www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Host biomarkers and parasite
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Severe pediatric malaria remains a pressing global health issue. Laboratory parameters may provide
early risk and severity stratification for better disease management, beyond current clinical severity
scores. This study aimed to identify host biomarkers of immune and endothelial activation and parasite
biomass in children with severe malaria (SM) compared to uncomplicated malaria (UM). We conducted
a case—control study in a rural hospital in southern Mozambique from 2014 to 2016, recruiting patients
under 10 years old with Plasmodium falciparum SM as cases, and patients with UM matched by age,
sex, and parasitemia as controls. We compared plasma levels of biomarkers associated with total
parasite mass (HRP-2), biomarkers of host response to infection (Angpt-1, Angpt-2, sTie-2, BDNF,
CysC, sFlt-1, IL-6, IL-8, IP-10, sTNFR-1 and sTREM-1). All biomarker levels except Angpt-1, BDNF and
CysC were significantly higher in children with SM. HRP-2 levels significantly differed between cases
and controls, strongly correlating with Angpt-2, sTie-2, sFit-1, TNRF, and sTREM-1, both in SM and
UM. In conclusion, host biomarkers indicative of immune and endothelial activation were associated
with malaria severity and HRP-2, even after controlling for matching variables, potentially offering
targets for risk-stratification and adjuvant therapy.
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Malaria is a parasitic disease with significant impact on global health. In 2022, it caused 249 million cases and
608,000 deaths in 85 malaria-endemic countries, most of them occurring in children under 5 years-old in
sub-Saharan Africa (SSA). Of these, severe malaria (SM), mainly caused by Plasmodium falciparum, accounts
for around 2-4 million cases per year®. SM is a complex multi-system disease which may present with many
manifestations, although most patients can be identified by three overlapping syndromes: severe malarial
anemia, acidosis, and cerebral malaria (CM)?2. The onset and evolution of the disease depends on the intricate
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interaction between parasite, host, and socio-geographic factors, which determines the range of severity from
asymptomatic patients to death’. Understanding the differential characteristics of uncomplicated malaria (UM)
and SM cases is essential to identify children at a higher risk of SM and death, and to find new diagnostic,
prognostic and therapeutic tools.

SM is characterized by high parasite burden; marked cytoadherence of parasitized erythrocytes to the
microvasculature; impaired tissue perfusion; and activation of the immune system, complement, and the
endothelium®. High parasite biomass is thought to trigger the pathological process leading to SM*. Previous
studies have shown that parasite biomass is reflected by the levels of histidine-rich protein-2 (HRP-2), a protein
released from erythrocytes into circulation by P. falciparum (and not other Plasmodium species) during infection,
even more accurately than by peripheral blood parasitemia™S. Higher concentrations of HRP-2 have been
described in patients with SM in comparison with UM and associated with specific severe syndromes, disease
progression, and mortality7‘14. Moreover, high plasma levels of this parasite-based marker, in combination with
other factors like transcript levels of the genes that codify the parasite molecules contributing to cythoadhesion
(var genes), have been reported as good predictors of SM in children and adults, as confirmed by previous
studies”"1¢.

Alternately, different markers of immune and endothelial activation have been linked to disease severity,
including the angiopoietin-tyrosine kinase (Angpt-Tie) axis'” and soluble triggering receptor expressed on
myeloid cells (sSTREM-1)!3. Several studies have shown that dysregulation of the Angpt-Tie system is associated
with poor disease outcomes and can be quantified to differentiate between UM and SM. Likewise, low levels of
Angpt-1, and high levels of Angpt-2 and soluble Tie-2 (sTie-2), have been associated with poor prognosis in
malaria!®-2. Changes in plasma levels of different immune activation biomarkers such as interleukin 6 (IL-6),
interleukin 8 (IL-8), interferon y-induced protein of 10 kDa (IP-10), soluble FMS-like tyrosine kinase-1 (sFlt-
1), soluble tumor necrosis factor receptor-1 (STNFR-1), brain-derived neurotrophic factor (BDNF), or levels of
Cystatin C (CysC), a biomarker of kidney functional status, have been recently associated to SM and/or poor
prognosis?>?7-34,

Mortality in patients affected by malaria and other infectious diseases in low-resource settings can also be
predicted through clinical severity scores®>. Among them, the Lambaréné Organ Dysfunction Score (LODS)
is a simple score that combines three features (coma, prostration, and deep breathing), and was developed to
predict in-hospital deaths in African children with malaria®*®. Adding specific biomarkers such as sSTREM-1,
Angpt-2, and sFlt-1 to the evaluation of LODS, has shown to improve the model’s prognostic accuracyls’“. Thus,
new approaches that combine clinical features with the measurement of plasma biomarkers have considerable
potential to improve risk stratification and prognosticate children presenting with malaria.

