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Abstract 

Background Cerebral malaria (CM) is a neuropathology which remains one of the deadliest forms of malaria among 
African children. The kinetics of the pathophysiological mechanisms leading to neuroinflammation and the death or 
survival of patients during CM are still poorly understood. The increasing production of cytokines, chemokines and 
other actors of the inflammatory and oxidative response by various local actors in response to neuroinflammation 
plays a major role during CM, participating in both the amplification of the neuroinflammation phenomenon and its 
resolution. In this study, we aimed to identify risk factors for CM death among specific variables of inflammatory and 
oxidative responses to improve our understanding of CM pathogenesis.

Methods Children presenting with CM (n = 70) due to P. falciparum infection were included in southern Benin and 
divided according to the clinical outcome into 50 children who survived and 20 who died. Clinical examination was 
complemented by fundoscopic examination and extensive blood biochemical analysis associated with molecu‑
lar diagnosis by multiplex PCR targeting 14 pathogens in the patients’ cerebrospinal fluid to rule out coinfections. 
Luminex technology and enzyme immunoassay kits were used to measure 17 plasma and 7 urinary biomarker levels, 
respectively. Data were analysed by univariate analysis using the nonparametric Mann‒Whitney U test and Pearson’s 
Chi2 test. Adjusted and multivariate analyses were conducted separately for plasma and urinary biomarkers to identify 
CM mortality risk factors.

Results Univariate analysis revealed higher plasma levels of tumour necrosis factor (TNF), interleukin‑1beta (IL‑1β), 
IL‑10, IL‑8, C‑X‑C motif chemokine ligand 9 (CXCL9), granzyme B, and angiopoietin‑2 and lower urinary levels of pros‑
tanglandine E2 metabolite (PGEM) in children who died compared to those who survived CM (Mann–Whitney U‑test, 
P‑values between 0.03 and < 0.0001). The multivariate logistic analysis highlighted elevated plasma levels of IL‑8 as 
the main risk factor for death during CM (adjusted odd ratio = 14.2, P‑value = 0.002). Values obtained during follow‑
up at D3 and D30 revealed immune factors associated with disease resolution, including plasma CXCL5, C–C motif 
chemokine ligand 17 (CCL17), CCL22, and urinary 15‑F2t‑isoprostane.
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Conclusions The main risk factor of death during CM was thus elevated plasma levels of IL‑8 at inclusion. Follow‑up 
of patients until D30 revealed marker profiles of disease aggravation and resolution for markers implicated in neu‑
trophil activation, endothelium activation and damage, inflammatory and oxidative response. These results provide 
important insight into our understanding of CM pathogenesis and clinical outcome and may have important thera‑
peutic implications.
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Background
According to the latest World Health Organization 
global report, 247 million cases of malaria were reported 
worldwide in 2021, leading to an estimated 619,000 
deaths, 80% of which were in children under 5  years of 
age in sub-Saharan Africa [1]. Cerebral malaria (CM) is 
the most severe form of malaria and can lead even when 
treated to neurological sequelae in 4–10% of cases and 
death of patients [2]. CM is defined by the presence of the 
asexual form of Plasmodium falciparum parasite associ-
ated with a Blantyre score ≤ 2, coma that persists for > 1 h 
after a seizure, regardless of anticonvulsant medications, 
and exclusion of any other cause of coma [3]. Today, in 
endemic countries, the diagnosis of CM is still difficult. 
A coma in the presence of P. falciparum parasites in the 
peripheral blood is often considered as CM, leading to an 
overestimation of approximately 25% of CM cases [4]. An 
accurate differential diagnosis combining fundoscopic 
examination [5], blood biochemical analysis, and molec-
ular diagnosis of microbial infections would therefore 
constitute a considerable advance for a diagnosis better 
adapted to the infectious risks of the area.

The kinetics of the pathophysiological mechanisms 
leading to the development of CM are still poorly 
understood. However, infected red blood cells (iRBCs) 
are known to be sequestered in cerebral blood vessels 
through cytoadherence to the brain endothelium via 
parasitic ligands and endothelial receptors such as inter-
cellular adhesion molecule-1 (ICAM-1) and endothelial 
protein C receptor (EPCR) [6, 7]. This interaction, along 
with toxin production, leads to the activation of endothe-
lial cells [8]. The latter will then secrete cytokines and 
chemokines leading to the recruitment of platelets and 
immune cells to the brain, such as monocytes, lympho-
cytes and neutrophils [9]. A local inflammatory process 
is being set [10], with a positive feedback mechanism that 
leads to the obstruction of cerebral blood flow, increased 
intracranial pressure, hypoxia and impairment of the 
integrity of the blood‒brain barrier (BBB).

In this context, the increasing production of 
cytokines, chemokines and other actors of the inflam-
matory and oxidative response by various local actors 
in response to neuroinflammation plays a major role 
during CM, participating in both the amplification of 

the neuroinflammation phenomenon and its resolution 
[9, 11, 12]. Cytokines are membrane or secreted glyco-
proteins with proinflammatory or anti-inflammatory 
properties that modulate the local microenvironment. 
Chemokines are small cytokines capable of activating 
and recruiting immune cells to the site they are produced 
and are specifically involved in the recruitment of mono-
cytes/lymphocytes, regulatory lymphocytes and neutro-
phils [13]. The importance of pro- and anti-inflammatory 
responses in the pathophysiology of CM has been dis-
cussed many times in the literature (reviewed in [14]). 
If the production of proinflammatory cytokines and 
chemokines is necessary for the elimination of iRBCs 
and to achieve an effective immune response, its exces-
sive and uncontrolled development is thought to result 
in aggravation of neuroinflammation. The resolution of 
the infection therefore requires a fine adjustment of the 
kinetics of the production of cytokines, chemokines and 
other immune markers, although such a strategy still 
needs to be defined.

The metabolism of arachidonic acid, an unsaturated 
ω6 fatty acid constituent of the phospholipids of cell 
membranes, also produces relevant markers of the 
inflammatory and oxidant responses involved in vari-
ous non-infectious and infectious diseases [15–18]. Ara-
chidonic acid is metabolized to prostaglandins (PGD2, 
PGE2, PGF2, PGI2) and thromboxanes by COX1 and 
COX2 enzymes, to leukotrienes (LTB4, LTC4, LTD4, 
LTE4) and lipoxins (LXA4, LXB4) by lipoxygenases and 
to epoxyeicosatrienoic acids via cytochrome p450-cat-
alysed metabolism. Arachidonic acid also produces iso-
prostanes through nonenzymatic oxidative processes 
involving free reactive oxygen species (ROS), thereby 
illustrating a prooxidant environment. Glutathione, 
involved in leukotrienes and prostaglandins metabolism, 
is an important actor of the antioxidant response, the 
reduced glutathione/oxidized glutathione ratio (GSH/
GSSG) allowing the evaluation of oxidative stress sta-
tus. GSH levels were previously shown to be lower in 
uncomplicated malaria (UM) Ugandan patients com-
pared to healthy controls and decreased in brains from 
mice presenting experimental CM [19, 20]. Experimen-
tal cerebral malaria (ECM) studies have demonstrated 
the importance of the 5-LOX/LXA4 axis in limiting the 
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proinflammatory and prooxidant response and promot-
ing disease resolution [21, 22]. In humans, it has already 
been shown that urine PGE2 and COX2 expression are 
inversely related to disease severity in children, including 
CM children [23, 24]. Arachidonic acid metabolites are 
easily measured in urine. We therefore opted for this type 
of assay, as urine sampling has the advantage of being 
non-invasive, to provide additional data on these markers 
of oxidative and inflammatory responses.

We previously demonstrated that predictors of early 
death in CM are increased bilirubin and lactate, while 
antibiotic use before admission and vaccination against 
yellow fever were protective factors [25]. Here, we stud-
ied more specific variables of inflammatory and oxidative 
responses to identify risk factors for CM death to improve 
our understanding of CM pathogenesis. The added value 
of our study lies in the quality of the diagnosis used to 
select subjects with CM that allowed us to rule out non-
malarial comas and coinfections associating P. falcipa-
rum with a bacterial or viral infection. In addition, for 
patients who survived, the variables were measured 3 and 
30  days (D3, D30) after inclusion in the study. Univari-
ate analysis revealed that higher plasma levels of tumour 
necrosis factor (TNF), interleukin-1beta (IL-1β), IL-10, 
IL-8, C-X-C motif chemokine ligand 9 (CXCL9), gran-
zyme B, and angiopoietin-2 and lower urinary levels of 
PGEM were associated with mortality in CM patients. In 
a second step, the multivariate logistic regression under-
lined the strong association between higher plasma IL-8 
levels and death outcome during CM. Values obtained 
during follow-up at D3 and D30 revealed more particu-
larly immune factors associated with disease resolution, 
including plasma CXCL5, C–C motif chemokine ligand 
17 (CCL17), CCL22, and urinary 15-F2t-isoprostane.

