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1 Supplementary methods 

1.1 Sample collection procedures 

Samples were acquired using EDTA anti-coagulant tubes. Informed consent was obtained prior to 

sample collection. All participants were allowed sufficient time to consider their participation in the project. 

Individual data were collected and recorded anonymously. Plasmodium infection and speciation in each 

collected sample were confirmed by microscopic examination of Giemsa-stained blood smears and nested 

polymerase chain reaction (PCR) based on the 18S rRNA gene. Out of the 50 individuals sampled as part of 

the parent project, 38 had associated clinical information needed for this study, including parasitemia. 

1.2 Biomarker panel selection 

Our literature review-based selection followed the assumption that any plasma biomarker ever reported 

to be altered in any species of human malaria could potentially be altered in our cohort of Pk patients. For 

brain injury biomarkers, a second premise applied: since cerebral malaria can cause long-lasting cognitive 

disorders, any plasma marker reported to be increased or decreased in cognitively impaired subjects could 

also be altered in our patients. To inform the biomarker panel selection, a systematic search of scientific 

literature on biomarker plasma levels in human patients was conducted in PubMed database, including all 

relevant publications from 2010 onwards. 

1.3 Immunoseroprevalence assay 

Sera were screened against a previously optimised panel of 14 blood-stage antigens representing 

varied markers of malaria exposure, listed in Supplementary Table 3. This incorporated 6 Pk antigens: 

PkAMA1 and PkMSP119, historical (long-term) exposure markers that can persist in blood for several years 

with repeated infections, PkSera3 Ag2 and PkSSP2/TRAP, which have previously been utilised as markers 

in seroprevalence studies on Malaysian populations (1–3), and Pk1 and Pk8, exploratory antigens that 

demonstrated high immunogenicity in preliminary data from assay screenings of pooled sera from Pk-infected 

Malaysian hyperimmune individuals (K. Tetteh, personal communication). For P. falciparum and P. vivax, 

markers of historical exposure, Pf / PvMSP119 and Pf / PvAMA1, and markers of recent (short-term) exposure 

known to persist in blood for up to 6-12 months following infection, PfEtramp5 Ag1 and PvRBP 2b, were 

included (4,5). PmMSP119 and PoMSP119 were used to assess historical exposure to P. malariae and P. 

ovale, respectively. Additionally, tetanus toxoid vaccine protein from Clostridium tetani and glutathione-S-

transferase (GST) from Schistosoma japonicum were included as non-malaria internal assay controls (6). 

The Luminex assay was performed as previously described (7). Briefly, based on previously identified 

antigen-specific optimal EC50 concentrations, each antigen was covalently coupled to a colour-coded 

MagPlex® bead region (MagPlex, Luminex Corp., Austin, TX) via N-Hydroxysuccinimide/1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (NHS/EDC) chemistry. Test sera were prepared at 1/400 in diluent buffer 

(1x Phosphate Buffer Saline (PBS); 0.05% Tween® 20; 0.5% bovine serum albumin; 0.02% sodium azide; 

0.1% casein; 0.5% polyvinyl alcohol; 0.5% polyvinylpyrrolidone; 15.25ug/mL E. coli lysate) and incubated at 

4oC overnight. Antigen-coupled beads were incubated with 50L of diluted samples and incubated for 90 

minutes at room temperature with shaking at 600 RPM before incubation with 50L of 1/200 R-Phycoerythrin-
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conjugated AffiniPure F(ab')₂ Fragment Goat Anti-Human IgG secondary antibody 

(JacksonImmunoResearch; 109-116-098) for 90 minutes under the same conditions (38).  

Pooled sera from hyperimmune individuals in Malaysia (Pk+), Tanzania (CP3), and Peru (S1) were included 

as Pk, P. falciparum, and P. vivax positive controls, respectively, in 6-point 5-fold serial dilution curves (1/10 

- 1/31250). Commercial WHO reference reagents for anti-P. falciparum (10/198) human serum and anti-P. 

vivax (19/198) human plasma were also added as positive controls at 1/400 and 1/4000. Public Health 

England (PHE) malaria naïve human sera (n=30) were included as negative controls at 1/400. Two wells of 

diluent buffer served as blank controls to allow subtraction of background signal. The plates were read using 

the MAGPIX© instrument (Luminex Corp., Austin, TX) with the raw data recorded as Median Fluorescent 

Intensity (MFI) values using an acquisition target of ≥30 beads per region per well. The data were background-

adjusted and normalised as described by Wu et al (7). 

 

2 Supplementary Results 

2.1 Biomarkers with values out of detection range 

Since S100B and Aβ(1-42) plasma levels were below the range of detection in most uninfected subjects, we 

first compared the proportion of individuals with detectable levels of these biomarkers in each group using a 

Chi-square test with Yates' correction. The percentage of participants with plasma levels within the range of 

detection was significantly higher in the Pk-infected group (19/19, 100%) than in the uninfected control group 

(4/19, 21.05%) (p<0.0001). Similarly for Aβ(1-42), the proportion of individuals with detectable plasma levels in 

the Pk-infected group (17/19, 89.47%) was significantly higher compared with their uninfected peers (7/19, 

36.84%) (p= 0.0025). 

To enable group comparisons for these two biomarkers, participants with values below the range of detection 

were assigned a numerical value corresponding to half the value of the lower threshold of detection. 

According to the manufacturer’s information, these values were 27.31 pg/mL for S100B and 0.22 pg/mL for 

Aβ(1-42). Achieved this, Wilcoxon tests revealed significantly higher plasma S100B levels in the Pk-infected 

group, which survived Bonferroni correction for multiple comparisons (p<0.0001), whereas no significant 

group differences were found for Aβ(1-42) plasma levels. 

