia
	Summary
	AUTHOR CONTRIBUTIONS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ETHICS APPROVAL AND CONSENT TO PARTICIPATE
	PATIENT CONSENT STATEMENT
	CLINI​CALTR​IALS.​GOV IDENTIFIERS
	REFERENCES


