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1,2*, Annelies PostID

1, Mike L. T. Berendsen1,3, Salou Diallo2,

Palpouguini Lompo2, Karim DerraID
2, Eli Rouamba2, Jan Jacobs4,5, Halidou Tinto2,6,

Quirijn de Mast1, Andre J. van der Ven1*

1 Department of Internal Medicine, Radboud Center for Infectious Diseases, Radboud University Medical

Center, Nijmegen, The Netherlands, 2 IRSS/Clinical Research Unit of Nanoro (CRUN), Nanoro, Burkina

Faso, 3 Open Patient Data Explorative Network, Department of Clinical Research, University of Southern

Denmark, Odense, Denmark, 4 Department of Clinical Sciences, Institute of Tropical Medicine (ITM),

Antwerp, Belgium, 5 Department of Microbiology and Immunology, University of Leuven (KU Leuven),

Leuven, Belgium, 6 Centre Muraz, Bobo-Dioulasso, Burkina Faso

* kaboreberenger@gmail.com (BK); andre.vanderven@radboudumc.nl (AJV)

Abstract

Asymptomatic malaria infections may affect red blood cell (RBC) homeostasis. Reports indi-

cate a role for chronic hemolysis and splenomegaly, however, the underlying processes are

incompletely understood. New hematology analysers provide parameters for a more com-

prehensive analysis of RBC hemostasis. Complete blood counts were analysed in subjects

from all age groups (n = 1118) living in a malaria hyperendemic area and cytokines and iron

biomarkers were also measured. Subjects were divided into age groups (<2 years, 2–4,

5–14 and�15 years old) and clinical categories (smear-negative healthy subjects, asymp-

tomatic malaria and clinical malaria). We found that hemoglobin levels were similar in

smear-negative healthy children and asymptomatic malaria children but significantly lower

in clinical malaria with a maximum difference of 2.2 g/dl in children <2 years decreasing to

0.1 g/dl in those aged�15 years. Delta-He, presenting different hemoglobinization of reticu-

locytes and RBC, levels were lower in asymptomatic and clinial malaria, indicating a recent

effect of malaria on erythropoiesis. Reticulocyte counts and reticulocyte production index

(RPI), indicating the erythropoietic capacity of the bone marrow, were higher in young chil-

dren with malaria compared to smear-negative subjects. A negative correlation between

reticulocyte counts and Hb levels was found in asymptomatic malaria (ρ = -0.32, p<0.001)

unlike in clinical malaria (ρ = -0.008, p = 0.92). Free-Hb levels, indicating hemolysis, were

only higher in clinical malaria. Phagocytozing monocytes, indicating erythophagocytosis,

were highest in clinical malaria, followed by asymptomatic malaria and smear-negative sub-

jects. Circulating cytokines and iron biomarkers (hepcidin, ferritin) showed similar patterns.

Pro/anti-inflammatory (IL-6/IL-10) ratio was higher in clinical than asymptomatic malaria.

Cytokine production capacity of ex-vivo whole blood stimulation with LPS was lower in chil-

dren with asymptomatic malaria compared to smear-negative healthy children. Bone mar-

row response can compensate the increased red blood cell loss in asymptomatic malaria,

unlike in clinical malaria, possibly because of limited level and length of inflammation.
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Trial registration: Prospective diagnostic study: ClinicalTrials.gov identifier:

NCT02669823.

Explorative cross-sectional field study: ClinicalTrials.gov identifier: NCT03176719.

Introduction

Malaria is a major cause of anaemia in sub-Saharan Africa with a multifactorial aetiology,

including hemolysis, dyserythropoiesis and inflammation induced functional iron deficiency

[1]. The aetiology of severe anaemia in clinical malaria is often described [2, 3] where destruc-

tion of erythrocytes is compounded by suppressed erythropoiesis [4–6], possibly due to cyto-

kine imbalance [3, 7].

In asymptomatic malaria, however, where Plasmodium falciparum (Pf) infection does not

result in signs of illness and hemoglobin (Hb) levels are less severely affected [8–11]. Hemoly-

sis and splenomegaly, driven by the magnitude of the infecting biomass and chronicity of

infection, are recognised as important factors for the development of anaemia in asymptom-

atic malaria [12]. Furthermore, defining malaria-attributable anaemia is difficult, as many

prevalent comorbidities may also lead to dyserythropoiesis and inflammation induced func-

tional iron deficiency. The capacity of the bone marrow to respond to decreasing Hb levels can

however be assessed by analysing reticulocyte counts. So far, only one study reported reticulo-

cyte numbers in asymptomatic malaria patients however [10]. In this study, semi-immune

children between 5–15 years old with asymptomatic malaria, had lower Hb levels, increased

reticulocyte numbers and erythropoietin levels as well as TNF-α levels, compared to healthy

non-malaria carriers, indicating dyserythropoiesis. Although Pf is known to induce a strong

pro-inflammatory response and thereby the development of anaemia, malaria can also induce

tolerance to subsequent infections or immune challenges which may limit the development of

anaemia in asymptomatic malaria [13, 14].

New generation hematology analysers provide new parameters, such as the reticulocyte

production index (RPI), immature reticulocyte fraction (IRF), Delta-He and monocyte pheno-

types [15], that enable a more comprehensive understanding of hematological changes and

better insight into the bone marrow response to anaemia [16]. Reference values are available

from the Western population [17] but are lacking from Africa.

The primary aim of present study was to get a more comprehensive understanding of the

hematological changes in subjects with asymptomatic malaria in the various age groups. We

hypothesized that in asymptomatic malaria, a pro-inflammatory status together with low

grade hemolysis will induce anaemia while immune tolerance may have a protective effect on

the erythropoiesis. For this study, we used a new generation hematology analyser that provide

parameters to monitor erythropoiesis and the results were combined with markers that influ-

ence erytropoieis such as iron biomarkers, circulating cytokines and ex-vivo cytokine produc-

tion capacity of stimulated whole blood. The study was carried out in Burkina Faso, where

prevalences of asymptomatic malaria of up to 75% having been described [18].

Materials and methods

Study site and design

Studies were conducted from March 2016 till September 2017 at the Clinical Research Unit

Nanoro (CRUN) in a hyperendemic area for Pf malaria [19]. Subjects were recruited during

two studies, allowing the inclusion of control groups, such as asymptomatic subjects that are
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malaria smear negative and patients with clinical malaria. In the present analysis, we included

patients with clinical malaria from a prospective diagnostic accuracy study enrolling patients

of 3 months and older with acute febrile illness, as described elsewhere [20]. The second study

was a cross-sectional field study among 1000 randomly selected healthy volunteers aged over

1-year-old from 24 villages of the Nanoro health and demographic surveillance system

(HDSS) [21], allowing inclusion of asymptomatic subjects that are malaria smear negative or

positive. See also S1 File.