In this study, we assessed the association of host biomarkers with malaria severity and parasite biomarkers
using a matched case—control approach. The objectives of the study were: 1) to identify host and parasite
biomarkers in plasma differentially expressed in children with UM and SM; and 2) to assess the relationship
between host and parasite biomarkers in UM and SM. We hypothesized that higher levels of biomarkers would
be present in SM cases, compared to UM cases. Finally, we expected to observe a significant correlation between
biomarkers of parasite biomass and host biomarkers.

Methods

Study area

The study was conducted in Manhiga, a district in rural southern Mozambique, where the Centro de Investigagio
em Satide de Manhica (CISM; Manhica Health Research Centre) has been running a health and demographic
surveillance system since 1996. A full description of the Manhiga study area and population has been reported
elsewhere”. Briefly, the area is a flat savannah with moderate vegetation. There are two distinct seasons, a hot
and wet season from October to May, and a dry and cold season during the rest of the year. Two reference
district hospitals in Manhica and Xinavane, as well as 11 peripheral health facilities, constitute the government’s
health network within the Manhica district. Malaria transmission is perennial in this district of Mozambique,
with highest incidence typically peaking between November and April. P. falciparum accounts for over 98% of
all malaria cases in the region®®. In 2003-2005, malaria comprised 30.5% of all pediatric outpatient visits*® and
nearly half (49%) of all pediatric admissions®’, 27% of which fulfilled the World Health Organization (WHO)
criteria for being considered as SM cases. Almost 19% of all in-hospital pediatric deaths were due to malaria®.
Among all SM admissions, prostration (55.0%), respiratory distress (41.1%), and severe anemia (17.3%) were
the three most prevalent clinical presentations®. Recent changes in the epidemiology of malaria in SSA have
encompassed a steady decline in malaria incidence in the Manhiga district, coupled with a decrease in severe
disease, which reached its nadir in 2010*°. However, malaria incidence has increased since then, and severe cases
have again become frequent at Manhica Hospital. Furthermore, important differences in their mean age (shifted
to older ages) and syndromic presentation (more CM cases, which were rare before) have been observed®.

Study design and population

This was an individually matched prospective case-control study, with SM as cases and UM as controls.
Matching factors included sex, age (+3 months in children < 1-year-old and+6 months in children > 1-year-
old), and parasitemia (children were recruited by study staft guided by crosses, same or+one cross level).
Children<10 years of age presenting at the Manhiga District Hospital (MDH) with malaria were recruited
between September 2014 and May 2016. SM cases were defined as patients with a clinical diagnosis of malaria,
an asexual P. falciparum positive parasitemia by microscopic examination of Giemsa-stained blood smears, and
fulfilling at least one of the following criteria: CM (deep coma with Blantyre coma score<2), severe malarial
anemia (packed cell volume <15% or hemoglobin <5 g/dL), acute respiratory distress (chest indrawing and/
or deep breathing), hyperlactatemia (lactate>5 mmol/L), prostration (inability to sit or breastfeed in children
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old enough to do so), hypoglycemia (blood glucose <2.2 mmol/L) and multiple seizures (=2 convulsions in
the preceding 24 h). UM controls were defined as children attending MDH (admitted or not) with a clinical
diagnosis of malaria with a P. falciparum asexual positive parasitemia and not fulfilling the criteria for SM.
Patients were assessed by the study clinician to confirm the patient’s eligibility to participate in the study, and
ensure malaria was the sole or principal cause of the disease. Considering the potential effect on the biomarker
levels, patients were excluded from the study if they had a history of blood transfusion or use of antimalarials
drugs in the preceding 15 days. They were also excluded if they had participated in any other study including
the administration of antimalarial drugs or vaccines within the preceding 6 months. Patients with a positive
blood culture were excluded from analysis. Human immunodeficiency virus (HIV) serostatus and nutritional
status were ascertained among severe cases, but were not exclusion criteria, given that previous studies have
shown that host response markers were still able to adequately risk stratify study participants irrespective of their
HIV* or nutritional status®. Patients were treated following the Mozambican national guidelines for malaria
management, including parenteral artesunate for SM cases (until able to receive oral antimalarial medication)
and artemether-lumefantrine for UM cases*?. All methods were performed in accordance with the relevant
guidelines and regulations.

Clinical and laboratory data

The procedures for identifying children with SM were those used in routine clinical practice at MDH. Capillary
glycaemia and hematocrit were determined on admission to identify patients with hypoglycemia and anemia.
A questionnaire for clinical and demographic data, together with a thorough clinical history of each child
participating in the study (including information on use of antimalarial drugs before attending the hospital), was
completed. Additionally, for each admitted SM case a summary sheet of information regarding the participant’s
course during hospitalization was collected at discharge, regardless of outcome.