2.2 Hierarchical clustering of immune biomarker levels 

Clustering of biomarkers associated with infection and immune activation did not reveal distinct separation 

between Pk-infected patients and healthy controls. Higher levels of IL-1RA and MPO predominantly clustered 

in the infected group (17/19, 89.47%), and two control individuals also exhibited this pattern (2/19, 10.53%). 

One infected individual (1/19, 5.26%) displayed very high levels of IL-1β, GM-CSF, TNF-α, CCL4, and CCL2. 

Another infected individual (1/19, 5.26%) exhibited very high levels of OPN and IL-10. Additionally, one control 

individual showed high levels of IL-6 (1/19, 5.26%). 

2.3 Correlation of biomarker levels with age and parasitemia 

No significant correlations were identified between the levels of any of the examined biomarkers and 

the age of participants within each respective group, as illustrated in Supplementary Figure 4. Furthermore, 
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within the Pk-infected group, no significant correlations were observed between biomarker levels and the 

percentage of parasitemia (Supplementary Figure 5). 

2.4 Serological markers of previous malaria exposure 

Overall, the majority of participants generated low antibody responses across Pk, P. vivax, P. 

falciparum, P. ovale, and P. malariae antigens with the exception of a few high responders (Supplementary 

Figure 6). Clustering of exposure markers in the hierarchical heatmap analysis did not reveal distinct 

separation between responses of Pk-infected patients and uninfected controls (Supplementary Figure 7). 

Among Pk antigens, uninfected controls exhibited higher responses against Pk8 (p<0.0001), PkSERA3 Ag2 

(p=0.0406), and Pk1 (p=0.0250) than Pk-infected patients, but no differences were observed for PkAMA1 

(p>0.9999), PkMSP119 (p=0.7778), or PkSSP2 (p=0.2592). 

Interpreting these results, total IgG antibody responses observed against Plasmodium spp. antigens, 

including Pk, were low not only among most uninfected controls but also Pk-infected patients, and did not 

form distinct clusters between the two groups. This suggests the cohort was largely malaria naïve, with low 

reactivity to long-term infection markers Pk/Pv/Pf/Pm/PoMSP119 and Pk/Pv/PfAMA1 observed at levels 

comparable to the PHE malaria naïve controls in all but two Pk-infected patients (8). As naturally acquired 

responses against these antigens develop cumulatively with repeated exposure, this indicates the occurrence 

of very few historical Plasmodium infections across participants (9). This could highlight a lack of clinical 

immunity, rendering Pk-infected patients more susceptible to potential malaria complications reflected in the 

brain and vascular biomarker profiles in this study, though this was not possible to investigate due to 

insufficient clinical information. The lack of elevated responses to Pk antigens SSP2, SERA3 Ag2, Pk1 and 

Pk8 may indicate there was inadequate time for Pk-infected patients to mount a response prior to the sampling 

period (1). 

Among uninfected controls, serological analyses identified two individuals exhibiting notably higher 

responses: one control to Pk exploratory marker Pk8 and P. vivax short-term exposure marker PvRBP2b, 

and another also to PvRBP2b. Although this suggests previous exposures to Pk and P. vivax, this did not 

appear to explain any atypical deviations in plasma biomarker levels observed in a minority of individuals in 

this group. 
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3 Supplementary Figure 1  
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Supplementary Figure 1. Group comparisons: Levels of blood circulating immune/inflammatory 

biomarkers. Dot plots represent individual data points. Median and interquartile range (IQR) are indicated 

by horizontal lines and error bars in red, respectively. 

CCL2: chemokine (C-C motif) ligand 2; CCL4: chemokine (C-C motif) ligands 4; CCL5: chemokine (C-C 

motif) ligand 5; CCL18: chemokine (C-C motif) ligand 18; CNS: central nervous system; CRP: C-reactive 

protein; CSF: cerebrospinal fluid; GM-CSF: granulocyte-macrophage colony-stimulating factor; IFN-γ: 

interferon gamma; IL-1α: interleukin 1 alpha; IL-1β: interleukin 1 beta; IL-1RA: interleukin 1RA; IL-2: 

interleukin 2; IL-4: interleukin 4; IL-6: interleukin 6; IL-8: interleukin 8; IL-10: interleukin 10; IL-17A: interleukin 

17; ILC: innate lymphoid cells; MIF: migration inhibitory factor; MPO: myeloperoxidase; NK: natural killer; 

OPN: osteopontin; RAGE: receptor for advanced glycation end-products; TNF-α: tumour Necrosis Factor 

alpha; VSMC: vascular smooth muscle cells. CTRL: Control group; Pk: Pk-infected patients.  

Wilcoxon test results: *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns: no significance. 
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4 Supplementary Figure 2  

 

 

Supplementary Figure 2. Group comparisons: Levels of blood circulating vascular biomarkers. Dot 

plots represent individual data points. Median and interquartile range (IQR) are indicated by horizontal lines 

and error bars in red, respectively. 

Ang-1: angiopoietin-1; Ang-2: angiopoietin-2; Ang-2/Ang-1: ratio between Ang-2 and Ang-1; BMP-9: bone 

morphogenetic protein 9; ICAM-1: intercellular adhesion molecule 1; PDGF-AA: platelet-derived growth 

factor AA; PDGF-BB: platelet-derived growth factor BB; VCAM-1: vascular cell adhesion molecule; Serpin 

E1: Serine Proteinase Inhibitor‑clade E1; PEDF: pigment epithelium derived factor; VEGF: vascular 

endothelial growth factor; vWF-A2: von Willebrand Factor (A2 domain).  

CTRL: Control group; Pk: Pk-infected patients.  

Wilcoxon test results: *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns: no significance.  
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5 Supplementary Figure 3  

 

Supplementary Figure 3. Correlation matrices of biomarkers in healthy controls and Pk-infected patients. Correlation matrices displaying the 

relationships between brain injury, immune/inflammatory, and vascular biomarkers. The left panel shows the correlation matrix for the control group, and the 

right panel shows the correlation matrix for Pk-infected patients.  