Methods
Study design and participants
This prospective study was part of the NeuroCM project 
whose protocol was previously described [26]. Briefly, 
patients were included from March to December 2018 in 
two reference hospitals from southern Benin, the Centre 
Hospitalier Universitaire de la Mère et de l’Enfant Lagune 
(CHU-MEL) in Cotonou, and the “Centre Hospitalier 
Universitaire de Zone d’Abomey Calavi/Sô-Ava” (CHU-
ZAS) in Abomey-Calavi, located 25  km north of Coto-
nou. Children included in this study were aged between 
2 and 6 years old and suffered from CM defined by deep 
coma (Blantyre score < 2) with P. falciparum infection 
and no other known cause of coma (e.g., acute bacterial 
meningitis, coma related to hypoglycaemia reversed by 
glucose infusion, status epilepticus, pre-existing neuro-
logical disease, traumatic or toxic coma). A negative HIV 

rapid diagnostic test and parental informed consent were 
also required for children to participate in the study.

Clinical examination, blood sampling and child follow‑up
Once consent was obtained, a thorough clinical exami-
nation was carried out, and venous blood samples were 
collected for research, haematologic and biochemistry 
analyses (ethylene diamine tetraacetie acid and heparin 
tubes), and blood culture (BD Bactec™ bottle, Becton 
Dickinson France). Blood samples were stored at 4  °C 
and then transferred within 4 h to the appropriate labo-
ratory (medical or research laboratory). A lumbar punc-
ture was performed as soon as possible if the patient 
was sufficiently clinically stable. Part of the sample was 
transferred to the medical analysis laboratory for culture, 
and part was stored at − 80 °C for subsequent pathogen 
testing. Patient urine was also collected during the day of 
inclusion (D0) and stored at − 80 °C as soon as possible. 
Urine was stored in 0.005% butylated hydroxytoluene to 
avoid oxidation. Finally, a fundoscopic examination (Eye-
pax 1.0 Dioptrix) was carried out on D1 to identify the 
retinopathies generally observed during CM and whose 
severity reflects the neurological sequelae [3]. The chil-
dren were monitored clinically every day for the duration 
of their hospitalization. A thorough clinical examination 
was performed on the day of discharge from the hospital 
and 30 days after inclusion (D30). At D3 and D30, venous 
blood samples and urine were collected again, stored, 
and transferred as before.

Confirmation of P. falciparum infection and absence 
of coinfection
At inclusion, P. falciparum infection was confirmed by 
thick and thin blood smear Giemsa staining and para-
site quantification. Parasitemia was calculated for each 
patient based on their total leukocyte count. In cases 
of conflicting results between the rapid test and blood 
smear, P. falciparum infection was confirmed by PCR, as 
described below.

To rule out coinfections, blood culture, Gram stain-
ing, and bacterial culture of cerebrospinal fluid were per-
formed at the university hospital reference laboratory 
(Centre National Hospitalier Universitaire, Cotonou). 
Cerebrospinal fluid was also tested for the presence of 
meningitis or encephalopathy by multiplex PCR targeting 
14 pathogens (Escherichia coli K1, Haemophilus influ-
enzae, Listeria monocytogenes, Neisseria meningitidis, 
Streptococcus agalactiae, S. pneumoniae, cytomegalo-
virus, enterovirus, herpes simplex virus 1 and 2, human 
herpes virus 6, human parechovirus, varicella-zone virus, 
Cryptococcus neoformans/gattii) using the Meningitis/
Encephalitis  FilmArray® panel (Biomérieux, Craponne, 
France). In addition, dengue virus, Chikungunya virus, 
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West Nile virus, Plasmodium spp., Rickettsia spp., Lepto-
spira spp., Salmonella spp. (FTD Tropical Fever core 
PCR, Fast Track Diagnostics, Luxembourg) and Plasmo-
dium species (P. falciparum, P. malariae, P. ovale and P. 
vivax—FTD Malaria differentiation, Fast Track Diagnos-
tics, Luxembourg) and IgM measles (Measles IgM Cap-
ture EIA, Clin-Tech Limited, UK) were retrospectively 
performed on the blood samples.

Urinary biomarkers
Urinary concentrations of 15-F2t-isoprostane, leukot-
riene B4 (LTB4), lipoxine A4 (LXA4), the metabolites 
of prostanglandine E2 metabolite (PGEM), reduced and 
oxidized glutathione (GSH and GSSG) and creatinine 
were measured using commercial enzyme immunoassays 
kits (Oxford Biomedical Research for 15-F2t-isoprostane, 
LTB4, LXA4 and PGEM, Cayman Chemical for GSH/
GSSG, BioVision for creatinine) for CM patients at D0, 
D3 and D30, according to the manufacturer’s protocol. 
As recommended by the manufacturer, the samples were 
pre-treated with β-glucuronidase for 15-F2t-isoprostane 
dosage to separate isoprostane from glucuronic acid, with 
this complexed form representing more than 50% of the 
isoprostane present in the urine [27]. Similarly, prior to 
PGEM dosage, for reasons of PEG2 instability, standards 
and urine samples were subjected to derivatization to 
quantify a stable derivative. Finally, for the measurement 
of oxidized glutathione (GSSG), standards and samples 
were pretreated with 2-vinylpyridine to derivatize GSH. 
A second assay in the absence of pretreatment was car-
ried out to determine the concentration of total GSH and 
the subsequent amount of reduced glutathione (GSH) 
equal to total GSH–GSSG. The plate reader TECAN Infi-
nite F200 pro and dedicated software were used for plate 
readings. Values of the different urinary biomarkers were 
normalized to the urinary creatinine concentrations for 
each patient.

Plasma biomarkers
Using Luminex technology, plasma levels of 17 markers 
of pro- and anti-inflammatory responses were simulta-
neously measured. The Human Premixed Multi-Analyte 
Kit (LXSAHM-17, R&D Systems, Lille, France) was used 
according to the manufacturer’s recommendation by 
the Anexplo platform (Genotoul, Toulouse, France). The 
plasma concentration of soluble EPCR was determined 
by ELISA according to the manufacturer’s recommenda-
tions  (DuoSet® R&D Systems).

Statistical analysis
The main outcome of the study was malaria mortal-
ity among CM children, whereas plasmatic and urinary 
biomarkers were the first explanatory variables. The 

following variables were used for adjusting the different 
analyses: sociodemographic variables (age, sex), clini-
cal variables (presence of hepatomegaly, splenomegaly, 
underweight, Blantyre score, history of vaccination, anti-
biotic use), and biological variables (blood smear, haemo-
globin level, blood count, glycaemia, renal markers).

We described the general characteristics of children 
with CM and distinguished those who died or survived. 
For descriptive analysis, quantitative variables were pre-
sented as the means ± standard deviations or medians 
interquartile ranges, and qualitative variables were pre-
sented as frequencies (percentages). The variations in 
biomarkers between CM children who died and those 
who survived were assessed by using the nonparametric 
Mann‒Whitney U test for quantitative variables and the 
Pearson’s Chi2 test for qualitative variables.

We used the median for defining the thresholds to 
transform biomarkers into binary variables. Logistic 
regression models were performed to identify soci-
odemographic, clinical, biological and immunological 
biomarkers associated with malaria severity and mortal-
ity. Variables with a P-value < 0.20 in univariate analysis 
based on Fischer’s exact test were included in the multi-
variable analyses.

We conducted adjusted analyses separately for urinary 
and plasmatic biomarkers. For both biomarkers, multi-
variate analyses were performed in two steps. First, we 
identified demographic, clinical and biological variables 
that were significantly related to the study outcomes, and 
then we assessed urinary and plasmatic biomarkers that 
were also significantly associated with malaria mortality 
to take into account the interaction between biomark-
ers when appropriate. These statistically significant bio-
markers from the multivariate analyses were adjusted for 
demographic, clinical and biological variables.

A manual backwards selection procedure was 
performed, and statistical significance was set at 
P-value < 0.05. All analyses were conducted using Stata 
16.0 Software for Windows (Stata Corp, College Station, 
TX, USA).

Results
Sociodemographic and clinical characteristics of the study 
children
Initially, 78 children diagnosed with CM (deep coma and 
P. falciparum infection) were included in the NeuroCM 
study. Further analysis revealed 8 coinfections combin-
ing falciparum malaria with viral or bacterial infection, 
as previously described [25]. In this study, the 70 subjects 
with CM due to P. falciparum infection only were ana-
lysed and divided according to the clinical outcome into 
50 children who survived and 20 who died  (Fig. 1). The 
baseline characteristics of these patients were described 
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and compared according to the group (Table 1). A major-
ity of girls were enrolled (58.6% versus 41.4%), but sex 
had no incidence on disease outcome. The mean age was 
45.04 (± 12.1) months. Children belonged mostly to the 
Fon ethnic group, the majority ethnic group in southern 
Benin. Among the sociodemographic and clinical factors 
studied here, five clinical features were associated with 
mortality, as shown in Table  1: no previous antibiotic 
treatment (P = 0.02), a lower Blantyre score (P = 0.03), 
symptoms of splenomegaly (P = 0.03 for both), jaundice 
(P = 0.004) and hyperlactatemia (P = 0.007).

Parasitological, haematological and biochemical 
characteristics of the study population
The children enrolled were characterized by high para-
sitemia with a median parasitemia of 74,800/μl of blood 
and a low haemoglobin level with a mean of 58 (± 22) 
g/L (Table  2). Both variables had no effect on disease 

outcome. Among the biological factors studied, the num-
ber of leucocytes, and more particularly lymphocytes and 
monocytes, was higher in the group of deceased children 
(Table 2, P = 0.04, 0.01 and 0.004, respectively). For bio-
chemistry factors, higher creatinine levels were associ-
ated with death (Table 2, P = 0.02).