Participants of the two studies were stratified into four age groups: three groups of children

(>3 months to<2 years, 2–4 years and 5–14 years) and one group of adults (�15 years). Fur-

thermore, participants were divided according to case definitions into smear-negative healthy

subjects, asymptomatic malaria and clinical malaria. Finally, asymptomatic malaria and

smear-negative subjects were combined in a group of asymptomatic subjects and compared

with the clinical malaria patients.

Laboratory analyses

Hematology analyses were performed using the Sysmex XN-1000 haematology analyser (Sys-

mex Corporation, Kobe, Japan), which generated standard full blood counts including reticu-

locyte counts as well as research parameters (S1 Table) [15]. Furthermore, free haemoglobin

(Free-Hb) levels were defined as differences between standard Hb measurements (all RBCs are

lysed) and optical Hb level (HGB-O) which measures Hb within intact RBCs. Free-Hb levels

above the upper reference limit (i.e. typically�0.25 g/L in serum or�0.13 g/L in plasma) indi-

cate hemolysis, although free-Hb estimates from the Sysmex analyser and values given by

Lippi et al [22] may not be directly comparable. The number of phagocyting monocytes

(Phago-MONO), as analysed in the hematology analyser, were used to indicate

erythrophagocytosis.

Thick and thin blood films for malaria diagnosis were examined according to World Health

Organization procedures [23].

Iron biomarkers Ferritin (FERR), hepcidin (HEP) and soluble transferrin receptor (sTfR)

were measured in EDTA plasma samples by quantitative sandwich enzyme immunoassay

technique. Four circulating cytokines (IL-6, TNF-α, IFN-U and IL-10) were quantified by

MAGPIX technology (Luminex Corporation, Austin, Texas, USA) in EDTA plasma, according

to manufacturer’s instructions. Ex-vivo cytokine production of cytokines (IL-1β, IL-6, IL-10,

TNF-α and IFN-U) was measured from the supernatant of heparinised whole blood after stim-

ulation with lipopolysaccharide (LPS) by standard “sandwich-type” ELISA procedure (Ther-

moScientificTM PierceTM). Samples from the under-five year’s group (<5 years) were used

because of the highest burden of malarial anaemia in this group.

Data management and statistical aspects

Data are reported as median and interquartile range (IQR) unless stated otherwise. Medians

were compared using Mann-Whitney U test, and proportional differences were assessed by

Pearson chi-squared or Fisher exact test where appropriate. Spearman correlation was used to

assess the relationship between continuous variables of interest. STATA 14 (Stata Corp., TX,

USA) was used for the statistical analysis. The p values were adjusted for multiple comparison

using Benjamin Hochberg procedure. After correcting for multiple testing, the cut-off point of

0.05 was set as limit of significance. Furthermore, a factor analysis taking into account all the

biomarkers was performed using the appropriate R software package in order to assess a corre-

lation patterns/clustering trends among the markers. For each marker, a value test (v. test)
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representing the importance and the correlation direction (defined by: increase = +; decrease

= -) of the marker in the corresponding group was computed.

Ethical considerations

Study protocols were approved by the national ethics committee of Burkina Faso (ref 2016-01-

006). The protocol of the diagnostic study was furthermore approved by the institutional

review board of Institut de Recherche en Sciences de la Santé (ref A03-2016/CEIRES), the ethi-

cal committee of the university hospital of Antwerp (ref 15/47/492) and the review board of

the Institute of Tropical Medicine Antwerp (ref 1029/15). Written informed consent was

obtained from all participants or their parents/legal guardians. Assent was obtained from all

participants aged 7 to 20 years according to the local requirement.

Results

Study population and characteristics

A total of 1118 subjects were enrolled: 191 from the diagnostic accuracy study and 927 from

the cross-sectional study (Fig 1). Table 1 describes the demographic and clinical characteris-

tics. The mean (standard deviation) of age were 1.5 (0.4) years, 3.2 (0.9) years, 9.7 (3.0) years,

41.8 (19.7) years in the age category of<2years, 2–4 years, 5–14 years and�15 years respec-

tively. In the cross-sectional study, 444 out of 927 (48%) asymptomatic subjects had micro-

scopic positive malaria parasitemia. The proportion of asymptomatic malaria infections in

ascending age categories was 29.9%, 38.5%, 69.6% and 30.6% respectively. Parasite density

(PD) was significantly higher (p<0.002) in all ages in clinical malaria compared to asymptom-

atic malaria. Pf was the most prevalent species (96.2%).

Fig 1. Flow diagram study subjects. Diagram represents how the participants included in the analysis were selected from the two studies as

described in the methodology section. Only participants with documented malaria result were considered.

https://doi.org/10.1371/journal.pone.0242507.g001
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Red blood cell reference values and iron and inflammation biomarkers

First we used the data of the 483 smear-negative healthy subjects to determine reference values

(Table 2, Fig 2 and S1 Fig). RBC, as well as absolute and relative reticulocyte counts remained stable

with age. In contrast, Hb concentrations and hematocrit (Hct) values increased steadily across the

age categories from a median Hb and Hct value in the children<2 years of 9.6 g/dL (IQR: 8.8–10.7)

and 31.9% (28.5–33.6) to 12.2 g/dL (11.5–13.4) and 37.4% (34.8–39.9), respectively in those�15

years. Age related changes were also seen for other RBC markers, such as MCV, MCH, MCHC,

HYPO-HE, HYPER-HE, micro-RBC (MicroR), macro-RBC (MacroR), RET-He, RBC-He (S1 Fig).

Although the total number of reticulocytes did not change, their different maturation stages

[24] were subject to age-related trends. In addition, both the Hb content of reticulocytes

(RET-He) and of RBC (RBC-He) increased across the age categories, resulting in a stable

Delta-He (RET-He minus RBC-He) (S1 and S2 Figs). Age specific changes in leukocyte and

platelet parameters are given in S2 Table.

Table 1. Clinical and demographic characteristics.