Hematological and biochemical parameters were performed for each patient using Vitros DT60 and Sysmex
Kx21 analyzers. Thick and thin blood films for malaria diagnosis were processed as previously detailed***3. As
part of the routine clinical management at CISM, a semiquantitative “cross” system is used, classifying parasitemia
levels from 0 (no malaria infection) to +++++ (“5 crosses’, high parasitemia infection) according to the number
of trophozoites per field*. In addition, and after recruitment, the Lambaréné method*® and molecular methods
(qPCR) were both used to calculate definitive peripheral parasitemia. However, for recruitment purposes, it was
only feasible to pair cases and controls using the semiquantitative “cross” method.

Blood collection and processing

Whole blood was collected at recruitment by venipuncture (5 ml in children <5 years and 10 ml in children
between 5 and 10 years). Two drops of the blood were spotted onto a Whatman 903 filter paper. Blood was
anticoagulated using acid citrate dextrose, centrifuged within 4 h of sample collection, and the resulting plasma
was aliquoted, frozen, and stored at — 80 °C without thawing until analyzed. Samples were thawed overnight at
4 °C and aliquoted at room temperature immediately prior to each assay performance.

qPCR

Total genomic DNA (gDNA) was extracted from a blood drop spotted onto filter paper using QIAmp DNA
Mini Kit (Qiagen) and tested in duplicate to measure the parasite density by real-time quantitative PCR (qPCR)
targeting the P. falciparum 18S ribosomal RNA gene?®. Parasitemia was quantified by extrapolation of cycle
thresholds (Ct) from a standard curve of P, falciparum ring infected erythrocytes. Samples without amplification
(no Ct detected) were considered negative. A negative control with no template DNA was run in all reactions.

Quantification of biomarkers in plasma

A commercial HRP-2 Enzyme-linked immunosorbent assay (ELISA) kit (Malaria Ag CELISA; Cellabs Pty. Ltd.,
Brookvale, New South Wales, Australia) was used to estimate HRP-2 levels at ISGlobal laboratory facilities in
Barcelona, Spain. One hundred pL of each plasma sample were transferred to the ELISA plates in duplicate along
with necessary controls and a standard curve, and the plates were incubated at room temperature for 1 h in a
humid chamber followed by 5 washing steps with the washing solution provided in the kit. One hundred ul of the
diluted antibody conjugate was added to each well after completion of 1 h of incubation, followed by 5 washing
steps as stated above, 100 L of the chromogen substrate (tetramethylbenzidine) were added to each well. Plates
were incubated for 15 min in the dark, followed by addition of 50 uL of the stop solution. Spectrophotometric
analysis was performed at 450 nm.

Host biomarkers were quantified at University Health Network, Canada, using two custom-developed
Luminex panels from R&D Systems. Panel 1 included 3 high-abundance biomarkers, tested at a 1:20 dilution:
BDNE, sTNFR-1 and CysC. Panel 2 included 7 low-abundance biomarkers, tested at a 1:2 dilution: IL-6, IL-8, IP-
10, Angpt-2, Angpt-1, sFlt-1 and sSTREM-1. sTie-2 was quantified by ELISA (R&D Systems, Minneapolis, MN)
at a dilution of 1:20. Unfiltered plasma was diluted in assay diluents provided by the manufacturer. Each 96 well
plate included a 7-point serial dilution of standards, in duplicate, and 72 patient samples, 8 of which were tested
in duplicate. Assays were performed according to manufacturer’s Luminex or ELISA protocols.

Statistical analysis

Data were analyzed using R statistical software (v4.2 or higher). Descriptive statistics included arithmetic
means with standard deviations (SD), geometric means with 95% confidence intervals (Cls), medians with
interquartile ranges (IQRs), and percentages, as appropriate. Comparisons between matched cases and controls
were performed using paired t-tests and Wilcoxon signed-rank tests for numerical variables, and McNemar’s
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and Cochran’s tests for categorical variables. Paired t-tests were also used to compare biomarker levels between
uncomplicated malaria (UM) and severe malaria (SM) cases.

Conditional logistic regression models, stratified by matched pairs, were fitted to estimate odds ratios (ORs)
and 95% Cls, assessing the association between HRP-2 levels, biomarkers, and SM. Biomarker data were log-
transformed prior to modeling. To account for potential confounders, additional models adjusted for HRP-2
levels were fitted, although these results are not included in this manuscript. Both unadjusted and Benjamin-
Hochberg-adjusted p-values are reported.

In children with SM, biomarker levels were compared across LODS score groups using Mann-Whitney tests,
with Holm-adjusted p-values for multiple comparisons. Pairwise correlations between HRP-2 and biomarkers
were assessed using Spearman’s correlation coefficients. An adjusted p-value of less than 0.05 was considered
statistically significant.