Higher IL‑8 levels are strongly associated with cerebral 
malaria death
To identify specific risk factors for CM mortality 
among the mediators of the cellular immune response, 
we then analysed the relationship between clinical out-
come and 24 immune parameters, including 17 plasma 
and 7 urinary factors. Figures  2 and 3 present the 
univariate analysis using Mann‒Whitney U tests for 
plasma and urinary parameters. The results showed 
that plasma levels of the proinflammatory cytokines 
TNF, IL-8, and IL-1β and the anti-inflammatory 

Table 1 Sociodemographic characteristics of the NeuroCM study population, care pathway and clinical data at inclusion

a Mann‒Whitney U test for quantitative variables, Pearson’s Chi2 test for qualitative variables

P-values in bold are < 0.05
b Clinical jaundice or total bilirubin > 29.2 mg/L(50 µmol/L)
c Hyperlactatemia means lactate > 5 mmol/L

Factors Overall
n = 70

Surviving children
n = 50

Deceased children
n = 20

P‑valuea

Female sex, n/n total (%) 41/70 (58.6) 31/50 (62.0) 10/20 (50.0) 0.36

Male sex, n/n total (%) 29/70 (41.4) 19/50 (38.0) 10/20 (50.0)

Age in months, mean (± SD) 45.0 (± 12.1) 44.7 (± 12.1) 45.8 (± 12.3) 0.81

Ethnic group, n/n total (%)

 Adja 7/68 (10.3) 6/49 (12.2) 1/19 (5.3) 0.39

 Aizo 8/68 (11.8) 8/49 (16.3) 0 0.06

 Dendi 1/68 (1.5) 0 1/19 (5.3) 0.10

 Fon 34/68 (50.0) 21/49 (42.9) 13/19 (68.4) 0.06

 Goun 4/68 (5.9) 3/49 (6.1) 1/19 (5.3) 0.89

 Weme 1/68 (1.5) 1/49 (2.0) 0 0.53

 Xwla 2/68 (2.9) 1/49 (2.0) 1/19 (5.3) 0.48

 Yoruba 2/68 (2.9) 2/49 (4.1) 0 0.37

 Other 9/68 (13.2) 7/49 (14.3) 2/19 (10.5) 0.68

Undernet use, n/n total (%) 62/69 (89.9) 44/49 (89.8) 18/20 (90.0) 0.98

Antibiotics use, n/n total (%) 20/70 (28.6) 18/50 (36.0) 2/20 (10.0) 0.02
No measle vaccination, n/n total (%) 14/67 (20.9) 9/48 (18.7) 5/19 (26.3) 0.49

No yellow fever vaccination, n/n total (%) 18/67 (26.9) 11/48 (22.9) 7/19 (36.8) 0.25

Weight in kg, mean (± SD) 12.6 (± 2.4) 12.6 (± 2.5) 12.5 (± 2.4) 0.86

°C axillary temperature, mean (± SD) 38.3 (± 1.1) 38.4 (± 1.1) 38.0 (± 1.0) 0.21

Pulse /min, mean (± SD) 150.6 (± 21.0) 151.6 (± 20.6) 148.1 (± 22.6) 0.46

Blantyre score, mean (± SD) 1.7 (± 0.5) 1.8 (± 0.4) 1.4 (± 0.6) 0.03
Abnormal eyes fund, n/n total (%) 36/55 (65.5) 33/50 (66.0) 3/5 (60.0) 0.79

Hepatomegaly, n/n total (%) 37/70 (52.9) 26/50 (52.0) 11/20 (55.0) 0.82

Splenomegaly, n/n total (%) 25/70 (35.7) 14/50 (28.0) 11/20 (55.0) 0.03
Jaundiceb, n/n total (%) 33/69 (47.9) 18/49 (36.7) 15/20 (75.0) 0.004
Hyperlactatemiac, n/n total (%) 42/70 (60.0) 25/50 (50.0) 17/20 (85.0) 0.007
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Fig. 1 Flow diagram of the study participants. This study is part of a larger project called NeuroCM, studying non‑traumatic coma in children. CM 
children were recruited from CHU‑MEL and CHU‑ZAC pediatric departments, two hospital from southern Benin. Here, the study focused on CM due 
to Plasmodium falciparum infection. Patients were excluded due to coinfections. Sociodemographic and clinical data were collected and analysed, 
as well as urine and blood samples for haematologic and plasma analysis at day 0 and day 30 for survivors

Table 2 Parasitological, haematological and biochemistry characteristics of the NeuroCM study population

SD: Standard deviation; IQR Interquartile range
a Mann‒Whitney U test for quantitative variables, Pearson’s Chi2 test for qualitative variables

P-values in bold are < 0.05

Factors Overall
n = 70

Surviving children
n = 50

Deceased children
n = 20

P‑valuea

P. falciparum density /µl of blood, median (IQR) 74,800
(12,425–421,278)

45,000
(4940–317,250)

296,000
(32,590–684,190)

0.09

Haemoglobin level in g/dL, mean (± SD) 5.8 (± 2.2) 5.9 (± 2.1) 5.7 (± 2.6) 0.71

Haemoglobin level < 11, % (n) 97.1 (68) 98.0 (49) 95.0 (19) 0.55

Hematocrit, mean (± SD) 17.1 (± 6.9) 17.4 (± 6.4) 16.6 (± 8.0) 0.42

Leucocytes ×  103/µl, mean (± SD) 16.8 (± 11.3) 15.9 (± 11.6) 18.7 (± 10.0) 0.04
Lymphocytes ×  103/µl, mean (± SD) 5.7 (± 4.5) 5.3 (± 4.7) 6.7 (± 3.5) 0.01
Monocytes ×  103/µl, mean (± SD) 0.9 (± 0.8) 0.9 (± 0.9) 1.2 (± 0.6) 0.004
Neutrophils ×  103/µl, mean (± SD) 9.9 (± 7.1) 9.6 (± 6.7) 10.5 (± 7.9) 0.62

Eosinophils ×  103/µl, mean (± SD) 0.2 (± 0.2) 0.2 (± 0.2) 0.2 (± 0.2) 0.64

Basophils ×  103/µl, mean (± SD) 0.001 (± 0.01) 0.002 (± 0.01) 0 0.90

Thrombocytes ×  103/µl, mean (± SD) 111.5 (± 98.3) 105.04 (± 82.7) 131.3 (± 137.5) 0.99

Glucose in g/L, mean (± SD) 0.8 (± 0.7) 0.9 (± 0.7) 0.5 (± 0.5) 0.07

Glucose < 0.4 g/L, % (n) 35.7 (25) 22.0 (11) 70.0 (14) 0.17

Urea in g/L, mean (± SD) 0.2 (± 0.2) 0.2 (± 0.1) 0.3 (± 0.3) 0.09

Creatinine in mg/L, mean (± SD) 6.2 (± 7.2) 4.8 (± 3.5) 10.2 (± 12.3) 0.02
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cytokine IL-10 were higher in children who died, com-
pared to the levels observed in the children who sur-
vived, with P-values of Mann‒Whitney U tests between 
0.03 and < 0.0001 (Fig. 2A). Among chemokines, higher 
plasma CXCL9 levels, implicated in Th1, CD8 LT 
and NK trafficking, were associated with death out-
come (Fig. 2B, P = 0.02). Higher plasma levels of gran-
zyme B and angiopoietin-2, a marker of endothelium 
activation, were also associated with death outcome 
(Fig.  2C, P = 0.002 and 0.0005, respectively). Interest-
ingly, for urinary markers, increased levels of PGEM, 
a marker of PGE2 biosynthesis and an inhibitor of 
the inflammatory response, were related to survival 
(Fig. 3A, P = 0.04). To consolidate our results, we then 
performed logistic regression to identify the risk fac-
tors for death among the plasma and urinary param-
eters measured in two distinct models (Tables  3 and 
4). Table 3 demonstrates that levels equal to or above 
57.5  pg/ml of plasma IL-8 constituted a high risk of 
death during CM (aOR = 14.2, P = 0.002). The regres-
sion analysis did not reveal any other risk factor for 
death among the plasma factors tested. For the urinary 
parameters, PGEM levels equal to or above 0.43  ng/
mg creatinine constituted a protective factor against 

CM death with an adjusted odds ratio of 0.31, but this 
result was not significant (Table 4, P = 0.14).