Characteristics No malaria Asymptomatic malaria P value� Clinical malaria P value��

n = 483 n = 444 N = 191

Gender

Female n (%) 266 (55.1) 223 (50.2) 82 (42.9)

Temperature (˚C) 36.5 (36.2–37) 36.5 (36.2–36.9) NS 38.6 (38–39.7) <0.001

Parasite density (/ul)

less 2yrs NA 3405 (515–19418) NA 48773 (6167–96104)

2-4yrs NA 4418 (754–16995) NA 43183(7254–100613) <0.002

5-14yrs NA 736 (235–2612) NA 6939 (679–27683)

15yrs and older NA 195 (95–645) NA 1523 (254–8364)

Anthropometry

Less 2yrs (number; %) 96 (19.9) 41 (9.2) 77 (40.3)

Z-wa -1.2(-1.8.-0.4) -0.8 (-1.6.-0.1) 0.06 NR

Z-ha -2.2 (-3.1.-1.3) -1.9 (-2.7.-1.1) 0.4 -1.2 (-2.2.-0.3) <0.006

Z-wh -0.3 (-1.1. 0.4) -0.2 (-0.9. 1.0) 0.3 NR

MUAC 15 (14–15) 15 (14.2–15.5) 0.9 ND

2-4yrs (number; %) 139 (28.8) 87 (19.6) 66 (34.6)

Z-wa -1.2 (-1.8.-0.5) -1.3 (-1.9.-0.5) 0.5 NR

Z-ha -1.8 (-2.6.-1.2) -2.2(-3.2.-1.2) 0.7 -1.5(-2.6.-0.3) <0.006

Z-wh -0.3 (-0.9.0.5) -0.2 (-0.8. 0.6) 0.2 NR

MUAC 15 (14.9–16) 15.5 (15–16) 0.2 ND

5-14yrs (number; %) 112 (23.2) 256 (57.7) 28 (14.7)

Z-bmi 15.0 (14.1–16.2) 15.2 (14.2–16.5) 0.6 NR

MUAC 17.5 (16–19) 17.9 (16–19) 0.7 ND

15yrs and older (number; %) 136 (28.2) 60 (13.5) 20 (10.5)

bmi 19.8 (18.4–21.9) 19.0 (18.1–21.4) 0.4

MUAC 25.3 (24–27) 25 (23.3–27.9) 0.9 ND

Data are presented as median and interquartile range unless stated otherwise; Z-wa: weight for age Z-score, Z-ha: height for age Z-score Z-wh: weight for height Z-score

and Z-bmi: body mass index (kg/m^2) Z-score according to WHO classification; bmi: body mass index (kg/m^2); MUAC: mid-upper arm circumference; Yrs: years;

˚C: degree Celsius; NS: not significant; NA: not applicable; ND: not done; NR: not reported. Healthy smear-negative subjects are represented by “No malaria.”

�: Comparison between No malaria and Asymptomatic malaria groups

��: Comparison of Clinical malaria group with No malaria and Asymptomatic malaria

Comparison between groups was done by using Mann-Whitney U test

https://doi.org/10.1371/journal.pone.0242507.t001

PLOS ONE Reticulocytes and immunity in asymptomatic malaria anemia

PLOS ONE | https://doi.org/10.1371/journal.pone.0242507 November 30, 2020 5 / 19

https://doi.org/10.1371/journal.pone.0242507.t001
https://doi.org/10.1371/journal.pone.0242507


The level of plasma iron biomarkers and inflammatory cytokines changed in the various

age groups. Concentrations of sTfR declined with increasing age, with a median (IQR) concen-

tration of 53.8 nmol/L (40.9–69.9) in the children <2 years and 29.5 nmol/L (23.5–35.9) in

those�15 years. In contrast, plasma ferritin and hepcidin concentrations increased with age

from 9.7 (7.8–24.6) ng/ml to 49.6 (22.6–76.4) ng/ml and from 2.0 (0.9–6.2) pg/ml to 11.6 (5.6–

21.4) pg/ml, respectively (Fig 3). Circulating levels of the proinflammatory cytokine TNF-α
decreased across the age categories, while the other cytokines remained stable (IL-6 and IL-10)

or were mostly undetectable (IFN-U). (Fig 5A and S3 Table).

Different reticulocyte response compensating malarial anaemia in

asymptomatic and clinical malaria

Children with clinical malaria had significantly lower Hb levels than both smear-negative sub-

jects and children with asymptomatic malaria. (Fig 2). Remarkably, we found no significant

differences in Hb levels between the asymptomatic children< 15 years, except those 2–4 years,

with or without microscopic parasitemia. The difference in Hb level between asymptomatic sub-

jects and those with clinical malaria was most pronounced in the young children with a

Table 2. Red blood cells indices reference values (median, and 5th-95th percentile) per age category in the smear-negative healthy (no malaria) group.

Parameters Age category

Less 2 yrs (n = 96) 2–4 yrs (n = 139) 5–14 yrs (n = 112) 15+ yrs and older (n = 136)

Hb (g/dL) 9.6 (7.5–11.9) 10.8 (8.1–12.4) 11.6 (9.8–13.2) 12.2 (10.1–14.7)

HCT (%) 31.9 (25.4–36.3) 34 (26.7–38.6) 35.3 (30.7–39.8) 37.4 (30.2–44.1)

RBC (106/μl) 4.5 (3.5–5.4) 4.4 (3.5–5.2) 4.4 (3.5–5.5) 4.4 (3.5–5.5)

MCV (fL) 70.2 (56.2–82.3) 78.2 (65.5–87.2) 79.1 (66.9–88.7) 85.9 (73.0–95.4)

MCH (pg) 21.7 (16.7–27.0) 24.7 (20.0–27.9) 26.2 (21.6–29.7) 28.5 (24.0–32.0)

MCHC (g/dL) 30.9 (27.4–33.9) 31.7 (29.0–34.6) 32.9 (30.5–35.4) 32.7 (30.8–35.7)

RDW-SD (fL) 44.2 (31.5–57.7) 43.3 (37.1–55.6) 40.2 (34.9–49.5) 41.2 (36.5–50.1)

RDW-CV (%) 19.1 (14.5–27.4) 15.8 (12.9–22.5) 14.1 (12.4–17.1) 13.2 (12.1–15.5)

HYPO-He (%) 10.9 (0.9–64.9) 1.9 (0.3–25.1) 0.9 (0.1–8.0) 0.3 (0.1–2.3)

HYPER-He (%) 0.2 (0.0–0.5) 0.3 (0.1–0.5) 0.4 (0.2–0.6) 0.6 (0.3–0.8)

MicroR (%) 28.7 (7.1–71.9) 11.2 (3.0–46.8) 8.0 (1.4–36.7) 2.3 (0.5–16.6)

MacroR (%) 2.9 (0.8–4.4) 3.6 (2.0–4.2) 3.7 (2.4–4.3) 3.7 (3.0–4.8)

RET# (104/μl) 5.7 (2.4–14.0) 6.1 (3.2–23.5) 6.4 (3.2–20.8) 5.7 (2.8–12.2)

RET% 1.3 (0.5–3.4) 1.4 (0.7–6.2) 1.5 (0.7–4.9) 1.3 (0.7–2.7)

HFR# (104/μl) 0.2 (0.02–2.2) 0.1 (0.02–3.2) 0.09 (0.01–1.5) 0.07 (0.01–0.7)