αSyn: alpha-Synuclein; APP: amyloid-beta precursor protein; Aβ1-42: amyloid beta (1-42); BDNF: brain-derived neurotrophic factor; CaBD: Calbindin D; CNTN1: 

contactin-1; CSF: cerebrospinal fluid; ENO2 / NSE: Enolase 2 / Neuron-specific Enolase; GFAP: glial fibrillary acidic protein; KLK6: kallikrein 6 / neurosin; 

NCAM-1: neural cell adhesion molecule; Lipocalin-2: neutrophil gelatinase-associated lipocalin; NGF-β: nerve growth factor beta; NfL: neurofilament light 

chain; NRGN: neurogranin; Park7: Parkinsonism-associated deglycase; S100B: S100 calcium-binding protein β; TDP-43: TAR DNA-binding protein 43; Tau: 

total Tau protein; UCH-L1: ubiquitin carboxy-terminal hydrolase L1; YKL40: Chitinase-3-like protein 1. 
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CCL2: chemokine (C-C motif) ligand 2; CCL4: chemokine (C-C motif) ligands 4; CCL5: chemokine (C-C motif) ligand 5; CCL18: chemokine (C-C motif) ligand 

18; CRP: C-reactive protein; GM-CSF: granulocyte-macrophage colony-stimulating factor; IFN-γ: interferon gamma; IL-1α: interleukin 1 alpha; IL-1β: interleukin 

1 beta; IL-1RA: interleukin 1RA; IL-2: interleukin 2; IL-4: interleukin 4; IL-6: interleukin 6; IL-8: interleukin 8; IL-10: interleukin 10; IL-17A: interleukin 17; MIF: 

migration inhibitory factor; MPO: myeloperoxidase; OPN: osteopontin; RAGE: receptor for advanced glycation end-products; TNF-α: tumour Necrosis Factor 

alpha. 

Ang-1: angiopoietin-1; Ang-2: angiopoietin-2; Ang-2/Ang-1: ratio between Ang-2 and Ang-1; BMP-9: bone morphogenetic protein 9; ICAM-1: intercellular 

adhesion molecule 1; PDGF-AA: platelet-derived growth factor AA; PDGF-BB: platelet-derived growth factor BB; Serpin E1: Serine Proteinase Inhibitor‑clade 

E1; VCAM-1: vascular cell adhesion molecule; VEGF: vascular endothelial growth factor; vWF-A2: von Willebrand Factor (A2 domain). Pk: Plasmodium 

knowlesi. 
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6 Supplementary Figure 4 

 

Supplementary Figure 4. Correlation plots of biomarker levels with participant’s age. Scatter plots depicting the correlations between levels of all 

biomarkers and participant’s age, colour-coded to distinguish between Pk-infected patients (red) and healthy controls (black) groups.  
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αSyn: alpha-Synuclein; APP: amyloid-beta precursor protein; Aβ1-42: amyloid beta (1-42); BDNF: brain-derived neurotrophic factor; CaBD: Calbindin D; CNTN1: 

contactin-1; CSF: cerebrospinal fluid; ENO2 / NSE: Enolase 2 / Neuron-specific Enolase; GFAP: glial fibrillary acidic protein; KLK6: kallikrein 6 / neurosin; 

NCAM-1: neural cell adhesion molecule; Lipocalin-2: neutrophil gelatinase-associated lipocalin; NGF-β: nerve growth factor beta; NfL: neurofilament light 

chain; NRGN: neurogranin; Park7: Parkinsonism-associated deglycase; S100B: S100 calcium-binding protein β; TDP-43: TAR DNA-binding protein 43; Tau: 

total Tau protein; UCH-L1: ubiquitin carboxy-terminal hydrolase L1; YKL40: Chitinase-3-like protein 1. 

CCL2: chemokine (C-C motif) ligand 2; CCL4: chemokine (C-C motif) ligands 4; CCL5: chemokine (C-C motif) ligand 5; CCL18: chemokine (C-C motif) ligand 

18; CRP: C-reactive protein; GM-CSF: granulocyte-macrophage colony-stimulating factor; IFN-γ: interferon gamma; IL-1α: interleukin 1 alpha; IL-1β: interleukin 

1 beta; IL-1RA: interleukin 1RA; IL-2: interleukin 2; IL-4: interleukin 4; IL-6: interleukin 6; IL-8: interleukin 8; IL-10: interleukin 10; IL-17A: interleukin 17; MIF: 

migration inhibitory factor; MPO: myeloperoxidase; OPN: osteopontin; RAGE: receptor for advanced glycation end-products; TNF-α: tumour Necrosis Factor 

alpha. 

Ang-1: angiopoietin-1; Ang-2: angiopoietin-2; Ang-2/Ang-1: ratio between Ang-2 and Ang-1; BMP-9: bone morphogenetic protein 9; ICAM-1: intercellular 

adhesion molecule 1; PDGF-AA: platelet-derived growth factor AA; PDGF-BB: platelet-derived growth factor BB; Serpin E1: Serine Proteinase Inhibitor‑clade 

E1; VCAM-1: vascular cell adhesion molecule; VEGF: vascular endothelial growth factor; vWF-A2: von Willebrand Factor (A2 domain). Pk: Plasmodium 

knowlesi. 
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7 Supplementary Figure 5 

 

Supplementary Figure 5. Correlation plots of biomarker levels with parasitaemia. Scatter plots depicting the correlations between levels of all biomarkers 

and parasitaemia in the Pk-infected group. 
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αSyn: alpha-Synuclein; APP: amyloid-beta precursor protein; Aβ1-42: amyloid beta (1-42); BDNF: brain-derived neurotrophic factor; CaBD: Calbindin D; CNTN1: 

contactin-1; CSF: cerebrospinal fluid; ENO2 / NSE: Enolase 2 / Neuron-specific Enolase; GFAP: glial fibrillary acidic protein; KLK6: kallikrein 6 / neurosin; 

NCAM-1: neural cell adhesion molecule; Lipocalin-2: neutrophil gelatinase-associated lipocalin; NGF-β: nerve growth factor beta; NfL: neurofilament light 

chain; NRGN: neurogranin; Park7: Parkinsonism-associated deglycase; S100B: S100 calcium-binding protein β; TDP-43: TAR DNA-binding protein 43; Tau: 

total Tau protein; UCH-L1: ubiquitin carboxy-terminal hydrolase L1; YKL40: Chitinase-3-like protein 1. 