Increasing levels of plasma CXCL5, CCL17 and CCL22 
and urinary 15‑F2t‑isoprostane are associated 
with resolution of CM during follow‑up
Plasma and urinary values were then followed at D3 and 
D30 after inclusion (Figs.  4, 5). Plasma levels of TNF, 
IL-6, IL-10, CXCL10 and ICAM-1 gradually decreased 
at the three follow-up points (Fig.  4A, B, D), similar to 
urinary creatinine (Fig. 5A). Conversely, plasma levels of 
CXCL5, CCL17, and CCL22, as well as urinary 15-F2t-
isoprostane, increased from D0 to D30 (Figs.  4C, 5A). 
Interestingly, plasma IL-8, which was found to be a risk 
factor for death via regression analysis, showed rap-
idly decreasing levels, as the values displayed at D3 and 
D30 were similar [median (25th–75th percentile), 20.1 
(14.9–37.0) and 31.3 (19.9–44.4), respectively] but much 
lower than those at D0 [49.6 (18.3–148)] (Fig. 4A). This 
phenomenon was also observed for plasma CXCL9, 
CCL3, CCL4, granzyme B, angiopoietin-2, urinary GSH 
and the urinary GSH∶GSSG ratio (Figs.  4B–D and 5B). 
The evolution of this ratio reflects a more pronounced 
antioxidant state at D0 than at D3 and D30, as well as 

Fig. 2 Plasma biomarker expression levels in children who survived and died. Levels of cytokines, chemokines and markers of endothelial damage 
and activation were measured in the plasma of children at inclusion (D0) by the Luminex assay and compared between surviving (n = 50) and 
deceased children (n = 20) by the Mann‒Whitney U test. Values are all in pg/ml. A TNF, IL‑8, IL‑1β, IL‑6 and IL‑10 levels. B CXCL9, CXCL10, CCL2, CCL3, 
CCL4, CXCL5. C CCL17, CCL22, granzyme B, angiopoietin‑2, ICAM‑1 and EPCR levels. *P < 0.05, **P < 0.005, ***P < 0.0005. Surv.: Survival
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the evolution of 15-F2t-isoprostane levels during fol-
low-up (Fig.  5A). Urinary levels of PGEM, LTB4, LXA4 
and GSSG were similar at D0 and D3 and displayed an 
increase at D30 (Fig.  5A and B), which reflects either a 
longer impact of the disease on their levels or a spe-
cific involvement in the resolution phase. Finally, CCL2 
showed a fluctuating level during monitoring, with a level 
that dropped sharply from D0 to D3 and then increased 
from D3 to D30 (Fig.  4B). However, the level measured 
at D30 remained much lower than that observed at D0 
(P < 0.0001).

Discussion
The aim of this study was to identify predictive factors 
of death or survival during CM. To this end, 70 Beni-
nese children with CM (50 who survived and 20 who 
died) were included in the present study, which is part of 
a larger project named NeuroCM [26]. In this analysis, 
we chose to focus only on subjects with CM. This choice 
of analysis, which excluded UM subjects, allowed us to 
work on a clinically homogeneous group and to identify 
relevant risk factors for death.

An accurate differential diagnosis was achieved through 
thorough clinical examination, including fundoscopic 

Table 3 Immunological factors measured in plasma associated with death among cerebral malaria infants, multivariate logistic 
regression

OR Odd ratio; aOR Adjsuted odd ratio, adjusted for Blantyre score, presence of icterus, hypoglycaemia, and blood creatinine; CI Confidence interval

P-values in bold are < 0.05

Factors Survival, % (n) Death, % (n) Univariate analysis Multivariate analysis

OR (95% CI) P‑value aOR (95% CI) P‑value

TNF (pg/ml)  < 41.4 79.4 (27) 20.6 (7) 1

 ≥ 41.4 62.9 (22) 37.1 (13) 2.27 (0.78–6.69) 0.13

IL‑8 (pg/ml)  < 57.5 91.7 (33) 8.3 (3) 1 1

 ≥ 57.5 48.5 (16) 51.5 (17) 11.7 (2.98–45.8) 0.004 14.2 (2.56–78.4) 0.002
IL‑10 (pg/ml)  < 541.2 80.0 (28) 20.0 (7) 1

 ≥ 541.2 61.8 (21) 38.2 (13) 2.48 (0.84–7.28) 0.10

CCL2 (pg/ml)  < 172.9 78.8 (26) 21.2 (7) 1

 ≥ 172.9 60.6 (20) 39.4 (13) 2.41 (0.81–7.17) 0.11

Angiopoietin‑2 (pg/ml)  < 17,774 88.6 (31) 11.4 (4) 1

 ≥ 17,774 52.9 (18) 47.1 (16) 6.89 (1.99–23.8) 0.002
CCL4 (pg/ml)  < 336.6 78.1 (25) 21.9 (7) 1

 ≥ 336.6 61.8 (21) 38.2 (13) 2.21 (0.75–6.55) 0.15

CXCL9 (pg/ml)  < 1823.1 80.6 (25) 19.4 (6) 1

 ≥ 1823.1 56.2 (18) 43.7 (14) 3.24 (1.04–10.1) 0.04
Granzyme B (pg/ml)  < 792.4 87.5 (28) 12.5 (4) 1

 ≥ 792.4 53.3 (16) 46.7 (14) 6.12 (1.72–21.8) 0.005

Table 4 Immunological factors measured in urine associated with death among cerebral malaria infant, multivariate logistic 
regression, n = 70

OR Odd ratio; aOR Adjsuted odd ratio; adjusted for Blantyre score, presence of icterus, hypoglycaemia, and blood creatinine; CI Confidence interval

Factors Survival, % (n) Death, % (n) Univariate analysis Multivariate analysis

OR (95% CI) P‑value aOR (95% CI) P‑value

Urinary creatinine (mg/ml)  < 0.60 87.1 (27) 12.9 (4) 1

 ≥ 0.60 70.9 (22) 29.0 (9) 2.76 (0.75–10.2) 0.13

LXA4/creatinine (ng/mg)  < 0.79 68.9 (20) 32.3 (10) 1

 ≥ 0.79 87.1 (27) 12.9 (4) 0.31 (0.08–1.13) 0.08

IsoP/creatinine (ng/mg)  < 4.63 68.7 (22) 31.3 (10) 1

 ≥ 4.63 90.0 (27) 10.0 (3) 0.24 (0.06–0.99) 0.05

PGEM/creatinine (ng/mg)  < 0.43 67.7 (21) 32.3 (10) 1 1

 ≥ 0.43 89.7 (26) 10.3 (3) 0.24 (0.06–0.99) 0.05 0.31 (0.06–1.49) 0.14
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examination and extensive blood biochemical analy-
sis associated with the molecular diagnosis of microbial 
infections in the patients’ cerebrospinal fluid. Fundo-
scopic examination was difficult to perform and could 
not be performed on the children with the most severe 
conditions; the data are rather indicative. This approach 
resulted in a homogeneous group of CM patients thanks 
to the exclusion of coinfections and nonmalarial comas. 
In a previous paper dealing with the NeuroCM study, a 
multivariate analysis revealed that high bilirubin (jaun-
dice) and lactate levels were predictive of early death in 
Beninese children with nontraumatic coma, whereas the 
use of antibiotics before admission and yellow fever vac-
cination were protective factors [25]. In our study, similar 
associations were found in the univariate analysis, except 
for vaccination against yellow fever. The similar results 
obtained for jaundice, hyperlactatemia and previous anti-
biotic use suggest that such a clinical profile is more spe-
cific to coma, including CM-related coma, than to CM 
itself. Interestingly, a lower Blantyre score and spleno-
megaly were also identified as risk factors for CM death. 
A more pronounced coma was previously described as 
a risk factor for death during severe malaria in children 
[28], in adults presenting with CM [29], and in children 

presenting with CM [30, 31]. Splenomegaly is also a 
clinical manifestation classically described in cerebral 
malaria [32, 33], although rarely identified as a risk factor 
for death during CM. Through the analysis of haemato-
logic factors, we observed higher numbers of leukocytes, 
among which lymphocytes and monocytes were associ-
ated with CM death, indicating an increased immune 
response related to the infection. Higher creatinine lev-
els were also associated with death in CM children, sug-
gesting that renal damage was involved in the death of 
patients.

We then analysed death risk factors among specific 
plasma and urinary mediators of both inflammatory 
and oxidative responses. We found by univariate analy-
sis that plasma levels of TNF, IL-8, IL-1β, IL-10, CXCL9, 
granzyme B and angiopoietin-2 measured at the acute 
phase (D0) were higher in children who died compared 
to those who survived. For urinary mediators, lower 
levels of PGEM at D0 were associated with CM death 
through univariate analysis. However, a higher initial 
level of plasma IL-8 alone was identified as a risk factor 
for death by multivariate analysis. Plasma and urinary 
levels measured during convalescence (D3 and D30) con-
firmed these trends and suggested two kinds of marker 

Fig. 3 Urinary biomarker expression levels in children who survived and died. Levels of creatinine, 15‑F2t‑isoprostane (Isop), PGE2 metabolites 
(PGEM), LTB4, LXA4, reduced (GSH) and oxidized (GSSG) glutathione were measured in the urine of children at inclusion (D0) by enzyme 
immunoassays kits and compared between surviving (n = 50) and deceased children (n = 20) by the Mann‒Whitney U test. Values are all in pg/ml. 
A Creatinine, 15‑F2t‑isoprostane, PGEM, and LTB4 levels. B LXA4, GSH, GSSG and GSH/GSSG ratio levels. *P < 0.05, **P < 0.005, ***P < 0.0005. Surv.: 
Survival
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Fig. 4 Kinetics of plasma biomarkers during and after CM (surviving children at D0, D3, D30). Levels of cytokines, chemokines and markers of 
endothelial damage and activation were measured in the plasma of children at inclusion (D0) and 3 (D3) and 30 days (D30) after inclusion by 
Luminex assay. Two‑by‑two comparisons (D0 to D3 and D3 to D30) were carried out by the Wilcoxon matched‑pairs signed rank test. Values are all 
in pg/ml. A TNF, IL‑8, IL‑6 and IL‑10 levels. B CXCL9, CXCL10, CCL2, CCL3. C CCL4, CXCL5, CCL17, CCL22. D Granzyme B, angiopoietin‑2, ICAM‑1 and 
EPCR levels. *P < 0.05, **P < 0.005, ***P < 0.0005
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profiles: a disease severity profile for decreasing markers 
including plasma TNF, IL-8, IL-10, CXCL9, granzyme B, 
angiopoietin-2, along with plasma IL-6, CXCL10, CCL2, 
CCL3, CCL4, ICAM-1, and urinary creatinine, GSH and 
GSH∶GSSG ratio; and a disease resolution profile for 
increasing markers including plasma CXCL5, CCL17, 
CCL22, and urinary PGEM, 15-F2t-isoprostane, LTB4, 
LXA4, and GSSG. It is important to note that the values 
obtained at D3 and D30 all belong to surviving children, 
as all deaths occurred before D3.