HFR% 3.1 (0.6–19.0) 2.4 (0.4–16.6) 1.5 (0.3–9.7) 1.2 (0.4–7.4)

MFR# (104/μl) 0.7 (0.2–2.7) 0.7 (0.2–3.0) 0.6 (0.2–2.6) 0.5 (0.1–1.4)

MFR% 11.9 (6.5–17.1) 10.7 (5.2–17.9) 9.4 (3.5–17.1) 8.5 (4.4–14.0)

LFR# 104/μl 4.7 (2.2–10.0) 5.1 (2.7–18.2) 5.7 (3.1–15.5) 5.1 (2.6–10.1)

LFR% 83.8 (62.1–92.7) 86.4 (67.6–93.9) 89.0 (74.1–96.0) 90.3 (79.5–95.0)

RPI (%) 0.5 (0.2–1.3) 0.7 (0.3–2.6) 0.8 (0.4–2.4) 0.8 (0.4–1.8)

IRF# (104/μl) 0.9 (0.2–5.0) 0.8 (0.2–6.0) 0.6 (0.2–4.1) 0.6 (0.2–2.0)

IRF% 16.2 (7.3–37.9) 13.6 (6.1–32.4) 11.1 (4.0–25.9) 9.8 (5.0–20.5)

RET-He (pg) 24.6 (16.8–32.3) 28.2 (21.0–33.1) 30.2 (23.7–34.2) 31.7 (26.0–35.6)

RBC-He (pg) 21.7 (15.2–27.1) 25.4 (19.4–28.4) 27.0 (21.7–30.2) 29.2 (23.1–32.4)

Delta-He (pg) 3.1 (-0.4–7.6) 3.0 (-0.2–6.3) 3.2 (0.4–5.5) 2.9 (0.0–4.4)

Data are presented as median, and 5th-95th percentiles.

Yrs: years; #: absolute count; %: percentage count.

https://doi.org/10.1371/journal.pone.0242507.t002
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maximum difference (median) in Hb level of 2.2 g/dl in children<2 years decreasing to 0.1 g/dl

in those aged�15 years (12.1 g/dl versus 12.2 g/dl). Haematocrit levels and RBC counts followed

similar trends. In adults, there was no difference between the groups in any of these parameters.

Fig 2. Hemoglobin (Hb), hematocrit (HCT), red blood cells count (RBC), reticulocyte count (RET#) and percentage (RET%) Reticulocyte Production Index

(RPI), Immature Reticulocyte Fraction count (IRF#), nucleated RBC count (NRBC#) and Delta-He per clinical group and age category. Plots display the status of

each hematology parameter per age category. In each age category, participants are divided regarding the health status according to the case definitions whereby healthy

smear-negative subjects are represented by “No malaria”, smear-positive asymptomatic infections represented by “Asymptomatic malaria” and smear-positive patients

with fever are represented by “Clinical malaria”. Whiskers bottom and top limits are 5 th and 95 th percentiles respectively; (): continuous line is used for comparison

between clinical status within the same age category and each clinical status was compared with all the other status; (—): dotted line is used for comparison between age

category in the “No malaria” group; �: p value with statistically significant difference (p<0.05) between clinical status within the same age category; ▪: p value with

statiscally significant difference (p<0.05) between age category in the “No malaria” group; Mann-Whitney U test was used for comparison between groups; yrs: years; #:

absolute count; %: percentage count. No malaria Asymptomatic malaria Clinical malaria.

https://doi.org/10.1371/journal.pone.0242507.g002

PLOS ONE Reticulocytes and immunity in asymptomatic malaria anemia

PLOS ONE | https://doi.org/10.1371/journal.pone.0242507 November 30, 2020 7 / 19

https://doi.org/10.1371/journal.pone.0242507.g002
https://doi.org/10.1371/journal.pone.0242507


Both absolute and relative reticulocyte counts, estimators of bone marrow activity, were ele-

vated among clinical and asymptomatic malaria infections compared to smear-negative sub-

jects (Fig 2). These differences (in particular for the relative count) were only observed in

children in the age categories up to 15 years of age. Delta-He is low in acute inflammation but

not in chronic inflammation [25]. Delta-he levels are low, both in clinical and asymptomatic

malaria in children, indicating a recent effect of malaria on erythropoiesis (Fig 2). Adequacy of

the bone marrow response for the level of anaemia was analyzed using the reticulocyte produc-

tion index (RPI). RPI was elevated in children (with significant difference in the<2 years cate-

gory) with asymptomatic malaria, unlike clinical malaria patients, compared to smear-

negative healthy subjects (Fig 2). This was supported by the finding of similar reticulocyte

numbers and a similar immature reticulocyte fraction (IRF), an early marker of erythroid

regeneration, among asymptomatic malaria and clinical malaria in children despite different

Hb levels. Moreover, we observed a significant negative correlation between absolute reticulo-

cyte counts and Hb levels in asymptomatic malaria (ρ = -0.32, p<0.001) while in clinical

malaria, a nearly flat correlation line was found (ρ = -0.008, p = 0.92) (Fig 4). Furthermore, we

found that the percentage of immature reticulocytes (HFR and MFR) increase while the oppo-

site is observed for the mature reticulocytes (LFR). This effect is seen in children < 5 years old

with no differences between clinical and asymptomatic malaria (S2 Fig). Finally, the number

of nucleated RBC (NRBC) numbers, that are only seen in case of extreme erythropoietic activ-

ity, were only increased in children with clinical malaria (Fig 2).

Different circulating cytokine levels and ex-vivo cytokine production

capacity in young children with or without asymptomatic malaria

Inflammation may interfere with erythrocyte homeostasis in different ways [26]. Levels of cir-

culating pro- (IL-6, TNF-α and IFN- U) and anti-inflammatory cytokines (IL-10) were highest

in clinical malaria. Nevertheless, cytokine levels were also elevated in asymptomatic malaria

compared to smear-negative subjects (Fig 5A). In both malaria groups, IL-6 levels correlated

significantly with parasite density (ρ = 0.49 and ρ = 0.48 respectively, p<0.001) (Fig 5B). The

Fig 3. Iron biomarkers, soluble Transferrin Receptor (sTfR), ferritin and hepcidin per clinical group and age

category. Plots display the level of iron biomarker per age category. In each age category, participants are divided

regarding the health status according to the case definitions whereby healthy smear-negative subjects are represented

by “No malaria”, smear-positive asymptomatic infections represented by “Asymptomatic malaria” and smear-positive

patients with fever are represented by “Clinical malaria”. Whiskers bottom and top limits are 5 th and 95 th percentiles

respectively; (): continuous line is used for comparison between clinical status within the same age category and each

clinical status was compared with all the other status; (—): dotted line is used for comparison between age category in

the “No malaria” group; �: p value with statistically significant difference (p<0.05) between clinical status within the

same age category; ▪: p value with statistically significant difference (p<0.05) between age category in the “No malaria”

group; Mann-Whitney U test was used for comparison between groups; yrs: years. No malaria

Asymptomatic malaria Clinical malaria.

https://doi.org/10.1371/journal.pone.0242507.g003
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same trend was seen for TNF-α, IFN-γ and IL-10 (data not shown). Apart from lower levels of

circulating proinflammation markers because of lower levels of parasitemia (Table 1), immune

tolerance may also play a role in asymptomatic malaria. The IL-6/IL-10 ratio, indicating pro/

anti-inflammatory balance, was significantly lower in asymptomatic children, compared to

clinical malaria (Fig 5A). In addition, ex-vivo cytokine production after LPS stimulation was

significantly lower for all cytokines, except for IL-6 (p = 0.053), in the asymptomatic malaria

infections below the age of 5 years compared to smear-negative healthy subjects (Fig 5C).