CCL2: chemokine (C-C motif) ligand 2; CCL4: chemokine (C-C motif) ligands 4; CCL5: chemokine (C-C motif) ligand 5; CCL18: chemokine (C-C motif) ligand 

18; CRP: C-reactive protein; GM-CSF: granulocyte-macrophage colony-stimulating factor; IFN-γ: interferon gamma; IL-1α: interleukin 1 alpha; IL-1β: interleukin 

1 beta; IL-1RA: interleukin 1RA; IL-2: interleukin 2; IL-4: interleukin 4; IL-6: interleukin 6; IL-8: interleukin 8; IL-10: interleukin 10; IL-17A: interleukin 17; MIF: 

migration inhibitory factor; MPO: myeloperoxidase; OPN: osteopontin; RAGE: receptor for advanced glycation end-products; TNF-α: tumour Necrosis Factor 

alpha. 

Ang-1: angiopoietin-1; Ang-2: angiopoietin-2; Ang-2/Ang-1: ratio between Ang-2 and Ang-1; BMP-9: bone morphogenetic protein 9; ICAM-1: intercellular 

adhesion molecule 1; PDGF-AA: platelet-derived growth factor AA; PDGF-BB: platelet-derived growth factor BB; Serpin E1: Serine Proteinase Inhibitor‑clade 

E1; VCAM-1: vascular cell adhesion molecule; VEGF: vascular endothelial growth factor; vWF-A2: von Willebrand Factor (A2 domain).  

Pk: Plasmodium knowlesi. 
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8 Supplementary Figure 6 

 

Supplementary Figure 6. Immunoseroprevalence assay: All markers. Dot plots illustrating participant antibody 

levels against markers (antigens) indicative of recent and historical exposure to Plasmodium knowlesi (Pk), P. 

falciparum (Pf), P. vivax (Pv), P. malariae (Pm), and P. ovale (Po) malaria. 
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9 Supplementary Figure 7 

 

Supplementary Figure 7. Immunoseroprevalence assay: Hierarchical clustering. Hierarchical clustering 

analysis of antibody levels against malaria antigens in all participants. Plasmodium knowlesi (Pk), P. falciparum 

(Pf), P. vivax (Pv), P. malariae (Pm), P. ovale (Po). 
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10 Supplementary Table 1 

Plasma biomarkers of brain alterations or cerebral injury 

Marker Description Clinical significance  

αSyn Neuronal intracellular protein. Regulates synaptic vesicle 

trafficking and neurotransmitter release. Its aggregation in the 

brain is associated with neurodegeneration. 
 

 
Plasma αSyn levels were higher in Parkinson’s Disease patients than healthy controls 

and patients with other neurodegenerative diseases (10,11). 

APP Neuronal transmembrane protein. Involved in the generation of 

synapses and axons, neurite growth, and neuronal adhesion. 

Undergoes proteolytic processes to generate Aβ. 

 
In Japanese and Australian cohorts encompassing cognitively normal individuals, 

subjects with mild cognitive impairment, and Alzheimer’s Disease patients, plasma 

APP/Aβ ratio predicted individual brain Aβ status as determined by PET imaging (12). 

Aβ1-42 APP-derived peptide. The imbalance between Aβ production 

and clearance, its misfolding, and accumulation in the 

extracellular space, are early factors in Alzheimer's disease. 

 
Lower Aβ1-42 plasma levels were associated with Aβ deposition in the brain of patients 

with varied degrees of cognitive decline, compared with other groups (13). 

BDNF Neurotrophic factor. Major regulator of synaptic transmission and 

plasticity in adult synapses. Homeostatic regulator of intrinsic 

neuronal excitability. 

 
Plasma levels were significantly higher in Ugandan children with falciparum cerebral 

malaria compared with severe non-cerebral malaria patients. Plasma concentration 

increases were associated with resolution of severe malaria in this study (14). 

CaBD Cytosolic protein. Binds calcium with high affinity and regulates 

its availability in the cytoplasm, playing a role in transepithelial 

calcium transport. 

 
Increased CSF levels could predict risk of future dementia in US patients who were 

cognitively normal at the time of recruitment (15). 

CNTN1 Membrane protein, participates in nervous system development 

and neuronal-glia interactions in myelinated nerves. 
 

Compared to healthy patients, downregulated CNTN1 serum levels predicted cognitive 

and motor declines in German patients with Parkinson’s Disease (16). 

ENO2 / 

NSE 

Dimeric isoform of enolase, an enzyme involved in the metabolic 

process of glycolysis, relatively specific to neurons. 
 

Plasma levels are significantly higher in patients with traumatic brain injury, compared 

with healthy controls (17–19). 

Fetuin A  Serum glycoprotein, produced by hepatocytes, adipocytes, and 

choroid plexus cells. Involved in brain development, endocytosis, 

and bone tissue formation. 

 
Compared with healthy controls, serum levels were significantly higher in Malaysian 

patients with knowlesi malaria, as revealed by two-dimensional electrophoresis and 

mass spectrometry analysis (20). 

GFAP Intermediate filament protein, specific to astrocytes. Involved in 

cell-cell communication and blood brain barrier functioning. 
 

Used in clinical settings to determine injury severity and case management after 

traumatic brain injury (17,21). 