In line with our results, previous studies have reported 
associations between malaria severity or death and pro-
inflammatory cytokines and the anti-inflammatory 
cytokine IL-10 [34–40]. During CM, proinflammatory 
cytokines such as TNF and IL-1β are thought to induce 
endothelial activation, as demonstrated in vitro [41, 42], 
and to play a major role in iRBC sequestration in cer-
ebral micro vessels [14, 43] through overexpression of 
adhesion molecules (ICAM-1, VCAM), accumulation 
of cytotoxic CD8 + T cells and alteration of the BBB 
[14, 44]. An increase in plasma IL-1β along with IL-10 
and TNF has also previously been associated with CM 
outcome [37]. However, the implication of IL-10, an 

anti-inflammatory cytokine involved in the inhibition of 
proinflammatory responses and the development of reg-
ulatory responses, is discussed more. It has been shown 
in mice that the absence of IL-10 expression was associ-
ated with the development of severe malaria and excess 
mortality, suggesting a protective role [45, 46], whereas 
high plasma IL-10 levels in humans were correlated with 
malaria severity and death [14, 39, 47]. Our results are in 
line with most human studies suggesting a role for high 
plasma IL-10 in malaria severity and CM death.

Among the plasma markers measured, high levels of 
IL-8 constituted the most significant risk of death (odds 
ratio 14.2) in our study. Other studies also reported a 
significant association of high levels of plasma or serum 
IL-8 with severity or death among severe cases [severe 
malarial anaemia (SMA) or cerebral malaria] [40, 48]. 
Concerning more specifically CM, Pappa et al. showed a 
positive and significant correlation between plasma IL-8 
levels and brain volume in CM children [49]. Such a cor-
relation was also found for TNF, CCL2 and IL-10, in line 
with our results. Interestingly, elevated cerebrospinal 
IL-8 levels, but not serum IL-8 levels, were identified as 
a marker of CM death among children who died of CM, 

Fig. 5 Kinetics of urinary biomarkers during and after CM (surviving children at D0, D3, D30). Levels of creatinine, 15‑F2t‑isoprostane (Isop), PGE2 
metabolites (PGEM), LTB4, LXA4, reduced (GSH) and oxidized (GSSG) glutathione were measured in the urine of children at inclusion (D0) and 3 
(D3) and 30 days (D30) after inclusion by enzyme immunoassays kits. Two‑by‑two comparisons (D0 to D3 and D3 to D30) were carried out by the 
Wilcoxon matched‑pairs signed rank test. Values are all in pg/ml. A Creatinine, 15‑F2t‑isoprostane, PGEM, and LTB4 levels. B LXA4, GSH, GSSG and 
GSH/GSSG ratio levels. *P < 0.05, **P < 0.005, ***P < 0.0005
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SMA, or nonmalaria causes [50]. However, in this study, 
samples were collected after death. Finally, a recent study 
reported higher levels of IL-8 in retinopathy-positive CM 
children who died than in survivors and UM children, 
similar to our results [51]. The authors claim that retin-
opathy diagnosis improves clinical CM specificity, as it 
is related to iRBC sequestration in brain. In our case, we 
think that our diagnosis strategy was sufficiently thor-
ough to ensure the selection of real CM cases. IL-8 is a 
chemokine whose main function is the promotion of neu-
trophil activation and migration to sites of inflammation; 
activated neutrophils also produce IL-8 themselves, rein-
forcing the inflammatory loop [13]. During CM, neutro-
phils can play both a beneficial role by killing blood-stage 
parasites [52] but also a deleterious role through ROS 
production and toxic mediator release such as neutro-
phil extracellular traps (NETs), leading to an alteration of 
the brain endothelium and increased iRBC sequestration 
[53–56]. Plasma levels of NET components were shown 
to be higher in severe malaria patients and to promote 
parasite sequestration and tissue damage in a murine 
malaria model [56]. Although ECM studies report leu-
cocyte accumulation in the brain [57], autopsies carried 
out in humans after CM death rarely reported neutrophil 
accumulation in brains [58–60], suggesting a putative 
effect of neutrophils through their activation and ability 
to produce soluble factors rather than their migration 
to inflammation sites. Thus, high IL-8 levels may mostly 
participate in neutrophil activation. In addition, a disease 
resolution profile was obtained for CXCL5, a chemokine 
implicated in neutrophil trafficking [13], with increasing 
levels from D0 to D30 in surviving children. This results 
reinforce our hypothesis of the importance of neutrophil 
activation rather than migration to inflammation sites. 
Interestingly, IL-8 has also been identified as a pharma-
cological target to reduce ischaemia-induced myocardial 
injury [61], suggesting that decreasing or neutralizing 
plasma IL-8 could help reduce neuroinflammation and 
ischaemia during CM.

In our study, among chemokines other than IL-8, only 
the level of plasma CXCL9 was related to CM death. This 
is a surprising result, as high levels of CXCL10 and CCL2 
have been frequently reported as markers of severity and 
death during malaria and even CM [36, 39, 62, 63]. For 
CXCL10, the low number of doses carried out success-
fully may explain our result. To our knowledge, this is the 
first time that a study highlights a correlation between 
CXCL9 and death in CM patients. However, its delete-
rious implication during ECM has already been demon-
strated [64], and an increase in its gene expression has 
been observed in the brains of infected mice [65]. CXCL9 
is known for its involvement in CD8 T-cell migration to 
the brain and in their activation leading to the release of 

granzyme B and brain endothelium alteration, as demon-
strated in ECM [66, 67]. Two recent studies have high-
lighted the involvement of CD8 T cells in human CM 
through their localization in the brains of Malawian 
children who died of CM [68, 69]. Kaminski et  al. also 
observed higher plasma levels of granzyme B during 
malaria infection compared to healthy patients and an 
increased proportion of blood  CD8+/GrzB+ T cells in 
severe malaria patients [70]. Such results combined with 
ours support the idea that CXCL9 and granzyme B are 
players in the neuroinflammatory response during CM. 
Conversely, CCL17 and CCL2 which are known for their 
implication in Th2 response and regulatory T cell migra-
tion [13], were found to be associated with disease reso-
lution in surviving children.

Elevated plasma angiopoietin-2 and soluble ICAM-1 
are two markers of endothelium activation and increased 
permeability that were previously associated with malaria 
severity and risk of cognitive impairment [71, 72]. In 
our study, elevated levels of angiopoietin-2, a marker 
of increased vascular permeability, were also found in 
patients who died compared to those who survived. 
However, the levels of plasma soluble ICAM-1 did not 
differ between groups, suggesting that the level of angi-
opoietin-2 is a better prognostic marker of death than the 
level of soluble ICAM-1.

In urine, we measured some metabolites of arachidonic 
acid known for their implication in the inflammatory 
response. Among the metabolites measured, only PGEM 
was related to CM death with a disease resolution profile, 
i.e., with lower initial urinary levels in deceased subjects 
than in surviving subjects. PGEM is the major metabo-
lite of PGE2, which is unstable in vivo and produced via 
the activation of the enzyme COX-2 [73]. Other teams 
previously reported lower levels of urinary bicyclo-
PGE2, another PGE2 metabolite, in severe malarial anae-
mia patients and CM patients than in those presenting 
uncomplicated or asymptomatic malaria [23, 24]. These 
authors also demonstrated that reduced PGE2 levels 
were related to downregulation of COX-2 and enhanced 
uptake of haemozoin by monocytes. In our study, the 
large number of patients (70 CM subjects in total, of 
which 20 died and 50 survived) probably helped in iden-
tifying a significant relationship between the occurrence 
of death during CM and low levels of urinary PGEM. In 
addition, it is important to emphasize that the urinary 
determination of biological parameters in CM children is 
an interesting approach because of its ease of implemen-
tation and its non-invasive character.