Erythrophagocytosis is increased in asymptomatic malaria, especially in

young children

Apart from bone marrow suppression, inflammation may lead to anaemia by reducing survival

time of erythrocytes by activating macrophages and increase their phagocytozing capacity. We

found that the number of phagocytozing monocytes (Phago-MONO) and activated monocytes

(RE-MONO) was increased in both asymptomatic and clinical malaria compared to smear-

negative healthy subjects in all age categories, the values being highest for clinical malaria. The

differences were most striking in children <5 years of age (Fig 6A). We found no relation

between phagocytozing monocytes numbers and inflammation, nor Hb levels. In contrast, the

number of activated monocytes, that followed the same trend as phagocytizing monocytes

(Fig 6A) related well to Hb levels (Fig 6B).

Next to erythrophagocytosis, reduced survival time of erythrocytes can be caused by hemo-

lysis. Mean (standard deviation) free-Hb levels were 2.4 (4.2) g/L in clinical malaria which is

significantly higher than 0.8 (3.4) g/L in asymptomatic malaria infections or 0.9 (3.4) g/L in

smear-negative healthy subjects (Fig 7A). Remarkably, free-Hb levels were related to level of

parasitemia in asymptomatic malaria infections, but not in clinical malaria (Fig 7B).

Iron and inflammation is altered in asymptomatic malaria, especially in

young children

Inflammation may also influence iron homeostasis. IL-6 is an important driver of hepcidin

and ferritin levels [27]. Fig 3 shows the iron biomarkers in the different age categories and

health status. In line with the inflammation data, ferritin and hepcidin levels are high in clini-

cal malaria, followed by asymptomatic malaria and smear-negative healthy subjects in all age

categories. At the same time, ferritin and hepcidin levels increase with age in the asymptomatic

malaria and smear-negative healthy subjects, while sTfR, that was not different according to

the health status, decreases. In contrast, there seems to be no clear age-relation for hepcidin

and ferritin in patients with clinical malaria.

Fig 4. Correlation between hemoglobin (Hb) and reticulocytes absolute count (RET#) in no malaria,

asymptomatic malaria and clinical malaria cases. Correlation between the hemoglobin level and reticulocytes

absolute count in three groups classified according to the health status and based to the case definitions whereby

healthy smear-negative subjects are represented by “No malaria”, smear-positive asymptomatic infections represented

by “Asymptomatic malaria” and smear-positive patients with fever are represented by “Clinical malaria”. Spearman

test was used to assess the correlation. The line represents the nonlinear fit regression line between the variables.

https://doi.org/10.1371/journal.pone.0242507.g004
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Fig 5. A. Circulating cytokines levels (IL-6, IFN-U, IL-10 and TNF-α) per clinical group and age category and Ratio IL-6/IL-10 in malaria infected subjects according to

age groups. In each age category, participants are divided regarding the health status according to the case definitions whereby healthy smear-negative subjects are

represented by “No malaria”, smear-positive asymptomatic infections represented by “Asymptomatic malaria” and smear-positive patients with fever are represented by

“Clinical malaria”. Whiskers bottom and top limits are 5th and 95th percentiles respectively; (): continuous line is used for comparison between clinical status within the

same age category and each clinical status was compared with all the other status; (—): dotted line is used for comparison between age category in the “No malaria” group;
�: p value with statistically significant difference (p<0.05) between clinical status within the same age category; ▪: p value with statiscally significant difference (p<0.05)

between age category in the “No malaria” group; Mann-Whitney U test was used for comparison between groups; yrs: years. No malaria Asymptomatic

malaria Clinical malaria. B. Correlation between IL-6 levels and parasite density (PD) in asymptomatic malaria and clinical malaria cases as previously classified.

Spearman test was used to assess the correlation. The line represents the nonlinear fit regression line between the variables. C. Ex-vivo cytokines production (IFN-U, TNF-

α, IL-1β, IL-6 and IL-10) after whole blood stimulation with Lipopolysaccharide (LPS) in asymptomatic children less than 5 years old, that were microscopically malaria

positive or negative. Whiskers bottom and top limits are 5th and 95th percentiles respectively; (): continuous line is used for comparison between clinical status �: p value

with statistically significant difference (p<0.05) between clinical groups; Mann-Whitney U test was used for comparison between groups. No malaria

Asymptomatic malaria.

https://doi.org/10.1371/journal.pone.0242507.g005
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The biomarkers are clustered according to malaria status

A factor analysis including all the biomarkers indicate a clustering trend of the biomarkers

according to the participants health status as displayed on the S3 Fig, The extend (increase or

decrease) in which each biomarkers is expressed depending on the health status is presented in

the S4 Table.

Fig 6. A. The proportion of activated monocytes (RE-MONO%) over total number of monocytes and phagocytozing monocytes count (Phago-MONO) per clinical

status and age category. In each age category, participants are divided regarding the health status according to the case definitions whereby healthy smear-negative

subjects are represented by “No malaria”, smear-positive asymptomatic infections represented by “Asymptomatic malaria” and smear-positive patienst with fever are

represented by “Clinical malaria”. Whiskers bottom and top limits are 5 th and 95 th percentiles respectively; (): continuous line is used for comparison between clinical

status within the same age category and each clinical status was compared with all the other status; �: p value with statistically significant difference (p<0.05); yrs: years;

Mann-Whitney U test was used for comparison between groups. No malaria Asymptomatic malaria Clinical malaria. B. Correlation between

Activated Monocytes count (RE-MONO#), haemoglobin (Hb) and ciculating TNF-α levels in “Asymptomatic malaria” and “Clinical malaria” as previously classified.