 
In Norwegian patients with CSF disorders, higher plasma GFAP concentrations were 

associated with impaired glymphatic function (22). 
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In Chinese and UK cohorts, plasma GFAP level ranges distinguished patients with 

different neurodegenerative diseases (23,24). 

KLK6 Serine protease, also known as neurosin. Participates in 

degradation processes against proteins such as APP or αSyn. 
 

Plasma levels were significantly increased in Swedish patients with advanced 

Alzheimer’s Disease, compared with healthy controls (25). 

NCAM-1 Cell surface glycoprotein, expressed in neurons and glia. 

Involved in cell-cell adhesion, neurite outgrowth, synaptic 

plasticity, learning, and memory. 

 
Longitudinal plasma NCAM-1 levels were among biomarker trajectories associated with 

falciparum-infected children in Mali, as identified by quantitative proteomics (26). 

NGAL Iron-trafficking protein. Participates in innate immunity by binding 

iron and impeding its uptake by bacteria, which limits their 

growth. Also plays a role in renal development. 

 
Compared with uncomplicated cases, plasma levels were significantly higher in Indian 

adults with falciparum cerebral malaria and discriminated between fatal and nonfatal 

outcomes (27). 

 
Compared with non-dementia controls, plasma levels are significantly higher in patients 

with Alzheimer’s Disease (28). 

NGF-β Neurotrophic factor. Regulates proliferation, differentiation, and 

survival of sympathetic and sensory neurons. 
 

Compared with healthy controls, plasma levels are lower in patients with major 

depressive disorder and in patients with schizophrenia (29,30). 

NfL Subunit of intermediate filament proteins, exclusive to neurons. 

Highly expressed in axons, also present in dendrites and 

neuronal bodies. 

 
Plasma levels were significantly higher in Ugandan children with falciparum cerebral 

malaria and severe malarial anaemia, compared with asymptomatic community children. 

Elevated levels associated with worse cognitive outcomes and mortality in children with 

cerebral malaria (31). 

 
Longitudinal analysis in Mozambican children with uncomplicated and severe falciparum 

malaria revealed that while plasma levels were similar upon admission, they increased 

over time, particularly in severe malaria cases with neurological symptoms (32). 

 
Increased plasma levels are detected in patients with traumatic or vascular injury, 

neuroinflammation, and neurodegeneration (17,33,34). 

NRGN Postsynaptic neuronal protein, expressed primarily in dendritic 

spines. Involved in the protein kinase C signalling pathway, 

regulates calmodulin availability. 

 
Compared with healthy newborns, plasma levels were significantly higher in Irish babies 

with neonatal encephalopathy, and they were inversely associated with 

neurodevelopmental cognitive, motor, and language scores (35). 

 
Serum concentrations were significantly higher in Turkish and US patients with mild and 

acute traumatic brain injury, respectively, when compared with healthy controls (36,37). 
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Park7  Enzyme found in many tissues and organs, including the brain. 

Has a protective role against oxidative stress and cell death. 
 

Compared to those of healthy controls, lymphocytes from patients at risk of developing 

prodromal Parkinson’s Disease showed a decrease in the expression of Park7 (38). 

S100β Neurotrophic factor. Promotes astrogliosis and axonal 

proliferation. Highly expressed in astrocytes, it is one of the most 

abundant soluble proteins in the brain.  
 

 
Increased plasma levels serve as a blood biomarker of cerebral small vessel disease 

and intracranial injury (39–41). 
 

 
Plasma levels were increased in Indian patients with falciparum severe malaria, 

compared with uncomplicated cases (42). 

TDP-43 RNA-binding protein. Regulates the processing of RNAs 

involved in neuronal survival, as well as mRNAs that encode 

proteins relevant for neurodegenerative diseases. 

 
Serum levels are decreased in patients with certain neurodegenerative diseases, such 

as frontotemporal dementia (43) and increased in other pathologies, such as sporadic 

amyotrophic lateral sclerosis (44). 

Tau Microtubule-associated protein, used as a biomarker of neuronal 

injury. Promotes microtubule assembly and stability, involved in 

neuronal polarity. Forms insoluble filaments that accumulate as 

neurofibrillary tangles in Alzheimer's Disease. 

 
Plasma levels were increased in Ugandan children with falciparum cerebral malaria or 

severe malarial anaemia, compared with healthy controls. Plasma levels were 

associated with mortality and persistent neurocognitive impairment in young children 

with cerebral malaria (45). 

 
In Ugandan children with falciparum cerebral malaria, elevated CSF levels were 

associated with increased disease severity, malaria retinopathy, acute kidney injury, 

prolonged coma duration, and persistence of neurologic deficits up to 2 years post-

discharge (46,47). 

UCH-L1 Ubiquitin-protein hydrolase. Processes ubiquitin precursors and 

ubiquitinated proteins. Associated with neurofibrillary tangles in 

Alzheimer’s Disease. 

 

 
Plasma levels were significantly higher in Ugandan children with falciparum cerebral 

malaria and severe malarial anaemia, compared with asymptomatic community children. 

Elevated levels were linked to blood-brain barrier dysfunction and neurodeficits over 

follow-up (31). 

YKL-40  Glycoprotein secreted by macrophages and other inflammatory 

cells during differentiation. 
 

In Ugandan children with falciparum malaria, plasma levels were significantly increased 

in severe malarial anaemia and cerebral malaria versus uncomplicated malaria. Among 

severe cases, admission plasma levels predicted mortality with high sensitivity and 

specificity (48). 