Ethical considerations

This study was reviewed and approved by the Mozambican National Bioethics Committee (CNBS) (Ref. 71/
CNBS/2014), the University Health Network Research Ethics Committee, Toronto, Canada (UHN REB Number
15-9013-AE), and the Clinical Research Ethics Committee of the Hospital Clinic, Barcelona, Spain (Ref.
HCB/2013/8749). Children were recruited only after a written informed consent was signed by their parents/
legal guardians.

Results

Characteristics of study participants

A total of 163 children were enrolled between September 2014 and May 2016. Of these, 79 presented with UM
and 84 with SM. For the final analysis, children with negative qPCR, and positive blood cultures were excluded.
After individual matching by sex, age, and parasitemia (based on the “cross” system), children with absence of a
matched case or control were also excluded. Finally, 116 children were included in the study analysis (58 pairs of
children with UM and SM matched by age, sex and parasitemia). Their demographic and clinical characteristics
are presented in Table 1. Overall, mean age was 49.5 months (SD 25.81) and 63.8% were males. Eight children, 4
with SM and 4 with UM, were HIV positive.

Characteristics of children with SM

Among children admitted with SM, eight children (13.8%) presented with CM, 33 (56.9%) with multiple
seizures, and 45 (77.6%) with prostration (Table 1). Twenty-one children (36.2%) had acidosis and/or acute
respiratory distress. Six children (6.7%) presented with severe malarial anemia and 2 (3.4%) with hypoglycemia.
The number of children with SM with a LODS score of 0, 1, 2, and 3, were 13 (22.4%), 37 (63.8%), 7 (12.1%)
and 1 (1.7%), respectively. Fifty-three (91.4%) children with SM survived, 1 (1.8%) child died, 1 (1.8%) child
absconded, and 2 (3.5%) children were transferred to a higher-level facility (Table 1). No deaths occurred in the
UM group.

Biomarker levels in UM versus SM patients

Table 2 summarizes biomarker levels in UM when compared to SM patients. The median parasitemia measured
by microscopy or by qPCR in children with SM was not significantly different compared to matched UM controls
(Table 1). Plasma HRP-2 levels in children with UM [GeoMean (95% CI): 88.63 ng/mL (44.01 to 178.48)) were
lower (OR=1.42 (1.03 to 1.94), adjusted p-value=0.056) than in children with SM [GeoMean (95% CI): 150.53
(70.57 to 321.1)) (Table 2). Biomarkers of immune and endothelial activation in SM and matched UM are
depicted in Table 2 and Fig. 1. The ratio Angpt-2/Angpt-1 (OR 2.87, 95% CI [1.24, 6.61]), Angpt-2 (OR 7.97,
95% CI [1.84, 34.61]), sTie-2 (OR 4.62, 95% CI [1.39, 15.4]), sSTNFR-1 (OR 4.79, 95% CI [1.5, 15.26]), sFlt-1
(OR 7.64, 95% CI [2.27, 25.69]), IL-6 (OR 1.83, 95% CI [1.23, 2.72]), IL-8 (OR 2.38, 95% CI [1.27, 4.46]), IP-10
(OR 2.05, 95% CI [1.2, 3.52]), and STREM-1 (OR 3.13, 95% CI [1.13, 8.63) were significantly increased in SM
compared to UM (adjusted p-value <0.05). Angpt-1, BDNF and CysC did not significantly differ between groups
(adjusted p-value >0.05) (Table 2 and Fig. 1).

HRP-2 and host biomarkers levels

We also assessed the correlation between levels of HRP-2 with host biomarkers in children with SM and UM.
Angpt-2, sTie-2, sFlt-1, sSTNFR-1, and sTREM-1 were significantly correlated with HRP-2 levels for both SM
and UM, with correlation coeficients ranging from 0.120 for sFlt-1 in UM, to 0.297 for sSTNFR-1 in UM (Fig. 2).

Discussion

In this matched case-control study we investigated the different associations between parasite and host
biomarkers factors and disease severity in Mozambican children with UM and SM. Although different analyses
have previously assessed host factors or parasite factors in relation to the severity in malaria, this is the first
attempt to do so -simultaneously- in Mozambican children. The Angpt-2/Angpt-1 ratio and the levels of
Angpt-2, sTie-2, STNRF-1, sFlt-1, IL-6, IL-8, IP-10, and sTREM-1 were significantly higher in children with
SM when compared with children with UM. On the other hand, HRP-2 levels were significantly correlated with
levels of biomarkers (both in UM and SM cases) like Angpt-2, sTie-2, sFlt-1, sSTNFR-1, and sTREM-1. These
data show that host biomarkers of immune and endothelial activation measured at hospital presentation were
correlated with HRP-2 in children with SM, which may help to better understand the physiopathology “puzzle”
of severe malaria®.
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Uncomplicated malaria
Overall Severe malaria (SM) | (UM)
n=116 n=>58 n=>58 P-value* | Test %Missing