Finally, the evolution of 15-F2t-isoprostane levels and 
the GSH∶GSSG ratio in urine during follow-up of CM 
children in our study reflects a more pronounced anti-
oxidant balance at D0 and a re-establishment of a more 
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prooxidant response over the course of the follow-up 
among CM children who survived. However, these lower 
levels observed at inclusion were not related to death 
outcome. This result is surprising, as oxidative damage 
is thought to contribute to malaria pathogenicity [74]. 
Additionally, higher levels of urinary F2-isoprostane 
metabolites were previously reported in patients pre-
senting severe malaria and acute kidney injury than in 
patients with non-severe malaria [75, 76]. However, our 
study is the first to analyse the evolution of oxidative 
markers in urine among CM children. A defect in the 
oxidative response by the leukocytes of these children 
could explain these results and provide a new avenue for 
research.

Our study presents two main limitations: the relatively 
small number of 70 subjects with CM, which allowed 
analyses comparing 50 subjects who survived to 20 who 
died; and the point of biological follow-up at D3 post-
inclusion. A posteriori, D3 proved to be too late to meas-
ure the evolution of markers in the group of subjects 
who did not survive, as deaths occurred within the first 
two days after inclusion in the study. Therefore, marker 
changes at D3 and D30 only relate to the group of sub-
jects who survived CM.

Conclusions
Multivariate logistic regression highlighted elevated 
plasma levels of IL-8 as the main risk factor for death 
during CM. Follow-up of patients at D3 and D30 revealed 
marker profiles of disease aggravation and resolution for 
markers implicated in neutrophil activation, endothe-
lium activation and damage, inflammatory and oxida-
tive response, including the striking increase of oxidative 
markers 15-F2t-isoprostane and GSH∶GSSG ratio. These 
results provide important insight into our understanding 
of CM pathogenesis and clinical outcomes and may have 
important therapeutic implications.

Abbreviations
aOR   Adjusted odds ratio
BBB   Blood brain barrier
CCL   C–C motif chemokine ligand
CHU‑MEL   Centre Hospitalier Universitaire de la Mère et de 

l’Enfant Lagune
CHU‑ZAS   Centre Hospitalier Universitaire de Zone d’Abomey 

Calavi/Sô‑Ava
CI   Confidence interval
CM   Cerebral malaria
Creat   Creatinine
CXCL   C‑X‑C motif chemokine ligand
D0, D3, D30   Day 0, Day 3, Day 30
ECM   Experimental CM
EPCR   Endothelial protein C receptor
ICAM‑1   Intercellular adhesion molecule‑1
iRBCs   Infected red blood cells
IL   Interleukine

iRBC   Infected red blood cell
IQR   Interquartile range
OR   Odds ratio
Isop   15‑F2t‑isoprostane
PCR   Polymerase chain reaction
PGE2   Prostanglandine E2
PGEM   Prostanglandine E2 metabolite
ROS   Reactive oxygen species
SD   Standard deviation
TNF   Tumour necrosis factor
UM   Uncomplicated malaria

Acknowledgements
We thank all children and their parents for participating in this study. We are 
thankful to the nurses and health workers of the CHU‑MEL hospital (CHU‑
Mere et Enfant de la Lagune) and Hopital de zone de Calavi (CHU‑ZAS) for 
their help in the inclusion of patients and collection of samples. Finally, we 
thank all the members of the NeuroCM group for their contribution to the 
project. NeuroCM collaboration group: Dissou Affolabi (Pediatric Department, 
Calavi Hospital, Calavi, Benin); Daniel Ajzenberg (Tropical Neuroepidemiology, 
INSERM UMR 1094, Limoges, France); Bibiane Biokou (Pediatric Deparstment, 
Mother and Child University and Hospital Center (CHU‑MEL), Cotonou, Benin); 
Josselin Brisset (Infectious diseases and tropical medicine department, Limo‑
ges University Hospital, Limoges, France); Jean‑Eudes Degbelo (Institut de 
Recherche Clinique du Bénin—IRCB, Calavi, Benin); Philippe Deloron (MERIT, 
Sorbonne Paris Cité, IRD, Paris, 75006, France); Latifou Dramane (Laboratoire de 
Parasitologie‑Mycologie, AP‑HP, Hôpital Bichat, Paris); Sayeh Jafari‑Guemouri 
(MERIT, Sorbonne Paris Cité, IRD, Paris, 75006, France); Claire Kamaliddin (MERIT, 
Sorbonne Paris Cité, IRD, Paris, 75006, France); Elisée Kinkpé (Paediatric Depart‑
ment, Calavi Hospital, Calavi, Benin); Anaïs Labrunie (NET, INSERM, Université 
de Limoges, Limoges, France); Thomas Lathiere (Ophtalmology department, 
Limoges University Hospital, Limoges, France); Achille Massougbodji (Institut 
de Recherche Clinique du Bénin (IRCB), Calavi, Benin); Audrey Mowendabeka 
(Paediatric Department, Hopital de la Mère et de l’Enfant, Limoges, France); 
Jade Papin (MERIT, Sorbonne Paris Cité, IRD, Paris, 75006, France); Bernard Pipy 
(RESTORE Research Center, Université de Toulouse, INSERM, CNRS, EFS, UPS, 
31100 Toulouse, France); Pierre‑Marie Preux (EpiMaCT, INSERM, IRD, Université 
de Limoges, Limoges, France); Marie Raymondeau (NET, INSERM, Université 
de Limoges, Limoges, France); Darius Sossou (Laboratoire de Parasitologie‑
Mycologie, AP‑HP, Hôpital Bichat, Paris); Brigitte Techer (MERIT, Sorbonne Paris 
Cité, IRD, Paris, 75006, France); Laurence Watier (Center for Research in Epide‑
miology and Population Health (CESP), INSERM U1018, Paris‑Saclay University, 
UVSQ, Montigny‑Le‑Bretonneux, France).

Author contributions
JR, BV, JFF and AA conceptualized the study. JR and BV performed experi‑
ments under AA supervision. MA analysed the data with AA and MC providing 
oversight/supervision. EK and LA recruited patients and provided clinical data 
with IDD, YL, MJA and JFF providing oversight/supervision. GIB supervised 
patient’s recruitment. SH supervised hematologic analysis. FB managed and 
controlled the database. JR, BV and AA wrote the manuscript with inputs from 
all authors. All authors read and approved the final manuscript.

Funding
This work was supported by a grant from the French National Research 
Agency (ANR‑17‑CE17‑0001), including a PhD grant for Jade Royo. Bertin 
Vianou received a PHD grant called Research grant for a thesis in the South 
(ARTS) from the Institut de Recherche pour le Développement France (IRD).

Availability of data and materials
The datasets used during the current study are available with principal 
investigator.

Declarations

Ethics approval and consent to participate
The NeuroCM study was approved by the «Comité National d’Ethique pour 
la Recherche en santé of Benin» (n°67/MS/DC/SGM/DRFMT/CNERS/SA; 
10/17/2017) and by the «Comité consultatif de déontologie et d’éthique of 
Institut de Recherche pour le Développement» (IRD; 10/24/2017). Written 



Page 14 of 15Royo et al. Infectious Diseases of Poverty            (2023) 12:8 

informed consent was obtained from the parents or guardians of all study 
participants.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 UMR152 PHARMADEV, IRD, UPS, Toulouse University, 35 Chemin Des Marai‑
chers, 31400 Toulouse, France. 2 Clinical Research Institute of Benin (IRCB), 
Abomey Calavi, Benin. 3 Faculty of Infectious and Tropical Diseases, Disease 
Control Department, London School of Hygiene and Tropical Medicine, 
London, UK. 4 Paediatric Department, Calavi Hospital, Calavi, Benin. 5 Paediatric 
Department, Mother and Child University and Hospital Center (CHU‑MEL), 
Cotonou, Benin. 6 UMR261 MERIT, IRD, Paris University, Paris, France. 7 UMR 1094 
EpiMaCT, Inserm, Limoges University Hospital, Limoges University, Limoges, 
France. 8 French Malaria Reference Center, APHP, Bichat Hospital, Paris, France. 
9 Parasitology Laboratory, APHP, Bichat‑Claude‑Bernard Hospital, Paris, France. 
10 Infectious Diseases and Tropical Medicine Department, Limoges University 
Hospital, Limoges, France. 

Received: 16 November 2022   Accepted: 26 January 2023

References
 1. World health Organization. World malaria report. Geneva: World health 

Organization; 2020.
 2. Oluwayemi IO, Brown BJ, Oyedeji OA, Oluwayemi MA. Neurological 

sequelae in survivors of cerebral malaria. Pan Afr Med J. 2013;15:88.
 3. World health Organization. Management of severe malaria: a practical 

handbook. 3rd ed. Geneva: World health Organization; 2012.
 4. Mallewa M, Vallely P, Faragher B, Banda D, Klapper P, Mukaka M, et al. 

Viral CNS infections in children from a malaria‑endemic area of Malawi: a 
prospective cohort study. Lancet Glob Health. 2013;1:e153‑160.

 5. Beare NAV, Taylor TE, Harding SP, Lewallen S, Molyneux ME. Malarial retin‑
opathy: a newly established diagnostic sign in severe malaria. Am J Trop 
Med Hyg. 2006;75:790–7.

 6. Pongponratn E, Turner GDH, Day NPJ, Phu NH, Simpson JA, Stepniewska 
K, et al. An ultrastructural study of the brain in fatal Plasmodium falcipa-
rum malaria. Am J Trop Med Hyg. 2003;69:345–59.