 
In Ugandan children with severe falciparum malaria, admission plasma levels were 

elevated in cases who subsequently died. Levels correlated with markers of 

inflammation and endothelial activation (49). 
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αSyn: alpha-Synuclein; APP: amyloid-beta precursor protein; Aβ1-42: amyloid beta (1-42); BDNF: brain-derived neurotrophic factor; CaBD: Calbindin D; CNS: 

central nervous system; CNTF: ciliary neurotrophic factor; CNTN1: contactin-1; CSF: cerebrospinal fluid; ENO2 / NSE: Enolase 2 / Neuron-specific Enolase; 

AHSG: alpha 2-HS glycoprotein; FGF-21: fibroblast growth factor 21; GDNF: glial cell line-derived neurotrophic factor; GFAP: glial fibrillary acidic protein; KLK6: 

kallikrein 6 / neurosin; NCAM-1: neural cell adhesion molecule; NGAL: neutrophil gelatinase-associated lipocalin (also known as Lipocalin-2); NGF-β: nerve 

growth factor beta; NfL: neurofilament light chain; NRGN: neurogranin; Park7: Parkinsonism-associated deglycase; RNA: ribonucleic acid; S100β: S100 

calcium-binding protein β; TDP-43: TAR DNA-binding protein 43; Tau: total Tau protein; Tau pT181: phosphorylated Tau protein; UCH-L1: ubiquitin carboxy-

terminal hydrolase L1; YKL40: Chitinase-3-like protein 1.  

Biomarker descriptions are extracted from UniProt (www.uniprot.org, last accessed January 2024). 

Legend: Clinical findings related to:  Plasmodium falciparum malaria infection;  Plasmodium knowlesi malaria infection;  Neurological conditions. 

  

http://www.uniprot.org/
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11 Supplementary Table 2 

Plasma biomarkers of infection and immune activation 

Pro-inflammatory cytokines 

CRP 

 

In Ugandan children with falciparum cerebral malaria, plasma levels were significantly higher in retinopathy-positive patients compared with 

retinopathy-negative cases (46). 

 

Whole blood and plasma concentrations were significantly elevated in malaria-infected patients from Malaysia and Indonesian Papua, compared 

with healthy controls. Patients were mono-infected with Plasmodium falciparum, vivax, knowlesi, malariae or ovale as confirmed by PCR (50). 

 

In Cambodian asymptomatic participants, plasma levels were significantly higher in parasitaemic individuals compared with uninfected, age-, sex-, 

and village-matched controls. Patients had either a falciparum or vivax mono-infection, a Plasmodium infection with indeterminate species, or a 

mixed infection (51). 

 

In Brazilian patients with falciparum or vivax malaria, plasma levels were significantly higher in infected individuals compared with healthy controls. 

Levels were also higher in vivax patients than in falciparum cases (52). 

GM-CSF  To the best of our knowledge, no studies have reported significant group differences in the context of human malaria. 

IFN-γ 
 

Plasma levels were significantly higher in Rwandan patients with severe malaria, compared with uncomplicated cases and controls (53). 

 

Plasma levels were significantly higher in Colombian patients with vivax severe malaria, compared with uncomplicated cases and healthy controls 

(54). 

 

In Brazilian patients with different forms of vivax malaria and controls, a network analysis revealed that IFN-γ, TNF-α, and CCL5 were crucial in the 

profile of mild malaria cases (55). 

IL-1α   To the best of our knowledge, no studies have reported significant group differences in the context of human malaria. 

IL-1β* 

 

A meta-analysis revealed that IL-1β blood levels were higher in severe malaria patients compared with uncomplicated cases. Plasmodium spp. was 

a confounder in the meta-analysis, showing no difference in IL-1β levels between falciparum-infected groups (56). 

 

In Indian patients with falciparum malaria, IL-1β levels were significantly the highest in severe cases with no brain injury, compared with other 

groups (57). 

 
In Beninese children with falciparum cerebral malaria, plasma levels were significantly higher in fatal cases compared with those who survived (58). 

IL-2 

 

Compared with Mozambican adults with life-long exposure to falciparum malaria, Spanish travellers diagnosed with malaria had significantly higher 

serum IL-2 levels (59,60). 

IL-6* 
 

Plasma levels were significantly higher in Rwandan patients with severe malaria, compared with uncomplicated cases and controls (53). 
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Plasma IL-6 levels were significantly higher in Colombian patients with vivax severe malaria, compared with uncomplicated cases and healthy 

controls (54). 

 

Plasma levels were increased in Brazilian patients with vivax malaria, compared with non-infected subjects with previous malaria episodes. 

Infected patients showed a strong correlation between CCL2 and IL-6 plasma levels, and moderate correlations between IL-6 and IL-10 (61). 

 

In Pakistani patients with vivax malaria, plasma levels were significantly higher in uncomplicated cases than healthy controls, and in complicated 

cases than in uncomplicated ones (62). 

 
Plasma levels were significantly higher in Malaysian patients with severe knowlesi malaria, compared with uncomplicated cases (63). 

IL-8  

 

In Beninese children with falciparum cerebral malaria, plasma levels were significantly higher in fatal cases compared with those who survived. In 

the former, IL-8 was identified as a risk factor for death by multivariate analysis (58).  

IL-17A 

 

Plasma levels were significantly higher in Ghanian children with severe falciparum malaria, compared with uncomplicated cases and non-malaria 

febrile controls (64). 

 

In Indian patients with falciparum malaria, plasma levels were higher in patients with multi-organ dysfunction compared with other severe malaria 

subgroups, suggesting IL-17 plays a role in renal inflammatory pathology during falciparum infection (65). 

 
Plasma levels were significantly higher in Rwandan patients with severe malaria, compared with uncomplicated cases and controls (53). 

 

Plasma levels were significantly higher in Brazilian patients with vivax malaria, compared with previously exposed, non-infected subjects and 

unexposed healthy donors (61). 

MIF 
 

Host MIF plasma concentrations positively correlated with vivax MIF levels in the plasma of Chinese patients with uncomplicated malaria (66). 
 

MPO 

 

In Cameroonian participants, plasma MPO levels were significantly higher in patients with falciparum malaria when compared with negative 

controls (67).  

TNF-α 
 

Serum levels were significantly higher in Indian patients with falciparum severe malaria and cerebral malaria, compared with healthy controls (68). 
 