Spearman test was used to assess the correlation. The lines represents the nonlinear fit regression line between the variables for each clinical status and as indicated in the

legend (Red for “Clinical malaria” and Black for “Asymptomatic malaria”).

https://doi.org/10.1371/journal.pone.0242507.g006
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Discussion

The hematological reference values for people living in a malaria hyperendemic area in Bur-

kina Faso indicate that Hb levels and erythrocyte indices increase with age. The concomitant

changing iron and inflammation parameters suggest an age-related improvement of iron

incorporation. Hb levels did not differ between asymptomatic malaria and smear-negative

healthy subjects, while the presence of higher reticulocyte response in asymptomatic malaria

indicate that RBC losses are adequately compensated by bone marrow response. Our data fur-

ther suggest that the effect of malaria on the bone marrow is mostly acute while a limited pro-

inflammatory response in asymptomatic malaria may preserve bone marrow response.

Our study had several strenghts, as the inclusion of more than 1100 participants from dif-

ferent age groups allowed us to provide hematological reference ranges for a malaria hyperen-

demic area. Control groups were included to compare asymptomatic malaria with smear

negative asymptomatic subjects and those with clinical malaria. Furthermore, the combined

assessment of hematology parameters, iron biomarkers and circulating and ex-vivo cytokines

improved our insight in RBC homeostasis.

Nevertheless, a number of limitations need to be noted. First, malaria classification was

based on microscopy therefore sub-microscopic malaria infections may have been included in

the smear-negative group. Second, we did not screen for other infections like hookworm or

hemoglobinopathies and the ex-vivo cytokines production was only available for the under-

five years. For ethical reasons, all smear positive asymptomatic infections were given malaria

treatment, so we can not provide evidence for the acute or chronic nature of the infection.

Our finding of similar Hb levels among asymptomatic subjects that are smear positive or

negative, is in contrast with previous reports [9, 28–32]. The level of malaria endemicity, co-

occuring conditions such as iron deficiency, hemoglobinopathies and intestinal parasites, may

explain the found differences. Our study, carried out in a high malaria endemic area with 48%

of healthy population being smear positive, shows that asymptomatic malaria infections,

unlike clinical malaria patients, have an adequate bone marrow response to decreasing Hb lev-

els, using reticulocyte numbers and RPI as indicators. Previous reports suggest that chronic

hemolysis and splenomegaly, driven by the magnitude of the infecting biomass and chronicity

of infection, underly the development of anaemia in asymptomatic malaria [12]. Our finding

of low Delta-He levels, indicating the difference in hemoglobinization between reticulocytes

and erythrocytes, suggests a more acute effect of malaria on the bone marrow however [25].

The hemoglobin content of reticulocytes [reported as RET-He on Sysmex analysers (Sysmex

Corporation, Kobe, Japan) and as CHr on ADVIA analysers from Siemens (Siemens Medical

Solutions Diagnostics, Erlangen, Germany)] is an indicator for iron incorporation in the hem

over the previous 2–4 days [33]. The hemoglobin content of mature red blood cells (RBC-He

on Sysmex analysers and CH on Bayer analysers) reflect iron availability over a much longer

Fig 7. A. Free-hemoglobin levels (g/L) per clinical status and age category. In each age category, participants are

divided regarding the health status according to the case definitions whereby healthy smear-negative subjects are

represented by “No malaria”, smear-positive asymptomatic infections represented by “Asymptomatic malaria” and

smear-positive patienst with fever are represented by “Clinical malaria”. Whiskers bottom and top limits are 5 th and

95 th percentiles respectively; (): continuous line is used for comparison between clinical status within the same age

category and each clinical status was compared with all the other status; �: p value with statistically significant

difference (p<0.05); yrs: years; Mann-Whitney U test was used for comparison between groups. No malaria

Asymptomatic malaria Clinical malaria. B. The correlation between the free-haemoglobin (Free-Hb)

and the parasite density (PD) in “Asymptomatic malaria” and “Clinical malaria” as previously classified. Spearman test

was used to assess the correlation. The line represents the nonlinear fit regression line between the variables.

https://doi.org/10.1371/journal.pone.0242507.g007
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period, as erythrocytes have a lifespan of 100–120 days [33]. Hemolysis may reduce lifespan of

RBCs in asymptomatic malaria but the difference with reticulocytes will remain significant.

Free-Hb levels, as measured in our study, were only higher in clinical malaria patients com-

pared to smear negative infections, which argues against a significant role of hemolysis in

asymptomatic malaria [12]. However, for acurate estimation, the amount of free-Hb that is

bound, sequestred and processed should be known. Furthermore, blood was collected from

asymptomatic subjects during a field study and we can not exclude artificial hemolysis due to

sample processing, which may obscure differences between those that were smear positive or

negative.

Erythropoiesis may be suppressed by increased inflammation. We found increased levels of

circulating pro-inflammatory cytokines in asymptomatic and clinical malaria, that related to levels

of parasite densities, however, considering also the anti-inflammatory cytokine IL-10, we found

that the IL-6/IL-10 ratio was significantly lower in asymptomatic children, compared to clinical

malaria, as reported before [34, 35]. This difference in ratio was not noticed in adults, possibly

explaining the similar Hb levels in adults with or without clinical malaria. In addition to circulat-

ing cytokine measurements, we also assessed ex-vivo whole blood cytokine production after LPS

stimulation and found dampened responses in asymptomatic malaria infections as reported [35–

37], suggesting immune-tolerance in these subjects. Apart from suppression of erythropoiesis,

inflammation may also restrict erythroid cell differentiation and proliferation. We indeed found

that NRBCs were prominent in clinical malaria, unlike asymptomatic malaria.

In line with the inflammation data, we found that ferritin as well as hepcidin are high in

clinical malaria while only mildly elevated in asymptomatic malaria. Inflammation signifi-

cantly influences iron homeostasis and both the major iron storage protein ferritin and the

major iron transport regulating protein hepcidin are well known acute-phase reactants. A

recent study indicated that these iron biomarkers are influenced by acute clinical malaria and

during convalescence [38]. On the other hand, levels of sTfR were not different between the

various clinical status, which is in contrast to findings from Righetti et al [39]. Evaluation of

sTfR levels in our study is complicated as inflammation, malaria, age and iron deficiency all

play a role. Looking at the different clinical status in the various age categories, we found

increasing Hb levels as subjects get older as well as RBC indices (MCV, MCHC, MCH),

increasing HEP and FERR levels combined with decreasing pro-inflammatory cytokines and

sTfR levels. Taken together, these data suggest an increased availability of iron for erythropoie-

sis or increased iron incorporation over time. Also new RBC indices suggest similarly, as

MacroR, HYPER-He, RBC-He and RET-He increase while MicroR, HYPO-He decrease.