Age, mean (SD) 49.50 (25.81) 49.86 (25.09) 49.14 (26.73) 0.248 Paired T-test 0
Gender, n (%) Male 74 (63.8) 37 (63.8) 37 (63.8) 1 McNemar test 0

Female 42 (36.2) 21 (36.2) 21(36.2)
Treatment before recruitment | Yes 25(21.6) 12 (20.7) 13 (22.4) 1 McNemar test 0
Previous episodes of malaria | Yes 7 (6.5) 5(9.4) 2(3.6) 0.617 McNemar test 6.9
Weight (kg), mean (SD) 19.38 (46.20) 15.46 (4.80) 23.31 (65.20) 0.241 Paired T-test 0
MUAC (cm), mean (SD) 15.49 (1.54) 15.17 (1.37) 15.82 (1.64) 0.01 Paired T-test 0

<-3 4(3.5) 0(0.0) 4(7.1) 0.835 Cochran’s test 1.7
Weight for age Z-score [-3,-1) 43 (37.7) 22 (37.9) 21(37.5)

>=-1 67 (58.8) 36 (62.1) 31 (55.4)
Splenomegaly Yes 19 (33.9) 19 (33.9) 0 (NaN) 51.7
Hepatomegaly Yes 8(14.3) 8(14.3) 0 (NaN) 51.7
Temperature (c), mean (SD) 37.91 (1.41) 38.03 (1.48) 37.80 (1.33) 0.453 Paired T-test 0
Fever upon recruitment Yes 104 (89.7) 55 (94.8) 49 (84.5) 0.149 McNemar test 0
if:(‘i’;:;ls[leaYRs] of fever, 1.00 [1.00, 2.00] 2.00 [1.00, 2.00] 1.00 [1.00, 2.00] 0.114 Wilcoxon signed-rank test | 4.31
Cough Yes 52 (46.8) 25 (44.6) 27 (49.1) 0.71 McNemar test 43
ir:g:::s[ldé‘ly{s] with cough, 0.00 [0.00, 2.00] 0.00 [0.00, 2.00] 0.00 [0.00, 2.00] 0.951 Wilcoxon signed-rank test | 4.31
Diarrhoea Yes 6 (5.4) 5(8.9) 1(1.8) 0.221 McNemar test 4.3
f;:g;:s[fi(gﬁ with diarrhoea, 0.00 [0.00, 0.00] 0.00 [0.00, 0.00] 0.00 [0.00, 0.00] 0.025 Wilcoxon signed-rank test | 5.17
Vomiting Yes 25(22.9) 15 (27.8) 10 (18.2) 0.335 McNemar test 6
f::é’:::s[ld(;’};s] with vomits, 0.00 [0.00, 0.00] 0.00 [0.00, 1.00] 0.00 [0.00, 0.00] 0.253 Wilcoxon signed-rank test | 4.31

Alive 53 (93.0) 53 (93.0) 0 (NaN) 50.9
Outcome Death 1(1.8) 1(1.8) 0 (NaN)

Absconded 1(1.8) 1(1.8) 0 (NaN)

Transferred 2(3.5) 2(3.5) 0 (NaN)
Cerebral Malaria Yes 8(13.8) 8(13.8) 0 (NaN)
Severe Anemia Yes 6(6.7) 6(10.3) 0(0.0)
Acidosis and/or respiratory | yoq 21 (362) 21 (362) 0 (NaN)
Hypoglicaemia Yes 2(3.4) 2(3.4) 0 (NaN)
Multiple seizures Yes 33 (56.9) 33 (56.9) 0 (NaN)
Prostration Yes 45 (77.6) 45 (77.6) 0 (NaN)

0 71 (61.2) 13 (22.4) 58 (100.0) 0
LODS 1 37 (31.9) 37 (63.8) 0(0.0)

2 7 (6.0) 7 (12.1) 0(0.0)

3 1(0.9) 1(17) 0(0.0)

A
Totl Leukocyts (10°9 SSI000[661000, [ 9200W (673500, 001000 | 615 | wikonon sgnedrank st | 259
gg“ﬁ"?hﬂs (%), median 62.10 [48.45,74.03] | 63.90 [53.10,74.20] | 59.80 [38.00, 71.80] 0.157 | Wilcoxon signed-rank test | 8.62
" -