 

In Beninese children with falciparum cerebral malaria, plasma levels were significantly higher in fatal cases compared with those who survived 

(58). 

 

TNF-α-producing monocytes were significantly lower in Malawian children with falciparum malaria compared with healthy controls. Cerebral 

malaria cases had the lowest values (69). 

 
Plasma levels were significantly higher in Rwandan patients with severe malaria, compared with uncomplicated cases and controls (53). 

 

In Brazilian patients with different forms of vivax malaria and controls, a network analysis revealed that IFN-γ, TNF-α, and CCL5 were crucial in the 

profile of mild malaria cases (55). 
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In Pakistani patients with vivax malaria, plasma levels were significantly higher in complicated cases compared with uncomplicated ones. TNF-α, 

IL-10, ICAM-1 and VCAM-1 were the best individual predictors of complicated vivax malaria (62). 

Anti-inflammatory cytokines 

IL-1RA  

 

Most abundant cytokine measured in the serum of Malaysian Borneo patients with falciparum, vivax, or knowlesi malaria. Serum levels correlated 

with parasitaemia in subjects infected with any of the parasite species, and was associated with complications in knowlesi-infected patients (70). 

IL-4** 

 

Plasma levels were significantly higher in Colombian patients with vivax severe malaria, compared with uncomplicated cases and healthy controls 

(54). 

 

In Brazilian patients with different forms of vivax malaria and controls, a network analysis revealed a protective role of IL-4 and IL-10 in non-

infected and asymptomatic patients (55).  

IL-10 

 

In Beninese children with falciparum cerebral malaria, plasma levels were significantly higher in fatal cases compared with those who survived 

(58). 

 
Plasma levels were significantly higher in Rwandan patients with severe malaria, compared with uncomplicated cases and controls (53). 

 

Plasma levels were significantly higher in Colombian patients with vivax severe malaria, compared with uncomplicated cases and healthy controls 

(54). 

 

IL-10 production was only observed in Brazilian patients with vivax malaria, compared with previously exposed, non-infected subjects and 

unexposed healthy donors. Infected patients presented a moderate correlation between IL-10 and IL-6 plasma levels (61). 

 

In Brazilian patients with different forms of vivax malaria and controls, a network analysis revealed a protective role of IL-10 and IL-4 in non-

infected and asymptomatic vivax patients (55).  

 

In Pakistani patients with vivax malaria, plasma levels were significantly higher in uncomplicated cases than healthy controls, and higher again in 

complicated cases compared with uncomplicated ones. IL-10, TNF-α, ICAM-1 and VCAM-1 were the best individual predictors of complicated 

vivax malaria (62). 

 
Plasma levels were significantly higher in Malaysian patients with severe knowlesi malaria, compared with uncomplicated cases (63). 

Chemokines 

CCL2  

 

Plasma levels were significantly higher in Colombian patients with vivax severe malaria, compared with uncomplicated cases and healthy controls 

(54). 

 

Plasma levels were significantly increased in Brazilian patients with vivax malaria, compared with previously exposed, uninfected subjects. 

Infected patients showed a strong correlation between CCL2 and IL-6 plasma levels (61). 
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CCL4  

 

Plasma levels were significantly higher in Brazilian patients with acute falciparum and vivax malaria, compared with healthy controls. During the 

convalescent phase, levels were higher in falciparum malaria patients as compared to vivax cases (71). 

CCL5  

 

Serum levels were significantly lower in Indian patients with falciparum severe malaria, compared with uncomplicated cases and healthy controls 

(72). 

 

Plasma levels were significantly lower in Brazilian patients with vivax malaria, compared with previously exposed, non-infected subjects and 

unexposed healthy donors (61). 

 

In Brazilian patients with different forms of vivax malaria and controls, a network analysis revealed that CCL5, IFN-γ, and TNF-α were crucial in the 

profile of mild malaria cases (55). 

CCL18   To the best of our knowledge, no studies have reported significant group differences in the context of human malaria. 

Other immune markers 

Name Description Clinical significance  

OPN Extracellular matrix bone protein. It can 

act as a cytokine, enhancing production 

of IFN-γ and IL-12 and reducing 

production of IL-10. 

 
Plasma concentrations in Ugandan infants with falciparum malaria were inversely correlated with falciparum-specific 

atypical memory B cells, suggesting that OPN could have a role in the acquisition of natural immunity against 

malaria (73). 

 
Plasma levels were significantly higher in Singapore patients with vascular cognitive impairment, compared with 

cognitively normal controls (74). 

RAGE  Cell surface pattern recognition 

receptor. Triggers a pro-inflammatory 

response. 

 To the best of our knowledge, no studies have reported significant group differences in the context of human 

malaria. 

 

CCL2: chemokine (C-C motif) ligand 2; CCL4: chemokine (C-C motif) ligands 4; CCL5: chemokine (C-C motif) ligand 5; CCL18: chemokine (C-C motif) ligand 

18; CNS: central nervous system; CRP: C-reactive protein; CSF: cerebrospinal fluid; GM-CSF: granulocyte-macrophage colony-stimulating factor; IFN-γ: 

interferon gamma; IL-1α: interleukin 1 alpha; IL-1β*: interleukin 1 beta; IL-1RA: interleukin 1RA; IL-2: interleukin 2; IL-4**: interleukin 4; IL-6*: interleukin 6; IL-

8: interleukin 8; IL-10: interleukin 10; IL-17A: interleukin 17; ILC: innate lymphoid cells; MIF: migration inhibitory factor; MPO: myeloperoxidase; NK: natural 

killer; OPN: osteopontin; RAGE: receptor for advanced glycation end-products; TNF-α: tumour Necrosis Factor alpha; VSMC: vascular smooth muscle cells. 

*May have anti-inflammatory functions. **May have pro-inflammatory functions. 