 7. Craig A, Scherf A. Molecules on the surface of the Plasmodium falciparum 
infected erythrocyte and their role in malaria pathogenesis and immune 
evasion. Mol Biochem Parasitol. 2001;115:129–43.

 8. Gillrie MR, Lee K, Gowda DC, Davis SP, Monestier M, Cui L, et al. Plasmo-
dium falciparum histones induce endothelial proinflammatory response 
and barrier dysfunction. Am J Pathol. 2012;180:1028–39.

 9. Hochman SE, Madaline TF, Wassmer SC, Mbale E, Choi N, Seydel KB, 
et al. Fatal pediatric cerebral malaria is associated with intravascular 
monocytes and platelets that are increased with HIV coinfection. MBio. 
2015;6:e01390‑e11315.

 10. Medana IM, Turner GDH. Human cerebral malaria and the blood‑brain 
barrier. Int J Parasitol. 2006;36:555–68.

 11. Turner GD, Ly VC, Nguyen TH, Tran TH, Nguyen HP, Bethell D, et al. Sys‑
temic endothelial activation occurs in both mild and severe malaria. Cor‑
relating dermal microvascular endothelial cell phenotype and soluble cell 
adhesion molecules with disease severity. Am J Pathol. 1998;152:1477–87.

 12. Pereira DM, Carvalho Júnior AR, Lacerda EM, da Silva LC, Marinho CR, 
André E, et al. Oxidative and nitrosative stresses in cerebral malaria: can 
we target them to avoid a bad prognosis? J Antimicrob Chemother. 
2020;75:1363–73.

 13. Griffith JW, Sokol CL, Luster AD. Chemokines and chemokine receptors: 
positioning cells for host defense and immunity. Annu Rev Immunol. 
2014;32:659–702.

 14. Dunst J, Kamena F, Matuschewski K. Cytokines and chemokines in cer‑
ebral malaria pathogenesis. Front Cell Infect Microbiol. 2017;7:324.

 15. He R, Chen Y, Cai Q. The role of the LTB4‑BLT1 axis in health and disease. 
Pharmacol Res. 2020;158: 104857.

 16. Natarajan R, Nadler JL. Lipid inflammatory mediators in diabetic vascular 
disease. Arterioscler Thromb Vasc Biol. 2004;24:1542–8.

 17. Praticò D, Zhukareva V, Yao Y, Uryu K, Funk CD, Lawson JA, et al. 
12/15‑lipoxygenase is increased in Alzheimer’s disease: possible involve‑
ment in brain oxidative stress. Am J Pathol. 2004;164:1655–62.

 18. Wu Z, Chen C, Zhang Q, Bao J, Fan Q, Li R, et al. Arachidonic acid 
metabolism is elevated in Mycoplasma gallisepticum and Escherichia coli 
co‑infection and induces LTC4 in serum as the biomarker for detecting 
poultry respiratory disease. Virulence. 2020;11:730–8.

 19. Atiku SM, Louise N, Kasozi DM. Severe oxidative stress in sickle cell 
disease patients with uncomplicated Plasmodium falciparum malaria in 
Kampala, Uganda. BMC Infect Dis. 2019;19:600.

 20. Zanini GM, Martins YC, Cabrales P, Frangos JA, Carvalho LJM. S‑nitroso‑
glutathione prevents experimental cerebral malaria. J Neuroimmune 
Pharmacol. 2012;7:477–87.

 21. Shryock N, McBerry C, Salazar Gonzalez RM, Janes S, Costa FTM, Aliberti 
J. Lipoxin  A4 and 15‑epi‑lipoxin  A4 protect against experimental cerebral 
malaria by inhibiting IL‑12/IFN‑γ in the brain. PLoS ONE. 2013;8: e61882.

 22. Souza MC, Pádua TA, Torres ND, Souza Costa MF, Candéa AP, Maramaldo T, 
et al. Lipoxin A4 attenuates endothelial dysfunction during experimental 
cerebral malaria. Int Immunopharmacol. 2015;24:400–7.

 23. Perkins DJ, Hittner JB, Mwaikambo ED, Granger DL, Weinberg JB, Anstey 
NM. Impaired systemic production of prostaglandin E2 in children with 
cerebral malaria. J Infect Dis. 2005;191:1548–57.

 24. Anyona SB, Kempaiah P, Raballah E, Davenport GC, Were T, Konah SN, 
et al. Reduced systemic bicyclo‑prostaglandin‑E2 and cyclooxyge‑
nase‑2 gene expression are associated with inefficient erythropoiesis 
and enhanced uptake of monocytic hemozoin in children with severe 
malarial anemia. Am J Hematol. 2012;87:782–9.

 25. Brisset J, Angendu Baki K, Watier L, Kinkpé E, Bailly J, Ayédadjou L, et al. 
Non‑traumatic coma in young children in Benin: are viral and bacte‑
rial infections gaining ground on cerebral malaria? Infect Dis Poverty. 
2022;11:29.

 26. Joste V, Maurice L, Bertin GI, Aubouy A, Boumédiène F, Houzé S, et al. 
Identification of Plasmodium falciparum and host factors associated 
with cerebral malaria: description of the protocol for a prospective, case‑
control study in Benin (NeuroCM). BMJ Open. 2019;9: e027378.

 27. Yan Z, Mas E, Mori TA, Croft KD, Barden AE. A significant proportion of 
F2‑isoprostanes in human urine are excreted as glucuronide conjugates. 
Anal Biochem. 2010;403:126–8.

 28. Ranque S, Poudiougou B, Traoré A, Keita M, Oumar AA, Safeukui I, et al. 
Life‑threatening malaria in African children: a prospective study in a 
mesoendemic urban setting. Pediatr Infect Dis J. 2008;27:130–5.

 29. Sattar MA, Hoque HW, Amin MR, Faiz MA, Rahman MR. Neurological find‑
ings and outcome in adult cerebral malaria, Bangladesh. Med Res Counc 
Bull. 2009;35:15–7.

 30. Genton B, Al‑Yaman F, Alpers MP, Mokela D. Indicators of fatal outcome in 
paediatric cerebral malaria: a study of 134 comatose Papua New Guinean 
children. Int J Epidemiol. 1997;26:670–6.

 31. Jaffar S, Van Hensbroek MB, Palmer A, Schneider G, Greenwood B. Predic‑
tors of a fatal outcome following childhood cerebral malaria. Am J Trop 
Med Hyg. 1997;57:20–4.

 32. Idro R, Jenkins NE, Newton CRJC. Pathogenesis, clinical features, and 
neurological outcome of cerebral malaria. Lancet Neurol. 2005;4:827–40.

 33. Song X, Wei W, Cheng W, Zhu H, Wang W, Dong H, et al. Cerebral malaria 
induced by Plasmodium falciparum: clinical features, pathogenesis, diag‑
nosis, and treatment. Front Cell Infect Microbiol. 2022;12: 939532.

 34. Grau GE, Taylor TE, Molyneux ME, Wirima JJ, Vassalli P, Hommel M, et al. 
Tumor necrosis factor and disease severity in children with falciparum 
malaria. N Engl J Med. 1989;320:1586–91.

 35. Shabani E, Ouma BJ, Idro R, Bangirana P, Opoka RO, Park GS, et al. Elevated 
cerebrospinal fluid tumour necrosis factor is associated with acute and 
long‑term neurocognitive impairment in cerebral malaria. Parasite Immu‑
nol. 2017;39: e12438.

 36. Kwiatkowski D, Hill AV, Sambou I, Twumasi P, Castracane J, Manogue KR, 
et al. TNF concentration in fatal cerebral, non‑fatal cerebral, and uncom‑
plicated Plasmodium falciparum malaria. Lancet. 1990;336:1201–4.

 37. Prakash D, Fesel C, Jain R, Cazenave PA, Mishra GC, Pied S. Clusters 
of cytokines determine malaria severity in Plasmodium falciparum‑
infected patients from endemic areas of Central India. J Infect Dis. 
2006;194:198–207.



Page 15 of 15Royo et al. Infectious Diseases of Poverty            (2023) 12:8  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 38. Popa GL, Popa MI. Recent advances in understanding the inflammatory 
response in malaria: a review of the dual role of cytokines. J Immunol Res. 
2021;2021:7785180.

 39. Royo J, Rahabi M, Kamaliddin C, Ezinmegnon S, Olagnier D, Authier H, 
et al. Changes in monocyte subsets are associated with clinical outcomes 
in severe malarial anaemia and cerebral malaria. Sci Rep. 2019;9:17545.

 40. Mandala WL, Msefula CL, Gondwe EN, Drayson MT, Molyneux ME, 
MacLennan CA. Cytokine profiles in Malawian children presenting with 
uncomplicated malaria, severe malarial anemia, and cerebral malaria. Clin 
Vaccine Immunol. 2017;24:e00533‑e616.

 41. Cavender DE, Edelbaum D, Ziff M. Endothelial cell activation induced by 
tumor necrosis factor and lymphotoxin. Am J Pathol. 1989;134:551–60.

 42. Pober JS, Cotran RS. Cytokines and endothelial cell biology. Physiol Rev. 
1990;70:427–51.

 43. Gimenez F, Barraud de Lagerie S, Fernandez C, Pino P, Mazier D. Tumor 
necrosis factor alpha in the pathogenesis of cerebral malaria. Cell Mol Life 
Sci. 2003;60:1623–35.