ﬁlggl}ets (1079/1), median ;(1)2:888:881[65000.00, ?4;%;3(7)(5)&380[159250.00, 5212288:881[80000.00, 0.026 Wilcoxon signed-rank test | 2,59
E&‘{Tgl"bi“ (g/dL), median 9.60 [7.50, 10.70] 8.75 [5.85, 10.47] 10.00 [8.70, 10.85] 0.002 Wilcoxon signed-rank test | 2.59
gz‘;)aé"lj;“ geometric mean 1413 (9.91020.18) | 24.68 (21.7 t0 28.07) | 8.09 (4.14 to 15.82) 0273 | Paired T-test 18.1
Lactate (mmol/l) geometric 2.87 (256 to 3.21) 3.45 (29 t0 4.11) 238 (2.09 to 2.71) 0.000 | Paired T-test 0
mean (95% CI))
(Gglg’(f/:g‘f;")geomemc mean 625 (5.81 0 6.73) 5.8 (5.23 to 6.43) 6.74 (6.07 to 7.47) 0206 | Paired T-test 0

No 101 (87.1) 50 (86.2) 51 (87.9) 1 Cochran’s test 0
HIV status Undetermined | 2 (1.7) 2(3.4) 0(0.0)

Unknown 5(4.3) 2(3.4) 3(5.2)

Yes 8(6.9) 4(6.9) 4(6.9)
Continued
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Uncomplicated malaria
Overall Severe malaria (SM) | (UM)
n=116 n=>58 n=>58 P-value* | Test %Missing
++ 2(1.7) 2(3.4) 0(0.0) 0.513 Cochran’s test 0.9
Parasitemia at hospitalization | *++ 12 (10.4) 6(103) 6(10.5)
in crosses, n (%) et 34 (29.6) 17 (29.3) 17 (29.8)
-+t 67 (58.3) 33 (56.9) 34 (59.6)
Asexual P, falciparum density, 39,130.57 (30,647.29 | 34,687.11 (23,565.41 | 44,143.24 (32,386.14 to )
Geometric Mean (95% CI)) t0 49,962.05) t0 51,057.7) 60,168.51) 0351 | Paired T-test 948
qPCR P, falciparum density, 84,946.63 (64,164.3 to | 97,179.4 (64,067.88 to | 74,253.71 (50,390.28 to _—
Geometiic Mean (95% CI)) 112,460.21) 147,403.58) 109,418.2) 0404 | Paired T-test 948

Table 1. Patient characteristics. *From paired t-test, Wilcoxon signed-rank test, McNemar’s test or Cochran’s
test.

Severe malaria Uncomplicated malaria
Overall (G tric (G tric mean (95% | (Geometric mean (95% Adjusted
mean (95% CI))) CI))) CI))) o Juste
n=116 n=>58 n=>58 P-value*(signed-rank) | OR (95% CI) P-value** | value***
HRP-2 (ng/mL), 1.42 (1.03 to
3.4% of missing | 116:69 (69.951019463) | 15053 (7057 10 321.1) | 88.63 (440110 17848) | 0.056 Log) 0.031 0.046
1321.72 (1016.97 to 1172.75 (783.61 to 1489.61 (1055.43 to 0.74 (0.43 to
Ang-1(pg/ml) | 177776 1755.14) 2102.4) 0.325 1.26) 0.262 0.302
Ang-2/Ang-1ratio | 2.59 (1.97 to 3.41) 335 (22210 5.05) 2(1.39 t0 2.88) 0.009 2'21)(1'24 to 0.013 0.025
3419.94 (3103.92 to 3925.37 (3412.82 to 2979.59 (2620.26 to 7.97 (1.84 to
Ang-2 (pg/mL) 3768.13) 4514.88) 3388.19) 0.003 34.61) 0.006 0.022
0.85 (0.55 to
BDNF (pg/mL) 372.39 (277.91 to 498.99) | 339.06 (226.13 to 508.38) | 409 (265.15 to 630.88) | 0.340 131) 0.455 0.487
570,754.84 (537,392.44 to | 548,921.27 (501,977.89 to | 593,456.84 (546,634.99 0.27 (0.04 to
CysCpg/mL) | g06188.43) 600,254.64) 10 644,289.21) 0.292 1.87) 0.186 0.232
7.64 (2.27 to
Flt-1 (pg/mL) 346.82 (300.76 t0 399.92) | 445.64 (363.48 to 546.35) | 269.91 (224.86 to 323.98) | 0.001 25.69) 0.001 0.015
1.83 (1.23 to
IL-6 (pg/mL) 61.26 (42.07 t0 89.2) 11657 (71.35t0 190.47) | 32.19 (18.91 to 54.79) 0.006 273) 0.003 0.020
2.38 (127 to
IL-8 (pg/mL) 32.91 (26.05 to 41.57) 46.55 (33.28 t0 65.11) 23.27 (17.08 to 31.69) 0.002 116) 0.007 0.022
IP-10 (pg/mL) 695.52 (540.61 to 894.83) ?ggfgs(f”'ss to 493,51 (346.74 t0 702.4) | 0.004 2.05 (1.2 t0 3.52) | 0.009 0.022
: 34,919.64 (31,563.07to | 39,961.39 (35,283.86 to | 30,513.99 (26,129.51 to 4.62 (139 to
Tie2 (pg/mL) 38,633.17) 45,259.01) 35.634.16) 0.021 15.4) 0.013 0.025
12,823.86 (11,552.84 t0 | 14,952.47 (13,144.79to | 10,998.27 (9389.64 to 479 (L5 to
TNERL (pg/mL) | 1454 7) 17,008.75) 12,882.48) 0.006 15.26) 0.008 0.022
Treml (pg/mL) | 384.38 (343.86 to 429.66) | 441.48 (370.7 to 525.78) | 334.66 (292.72 to 382.6) | 0.031 g.g)(us to 0.028 0.046