Apart from hemolysis, iron disturbance and suppression of erythropoietic activity,

enhanced erythrophagocytosis may also contribute to anaemia [27]. Phagocytic monocytes

(Phago-MONO) are detected on Sysmex hematology analysers as research parameter. The

presence of phagocytic monocytes was prominent in clinical malaria, followed by asymptom-

atic malaria and smear-negative healthy subjects, and mostly only in children<5 years. Impor-

tantly, the number of phagocytic monocytes did not correlate with Hb levels nor with

circulating cytokine levels, as increased phagocytosis of uninfected RBC is thought to be the

main contributor of anaemia in malaria [1, 40, 41]. In contrast, the number of activated mono-

cytes did correlate with Hb levels and circulating cytokine levels.

Conclusions

Bone marrow response, using reticulocyte numbers, RPI and hemoglobin levels as indicators,

seem to compensate the increased red blood cell loss in asymptomatic malaria infections,

unlike in patients with clinical malaria. Low Delta-He levels as were found in asymptomatic
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and clinial malaria, suggests mostly a more acute effect of malaria. Our data also suggests that

limited inflammation in asymptomatic malaria may play a role in the preservation of the bone

marrow response to the higher turnover of RBC driven by the magnitude of the infecting bio-

mass and chronicity of infection.

Supporting information

S1 Fig. RBC indices (MCV, MCH, MCHC, MicroR, MacroR, HYPO-He, HYPER-He) and

hemoglobinization of reticulocytes (RET-he) and RBC (RBC-He) per clinical group and

age category. Plots display the status of each haematology parameter per age category. In each

age category, participants are divided regarding the health status according to the case defini-

tions whereby healthy smear-negative subjects are represented by “No malaria”, smear-posi-

tive asymptomatic cases represented by “Asymptomatic malaria” and smear-positive patienst

with fever are represented by “Clinical malaria”. Whiskers bottom and top limits are 5th and

95th percentiles respectively; (): continuous line is used for comparison between clinical status

within the same age category and each clinical status was compared with all the other status;

(—): dotted line is used for comparison between age category in the “No malaria” group; �: p

value with statistically significant difference (p<0.05) between clinical status within the same

age category; ▪: p value with statiscally significant difference (p<0.05) between age category in

the “No malaria” group; Mann-Whitney U test was used for the comparison between groups;

NS: not significant; yrs: years; %: percentage. No malaria Asymptomatic malaria

Clinical malaria.

(TIF)

S2 Fig. High fluorescence reticulocytes (HFR), medium fluorescence reticulocytes (MFR),

low fluorescence reticulocytes (LFR) per clinical group and age category. Plots display the

status of each haematology parameter per age category. In each age category, participants are

divided regarding the health status according to the case definitions whereby healthy smear-

negative subjects are represented by “No malaria”, smear-positive asymptomatic cases repre-

sented by “Asymptomatic malaria” and smear-positive patienst with fever are represented by

“Clinical malaria”. Whiskers bottom and top limits are 5th and 95th percentiles respectively; ():

continuous line is used for comparison between clinical status within the same age category;

(—): dotted line is used for comparison between age category in the “No malaria” group; �: p

value with statistically significant difference (p<0.05) between clinical status within the same

age category; ▪: p value with statiscally significant difference (p<0.05) between age category in

the “No malaria” group; Mann-Whitney U test was used for the comparison of median

between groups; NS: not significant; yrs: years; %: percentage. No malaria Asymp-

tomatic malaria Clinical malaria.

(TIF)

S3 Fig. Principal component analysis displaying the clustering of the participants based on

their health status in the 3 main health categories.

(TIF)
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Writing – review & editing: Berenger Kaboré, Annelies Post, Mike L. T. Berendsen, Salou

Diallo, Palpouguini Lompo, Karim Derra, Eli Rouamba, Jan Jacobs, Halidou Tinto, Quirijn

de Mast, Andre J. van der Ven.

References
1. White NJ. Anaemia and malaria. Malaria Journal. 2018; 17(1):1–17. https://doi.org/10.1186/s12936-

017-2149-5 PMID: 29291736

PLOS ONE Reticulocytes and immunity in asymptomatic malaria anemia

PLOS ONE | https://doi.org/10.1371/journal.pone.0242507 November 30, 2020 16 / 19

https://doi.org/10.1186/s12936-017-2149-5
https://doi.org/10.1186/s12936-017-2149-5
http://www.ncbi.nlm.nih.gov/pubmed/29291736
https://doi.org/10.1371/journal.pone.0242507


2. Ghosh K, Ghosh K. Pathogenesis of anemia in malaria: A concise review. Parasitology Research.

2007; 101(6):1463–9. https://doi.org/10.1007/s00436-007-0742-1 PMID: 17874326

3. Perkins DJ, Were T, Davenport GC, Kempaiah P, Hittner JB, Ong’echa JM. Severe malarial anemia:

Innate immunity and pathogenesis. International Journal of Biological Sciences. 2011; 7(9):1427–42.

https://doi.org/10.7150/ijbs.7.1427 PMID: 22110393

4. Wattana L, Srivicha K, Noppadon T, Gary B, Sornchai L. Defective Erythropoietin Production and reticu-

locyte response in acute plasmodium falciparum malaria-associated anemia. Southeast Asian J Trop

Med Public Health. 2008; 39(4):581–8. PMID: 19058593

5. Casals-pascual C, Kai O, Cheung JO, Williams S, Lowe B, Nyanoti M, et al. Suppression of erythropoie-

sis in malarial anemia is associated with hemozoin in vitro and in vivo Suppression of Erythropoiesis in

Malarial Anemia is Associated with Hemozoin in vitro and in vivo. Blood Reviews. 2006; 108(8):2569–

78. https://doi.org/10.1182/blood-2006-05-018697 PMID: 16804108

6. Chang KH, Tam M, Stevenson MM. Inappropriately low reticulocytosis in severe malarial anemia corre-

lates with suppression in the development of late erythroid precursors. Blood. 2004; 103(10):3727–35.

https://doi.org/10.1182/blood-2003-08-2887 PMID: 14739226

7. Oyegue-Liabagui SL, Bouopda-Tuedom AG, Kouna LC, Maghendji-Nzondo S, Nzoughe H, Tchitoula-

Makaya N, et al. Pro- and anti-inflammatory cytokines in children with malaria in Franceville, Gabon.

American Journal of Clinical and Experimental Immunology. 2017; 6(2):9–20. PMID: 28337387

8. Cottrell G, Moussiliou A, Luty AJF, Cot M, Fievet N, Massougbodji A, et al. Submicroscopic Plasmodium

falciparum Infections Are Associated With Maternal Anemia, Premature Births, and Low BirthWeight.