 44. Medana IM, Hunt NH, Chaudhri G. Tumor necrosis factor‑alpha expression 
in the brain during fatal murine cerebral malaria: evidence for production 
by microglia and astrocytes. Am J Pathol. 1997;150:1473–86.

 45. Sanni LA, Jarra W, Li C, Langhorne J. Cerebral edema and cerebral 
hemorrhages in interleukin‑10‑deficient mice infected with Plasmodium 
chabaudi. Infect Immun. 2004;72:3054–8.

 46. Li C, Sanni LA, Omer F, Riley E, Langhorne J. Pathology of Plasmodium 
chabaudi chabaudi infection and mortality in interleukin‑10‑deficient 
mice are ameliorated by anti‑tumor necrosis factor alpha and exacer‑
bated by anti‑transforming growth factor beta antibodies. Infect Immun. 
2003;71:4850–6.

 47. Kurtzhals JA, Adabayeri V, Goka BQ, Akanmori BD, Oliver‑Commey JO, 
Nkrumah FK, et al. Low plasma concentrations of interleukin 10 in severe 
malarial anaemia compared with cerebral and uncomplicated malaria. 
Lancet. 1998;351:1768–72.

 48. Lyke KE, Burges R, Cissoko Y, Sangare L, Dao M, Diarra I, et al. Serum levels 
of the proinflammatory cytokines interleukin‑1 beta (IL‑1beta), IL‑6, IL‑8, 
IL‑10, tumor necrosis factor alpha, and IL‑12(p70) in Malian children with 
severe Plasmodium falciparum malaria and matched uncomplicated 
malaria or healthy controls. Infect Immun. 2004;72:5630–7.

 49. Pappa V, Seydel K, Gupta S, Feintuch CM, Potchen MJ, Kampondeni S, 
et al. Lipid metabolites of the phospholipase A2 pathway and inflamma‑
tory cytokines are associated with brain volume in paediatric cerebral 
malaria. Malar J. 2015;14:513.

 50. Armah HB, Wilson NO, Sarfo BY, Powell MD, Bond VC, Anderson W, et al. 
Cerebrospinal fluid and serum biomarkers of cerebral malaria mortality in 
Ghanaian children. Malar J. 2007;6:147.

 51. Vera IM, Kessler A, Ting LM, Harawa V, Keller T, Allen D, et al. Plasma cell‑
free DNA predicts pediatric cerebral malaria severity. JCI Insight. 2020;5: 
136279.

 52. Zelter T, Strahilevitz J, Simantov K, Yajuk O, Adams Y, Ramstedt Jensen A, 
et al. Neutrophils impose strong immune pressure against PfEMP1 vari‑
ants implicated in cerebral malaria. EMBO Rep. 2022;23: e53641.

 53. Feintuch CM, Saidi A, Seydel K, Chen G, Goldman‑Yassen A, Mita‑
Mendoza NK, et al. Activated neutrophils are associated with pedi‑
atric cerebral malaria vasculopathy in Malawian children. mBio. 
2016;7:e01300‑01315.

 54. Yang JJ, Kettritz R, Falk RJ, Jennette JC, Gaido ML. Apoptosis of endothelial 
cells induced by the neutrophil serine proteases proteinase 3 and 
elastase. Am J Pathol. 1996;149:1617–26.

 55. Aitken EH, Alemu A, Rogerson SJ. Neutrophils and malaria. Front Immu‑
nol. 2018;9:3005.

 56. Knackstedt SL, Georgiadou A, Apel F, Abu‑Abed U, Moxon CA, Cunning‑
ton AJ, et al. Neutrophil extracellular traps drive inflammatory pathogen‑
esis in malaria. Sci Immunol. 2019;4:eaaw0336.

 57. White NJ, Turner GDH, Medana IM, Dondorp AM, Day NPJ. The murine 
cerebral malaria phenomenon. Trends Parasitol. 2010;26:11–5.

 58. Armah H, Dodoo AK, Wiredu EK, Stiles JK, Adjei AA, Gyasi RK, et al. High‑
level cerebellar expression of cytokines and adhesion molecules in fatal, 
paediatric, cerebral malaria. Ann Trop Med Parasitol. 2005;99:629–47.

 59. Dorovini‑Zis K, Schmidt K, Huynh H, Fu W, Whitten RO, Milner D, et al. 
The neuropathology of fatal cerebral malaria in Malawian children. Am J 
Pathol. 2011;178:2146–58.

 60. MacCormick IJC, Barrera V, Beare NAV, Czanner G, Potchen M, Kam‑
pondeni S, et al. How does blood‑retinal barrier breakdown relate 
to death and disability in pediatric cerebral malaria? J Infect Dis. 
2022;225:1070–80.

 61. Frangogiannis NG. Chemokines in ischemia and reperfusion. Thromb 
Haemost. 2007;97:738–47.

 62. Ioannidis LJ, Nie CQ, Hansen DS. The role of chemokines in severe malaria: 
more than meets the eye. Parasitology. 2014;141:602–13.

 63. Wilson NO, Jain V, Roberts CE, Lucchi N, Joel PK, Singh MP, et al. 
CXCL4 and CXCL10 predict risk of fatal cerebral malaria. Dis Markers. 
2011;30:39–49.

 64. Campanella GSV, Tager AM, El Khoury JK, Thomas SY, Abrazinski TA, 
Manice LA, et al. Chemokine receptor CXCR3 and its ligands CXCL9 and 
CXCL10 are required for the development of murine cerebral malaria. 
Proc Natl Acad Sci USA. 2008;105:4814–9.

 65. Miu J, Mitchell AJ, Müller M, Carter SL, Manders PM, McQuillan JA, et al. 
Chemokine gene expression during fatal murine cerebral malaria and 
protection due to CXCR3 deficiency. J Immunol. 2008;180:1217–30.

 66. Howland SW, Poh CM, Rénia L. Activated brain endothelial cells cross‑
present malaria antigen. PLoS Pathog. 2015;11: e1004963.

 67. Haque A, Best SE, Unosson K, Amante FH, de Labastida F, Anstey NM, et al. 
Granzyme B expression by CD8+ T cells is required for the development 
of experimental cerebral malaria. J Immunol. 2011;186:6148–56.

 68. Barrera V, Haley MJ, Strangward P, Attree E, Kamiza S, Seydel KB, et al. 
Comparison of CD8+ T cell accumulation in the brain during human and 
murine cerebral malaria. Front Immunol. 2019;10:1747.

 69. Riggle BA, Manglani M, Maric D, Johnson KR, Lee MH, Neto OLA, et al. 
CD8+ T cells target cerebrovasculature in children with cerebral malaria. 
J Clin Invest. 2020;130:1128–38.

 70. Kaminski LC, Riehn M, Abel A, Steeg C, Yar DD, Addai‑Mensah O, et al. 
Cytotoxic T cell‑derived granzyme B is increased in severe Plasmodium 
falciparum malaria. Front Immunol. 2019;10:2917.

 71. Adukpo S, Kusi KA, Ofori MF, Tetteh JKA, Amoako‑Sakyi D, Goka BQ, et al. 
High plasma levels of soluble intercellular adhesion molecule (ICAM)‑1 
are associated with cerebral malaria. PLoS ONE. 2013;8: e84181.

 72. Ouma BJ, Ssenkusu JM, Shabani E, Datta D, Opoka RO, Idro R, et al. 
Endothelial activation, acute kidney injury, and cognitive impairment in 
pediatric severe malaria. Crit Care Med. 2020;48:e734–43.

 73. Idborg H, Pawelzik SC. Prostanoid metabolites as biomarkers in human 
disease. Metabolites. 2022;12:721.

 74. Vasquez M, Zuniga M, Rodriguez A. Oxidative stress and pathogenesis in 
malaria. Front Cell Infect Microbiol. 2021;11: 768182.

 75. Charunwatthana P, Faiz MA, Ruangveerayut R, Maude R, Rahman MR, 
Roberts LJ, et al. N‑acetylcysteine as adjunctive treatment in severe 
malaria: a randomized double blinded placebo controlled clinical trial. 
Crit Care Med. 2009;37:516–22.

 76. Plewes K, Kingston HWF, Ghose A, Maude RJ, Herdman MT, Leopold SJ, 
et al. Cell‑free hemoglobin mediated oxidative stress is associated with 
acute kidney injury and renal replacement therapy in severe falciparum 
malaria: an observational study. BMC Infect Dis. 2017;17:313.


	Elevated plasma interleukin-8 as a risk factor for mortality in children presenting with cerebral malaria
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study design and participants
	Clinical examination, blood sampling and child follow-up
	Confirmation of P. falciparum infection and absence of coinfection
	Urinary biomarkers
	Plasma biomarkers
	Statistical analysis

	Results
	Sociodemographic and clinical characteristics of the study children
	Parasitological, haematological and biochemical characteristics of the study population
	Higher IL-8 levels are strongly associated with cerebral malaria death
	Increasing levels of plasma CXCL5, CCL17 and CCL22 and urinary 15-F2t-isoprostane are associated with resolution of CM during follow-up

	Discussion
	Conclusions
	Acknowledgements
	References