Table 2. Biomarker levels in uncomplicated versus severe malaria patients. *Paired test. **From conditional
logistic regression including the pair as strata. ***Using Benjaming & Hochmerg method.

Our findings regarding higher levels of biomarkers in SM cases align with current literature, as different
members of the Angpt-Tie axis have been associated with the pathophysiology of SM'7. sTie-2 is the receptor
of both Angpt-1 and Angpt-2. When Angpt-1 bounds to sTie-2, it promotes endothelial stability and vascular
quiescence, as well as anti-inflammatory and anti-apoptotic effects!”. However, Angpt-2 antagonizes these actions
and, when released from endothelial cells, triggers a pro-inflammatory and pro-coagulant state. In our study,
we confirmed previous reports describing high levels of Angpt-2 in both adults and children as a biomarker of
severity in malaria infection'*-?. In addition, the ratio Angpt-2:Angpt-1 was also significantly higher in the
SM group compared to UM. Finally, this study also confirmed previous findings where higher levels of sTie-2
were described in SM in comparison to UM?"?2, These data provide further evidence that dysregulation of the
angiopoietin-Tie axis is involved in the pathophysiology of SM*” and may be used as therapeutic target*3*.

SM, including severe malarial anemia and CM, has been correlated with a dysregulated pro-inflammatory
state?!:2227:2850 gFlt-1 binds the vascular endothelial growth factor (VEGF) and is expressed in monocytes
and endothelium. Its expression is induced by hypoxia and VEGE when imbalanced, is thought to contribute
to vascular dysregulation. High levels of sFlt-1 have been associated to SM?*’! and our data confirm this
association. On the other hand, IL-6 and IL-8 have been found to increase in children with SM27-2%5%_ This could
be explained by the initiation of a pro-inflammatory state in severe children that could help to identify those who
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Fig. 1. Distribution of biomarker levels in severe malaria (SM) vs. uncomplicated malaria (UM). Boxplot
represents median and interquartile range while violin plot is the density curve of the biomarker by group.
The Angpt-2/Angpt-1 ratio and the levels of Angpt-2, sTie-2, sSTNRF-1, sFlt-1, IL-6, IL-8, IP-10, and sTREM-1
were significantly higher in children with SM when compared with children with UM. P. falciparum histidine-
rich protein 2 (HRP-2); angiopoietin 1 and 2 (Angpt-1, Angpt-2); ratio Angpt-2/Angpt-1 (Angpt-2/Angpt-1);
brain-derived neurotrophic factor (BDNF); cystatin C (CysC); soluble FMS-like tyrosine kinase-1 (sFlt-1);
interleukin (IL-6); interleukin (IL-8); 10 kDa interferon y-induced protein (IP-10); soluble tyrosine-protein
kinase receptor TEK (sTie-2); soluble tumor necrosis factor receptor 1 (STNFR-1); soluble triggering receptor
expressed on myeloid cells-1 (STREM-1).

are at higher risk of progress to more severe forms of the disease. This study also confirmed findings that IP-10,
a pro-inflammatory chemokine, is associated with CM and can accurately discriminate children with prolonged
clinical recovery times and higher mortality?>3!. Finally, this study also showed increased sTNFR-1 levels in
children with SM. Tumour necrosis factor alpha (TNF) is another pro-inflammatory cytokine that is elevated in
different severe diseases, including CM and severe malarial anemia®'. That finding has triggered some attempts
to find anti-TNF therapies for SM although without positive results®2.

The activation of the soluble triggering receptor expressed on myeloid cells 1 (STREM-1) is involved in pro-
inflammatory responses. sSTREM-1 negatively regulates TREM-1, and both molecules maintain a physiological
balance®. High levels of circulating sSTREM-1 reflects a dysregulated immune response. Elevated sSTREM-1 have
been observed in children with SM when compared with UM3®>* and sTREM-1 levels correlated well with
poor prognosis and mortality, not only in malaria!®?33, but also in the context of many other underlying
infections'®41%, Hence, our results confirm that STREM-1 levels were higher in children with SM, evidencing
its potential as a malaria severity biomarker.