Clinical Infectious Diseases. 2015; 60(10):1481–8. https://doi.org/10.1093/cid/civ122 PMID: 25694651

9. Gudo ES, Prista A, Jani IV. Impact of asymptomatic Plasmodium falciparum parasitemia on the imuno-

hematological indices among school children and adolescents in a rural area highly endemic for Malaria

in Southern Mozambique. BMC Infectious Diseases. 2013; 13(1). https://doi.org/10.1186/1471-2334-

13-244 PMID: 23710648

10. Kurtzhals JAL, Addae MM, Akanmori BD, Dunyo S, Koram KA, Appawu MA, et al. Anaemia caused by

asymptomatic Plasmodium falciparum infection in semi-immune African schoolchildren. Transactions

of the Royal Society of Tropical Medicine and Hygiene. 1999; 93(6):623–7. https://doi.org/10.1016/

s0035-9203(99)90073-1 PMID: 10717750

11. Girma S, Cheaveau J, Mohon AN, Marasinghe D, Legese R, Balasingam N, et al. Prevalence and epi-

demiological characteristics of asymptomatic malaria based on ultrasensitive diagnostics: A cross-sec-

tional study. Clinical Infectious Diseases. 2019; 69(6):1003–10. https://doi.org/10.1093/cid/ciy1005

PMID: 30475992

12. Chen I, Clarke SE, Gosling R, Hamainza B, Killeen G, Magill A, et al. “Asymptomatic” Malaria: A Chronic

and Debilitating Infection That Should Be Treated. PLoS Medicine. 2016; 13(1):1–11. https://doi.org/10.

1371/journal.pmed.1001942 PMID: 26783752

13. Schrum JE, Juliet NC, Dobbs KR, Michael CK, George WR, Gazzinelli RT, et al. Plasmodium falcipa-

rum induces trained innate immunity. J Immunol. 2018; 200(4):1243–8. https://doi.org/10.4049/

jimmunol.1701010 PMID: 29330325

14. Ademolue TW, Awandare GA. Evaluating antidisease immunity to malaria and implications for vaccine

design. Immunology. 2018; 153(4):423–34. https://doi.org/10.1111/imm.12877 PMID: 29211303

15. Linssen J, Aderhold S, Nierhaus A, Frings D, Kaltschmidt C, Zänker K. Automation and validation of a

rapid method to assess neutrophil and monocyte activation by routine fluorescence flow cytometry in

vitro. Cytometry Part B—Clinical Cytometry. 2008; 74(5):295–309. https://doi.org/10.1002/cyto.b.

20422 PMID: 18431775

16. Piva E, Brugnara C, Spolaore F, Plebani M. Clinical Utility of Reticulocyte Parameters. Clinics in Labora-

tory Medicine. 2015; 35(1):133–63. https://doi.org/10.1016/j.cll.2014.10.004 PMID: 25676377
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25. Weimann A, Cremer M, Hernáiz-Driever P, Zimmermann M. Delta-He, Ret-He and a New Diagnostic

Plot for Differential Diagnosis and Therapy Monitoring of Patients Suffering from Various Disease-Spe-

cific Types of Anemia. Clin Lab. 2016; 62. https://doi.org/10.7754/clin.lab.2015.150830 PMID:

27215087

26. Menendez C, Fleming AF, Alonso PL. Malaria-related anaemia. Parasitology Today. 2000; 16(11):469–

76. https://doi.org/10.1016/s0169-4758(00)01774-9 PMID: 11063857

27. Weiss G, Ganz T, Goodnough LT. Iron Metabolism and its Disorders-Anemia of inflammation. Blood.

2019; 133(1):40–50. https://doi.org/10.1182/blood-2018-06-856500 PMID: 30401705

28. de Mast Q, Brouwers J, Syafruddin D, Bousema T, Baidjoe AY, de Groot PG, et al. Is asymptomatic

malaria really asymptomatic? Hematological, vascular and inflammatory effects of asymptomatic

malaria parasitemia. Journal of Infection. 2015; 71(5):587–96. https://doi.org/10.1016/j.jinf.2015.08.005

PMID: 26304688

29. Sifft KC, Geus D, Mukampunga C, Mugisha JC, Habarugira F, Fraundorfer K, et al. Asymptomatic only

at first sight: malaria infection among schoolchildren in highland Rwanda. Malaria Journal. 2016; 15

(1):1–10. https://doi.org/10.1186/s12936-016-1606-x PMID: 27842542

30. Pava Z, Burdam FH, Handayuni I, Trianty L, Utami RAS, Tirta YK, et al. Submicroscopic and Asymp-

tomatic Plasmodium Parasitaemia Associated with Significant Risk of Anaemia in Papua, Indonesia.

PLoS ONE. 2016; 11(10):e0165340. https://doi.org/10.1371/journal.pone.0165340 PMID: 27788243

31. Njua-Yafi C, Achidi EA, Anchang-Kimbi JK, Apinjoh TO, Mugri RN, Chi HF, et al. Malaria, helminths, co-

infection and anaemia in a cohort of children from Mutengene, south western Cameroon. Malaria Jour-

nal. 2016; 15(69). https://doi.org/10.1186/s12936-016-1111-2 PMID: 26852392

32. Nzobo BJ, Ngasala B, Kihamia CM. Prevalence of asymptomatic malaria infection and use of different

malaria control measures among primary school children in Morogoro Municipality, Tanzania. Malaria

Journal. 2015; 14(491). https://doi.org/10.1186/s12936-015-1009-4 PMID: 26630884

33. Brugnara C, Schiller B, Moran J. Reticulocyte hemoglobin equivalent (Ret He) and assessment of iron-

deficient states. Clinical and Laboratory Haematology. 2006; 28(5):303–8. https://doi.org/10.1111/j.

1365-2257.2006.00812.x PMID: 16999719

34. Jagannathan P, Eccles-James I, Bowen K, Nankya F, Auma A, Wamala S, et al. IFNγ/IL-10 Co-produc-

ing Cells Dominate the CD4 Response to Malaria in Highly Exposed Children. PLoS Pathogens. 2014;

10(1). https://doi.org/10.1371/journal.ppat.1003864 PMID: 24415936

35. Boeuf PS, Loizon S, Awandare GA, Ka Tetteh J, Addae MM, Adjei GO, et al. Insights into deregulated

TNF and IL-10 production in malaria: implications for understanding severe malarial anaemia. Malaria

Journal. 2012; 11(253):1–9. https://doi.org/10.1186/1475-2875-11-253 PMID: 22853732

36. Portugal S, Moebius J, Skinner J, Doumbo S, Doumtabe D, Kone Y, et al. Exposure-Dependent Control

of Malaria-Induced Inflammation in Children. PLoS Pathogens. 2014; 10(4). https://doi.org/10.1371/

journal.ppat.1004079 PMID: 24743880

37. Dobaño C, Nhabomba AJ, Manaca MN, Berthoud T, Aguilar R, Quintó L, et al. A Balanced Proinflam-
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