Beyond host biomarkers, our findings also revealed that HRP-2 levels in children with SM [GeoMean (95%
CI): 150.53 (70.57 to 321.1) were higher than in children with UM [GeoMean (95% CI): 88.63 ng/mL (44.01
to 178.48)). Although geometric means are not significantly different (P=0.056) there is a clear trend towards
higher HRP-2 in SM [OR=1.42 (1.03 to 1.94), p-value=0.031] (Table 2). Both UM and SM groups were matched
by parasitemia (measured through microscopy), and our analysis through qPCR confirmed no significant
differences between them (Table 1). A possible explanation for this is that HRP-2 is a more accurate indicator
of the real parasite biomass of an infected case, as it considers sequestered parasites that are not detected in
peripheral blood>®. It would be interesting to confirm whether levels of HRP-2 among incidental parasitemia
cases (malaria infections among asymptomatic children) were even lower, further helping to classify the different
spectrum of disease in malaria, but our data do not allow us to explore this hypothesis. Importantly, data from
2010-2016°7, 20188 and 2023 (in press) show that hrp2/3 deletions are rare in Mozambique.
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Fig. 2. Correlation between P. falciparum histidine-rich protein 2 (HRP-2) levels and host biomarker levels.
Pairwise correlations between HRP-2 and biomarkers were assessed using Spearman’s correlation coefficients.
An adjusted p-value of less than 0.05 was considered statistically significant. Angpt-2, sTie-2, sFlt-1, sSTNFR-1,
and sSTREM-1 were significantly correlated with HRP-2 levels for both SM and UM. Angiopoietin 1 and 2
(Angpt-1, Angpt-2); ratio Angpt-2/Angpt-1 (Angpt-2/Angpt-1); brain-derived neurotrophic factor (BDNF);
cystatin C (CysC); soluble FMS-like tyrosine kinase-1 (sFlt-1); interleukin (IL-6); interleukin (IL-8); 10 kDa
interferon y-induced protein (IP-10); soluble tyrosine-protein kinase receptor TEK (sTie-2); soluble tumor
necrosis factor receptor 1 (STNFR-1); soluble triggering receptor expressed on myeloid cells-1 (STREM-1);
severe malaria (SM); uncomplicated malaria (UM).

Lastly, our data found statistically significant associations between levels of HRP-2 and other biomarkers like
Angpt-2, displaying the close interaction between these markers in the pathophysiology of SM. To our knowledge
no previous studies have examined relationship between HRP-2 and host-biomarkers. It has previously been
theorized that the physiological interaction between endothelial dysfunction and other pathways of severity may
be triggered by a high parasite biomass; which is reinforced by our findings*. The association of HRP-2 with other
host biomarkers makes it plausible to think about incorporating both biomarkers with quantitative measures to
manage children with SM, guide risk stratification, and improve their outcome, as HRP-2 is the main antigen
used in malaria rapid diagnostic tests. Further research is needed to better investigate these findings, but their
future use as part of a rapid, point-of-care, low-cost prognostic test or as therapeutic targets might improve the
management of this disease, whose impact in resource-constrained countries remains unacceptably high.

Despite the valuable insights gained from this study, it is crucial to recognize and address certain limitations
to our findings. First, biomarker levels were only measured at hospital first encounter, where it was followed
by immediate antimalarial treatment, and we did not evaluate the dynamics of biomarker levels in response to
infection. Secondly, we did not analyze the levels of biomarkers in relation to specific SM syndromes or LODS
score due to the low number of patients in each of those groups. Thirdly, low numbers of fatal malaria episodes
hindered exploring variations in biomarker levels in relation to mortality. Also, we did not measure levels of
host or parasite biomarkers in asymptomatic infected patients, which could have given further insights on the
predictive capacity of those markers in risk-stratifying the entire spectrum of disease. A similar analysis of
the same host-response biomarkers analyzed here, but conducted in Mozambican children with pneumonia,
showed that all biomarkers were significantly elevated in 472 pneumonia cases versus 80 healthy community
controls (p<0.001)>. In addition, levels of host biomarkers were measured using citrate as anticoagulant, as
many other studies have used EDTA as anticoagulant, this different methodology must be considered, as this can
have an impact on biomarker levels. Finally, the particular matching methodology could also hinder comparison
with other studies.
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Conclusions

Our findings confirmed that levels of HRP-2 accurately indicate SM and is significantly correlated with other
host biomarkers that present higher levels in SM cases, like Angpt-2, sTie-2, sFlt-1, sSTNFR-1, and sTREM-1.
This association was previously untested, and as host biomarkers associated with endothelial activation and
inflammation are differently expressed in patients with greater severity, this allows for future studies to investigate
the inclusion of quantitative measurements of parasite and host biomarkers in pediatric SM management to
improve patient outcome.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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