Legend: Clinical findings related to… 
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 Plasmodium falciparum malaria infection;  Plasmodium vivax malaria infection;  Plasmodium knowlesi malaria infection;  Neurological 

conditions. 
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12 Supplementary Table 3 

Vascular biomarkers  

Name Description Clinical significance  

Ang-1 Vascular growth factor. Regulates angiogenesis, endothelial cell 

survival, and proliferation. Mediates blood vessel maturation and 

stability.  

A decline in Ang-1 plasma levels was associated with increasing falciparum and vivax 

malaria severity and widespread endothelial activation across African and Asian patient 

studies, irrespective of age (75–79).  

Ang-2 Vascular growth factor, biomarker of endothelial activation. 

Modulates Ang-1 signalling, and in the absence of angiogenic 

inducers such as VEGF, promotes vascular regression. In concert 

with VEGF, triggers a permissive angiogenic signal. Involved in 

lymphangiogenesis. 

 

An increase of Ang-2 plasma levels was associated with increasing falciparum and 

vivax malaria severity and widespread endothelial activation across African and Asian 

patient studies, irrespective of age (75,77,79).   

 
Plasma levels were significantly higher in Malaysian patients with severe knowlesi 

malaria, compared with uncomplicated cases (63). 

 

Robust predictor of mortality in falciparum cerebral malaria, identified as a risk factor for 

blood-brain barrier dysfunction, neuroinflammation, and long-term cognitive injury in 

African children (78,80,81).   

𝐀𝐧𝐠𝟐

𝐀𝐧𝐠𝟏
 

Ratio between Ang-2 and Ang-1 plasma levels. 

 

Plasma ratio was higher in patients with falciparum and vivax severe malaria compared 

with uncomplicated malaria and healthy controls, across African, Asian, and Latin 

American patient studies and irrespective of age. Fatal cerebral malaria cases showed 

the highest ratio (75,76,79,82–84). 

BMP-9 Growth factor, member of the TGF-β superfamily. Regulates 

angiogenesis by inhibiting VEGF-induced endothelial cell migration 

and proliferation.  

 To our knowledge, no studies have reported significant group differences in the context 

of human malaria. 

ICAM-1  Intercellular adhesion molecule constitutively expressed on the 

vascular endothelium. Upon IL-1 and TNF-α stimulation, expression 

levels increase, so that leukocytes can bind to it and transmigrate 

into tissues. Increased plasma levels are suggestive of endothelial 

activation. 

 
Plasma levels were significantly higher in Ugandan children with falciparum severe 

malaria, compared with healthy controls (78).  

 
Plasma levels were higher in Malawian children with falciparum cerebral malaria and 

retinopathy, compared with their retinopathy-negative counterparts (85). 

 
In Ugandan children with falciparum malaria, plasma levels were elevated in severe 

malarial anaemia fatalities compared to survivors (86). 

 
In Ghanian children with falciparum cerebral malaria, plasma levels were higher 

compared with uncomplicated malaria cases (87). 
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In Pakistani patients with vivax malaria, plasma levels were significantly higher in 

uncomplicated cases than healthy controls, and higher again in complicated cases 

compared with uncomplicated ones. ICAM-1, VCAM-1, TNF-α and IL-10 were the best 

individual predictors of complicated vivax malaria (62). 

 
Plasma levels were significantly higher in Malaysian patients with severe knowlesi 

malaria, compared with uncomplicated cases (63). 

PDGF-AA Angiogenic promoter. Plays an important role in wound healing, and 

it is essential during embryonic development. 
 

Increased plasma levels predicted abnormal cerebral blood flow and stroke in children 

with sickle cell disease who presented with cerebrovascular disease (88). 

PDGF-BB Angiogenic promoter. Participates in wound healing, blood vessel 

development, and proliferation and recruitment of pericytes and 

vascular smooth muscle cells in the central nervous system.  

In Ugandan children with falciparum cerebral malaria, plasma levels were significantly 

higher in retinopathy-negative patients, compared to their retinopathy-positive peers 

(46). 

Serpin E1  Serine protease inhibitor. Plays a role in the controlled degradation 

of blood clots. 

  To our knowledge, no studies have reported significant group differences in the context 

of human malaria. 

VCAM-1 Surface glycoprotein expressed on the vascular endothelium. 

Participates in immune surveillance and inflammation by regulating 

leukocyte adhesion to the endothelium and transendothelial 

migration. 

 
Plasma levels were significantly higher in Ugandan children with falciparum severe 

malaria, compared with healthy controls (78). 

 
In Pakistani patients with vivax malaria, plasma levels were significantly higher in 

uncomplicated cases than healthy controls, and higher again in complicated cases 

compared with uncomplicated ones. VCAM-1, ICAM-1, TNF-α and IL-10 were the best 

individual predictors of complicated vivax malaria (62). 

VEGF Vascular growth factor. Promotes angiogenesis, vasculogenesis, 

and endothelial cell growth. Induces endothelial cell proliferation, cell 

migration, and permeabilization of blood vessels. 

 
Plasma levels were significantly higher in Indonesian patients with falciparum malaria 

compared with healthy controls (89).  

 
Serum levels were significantly lower in Indian patients with vivax severe malaria 

compared with uncomplicated malaria and healthy controls (79). 

vWF-A2 Glycoprotein involved in haemostasis, biomarker of endothelial 

activation. Promotes adhesion of platelets to sites of vascular injury 

and acts as a chaperone for certain coagulation factors. 

 
Plasma levels were significantly higher in Ugandan children with falciparum severe 

malaria, compared with healthy controls (78); increased plasma levels were associated 

with mortality (90).  

 

Plasma levels were significantly higher in Malawian children with cerebral malaria than 

in children with uncomplicated malaria, showing similar values in patients with and 

without retinopathy (91). 
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Plasma levels were significantly increased in Malaysian patients with severe and 

uncomplicated vivax malaria, compared with controls, and correlated with parasitaemia 

in these patients (92). 

 

Ang-1: angiopoietin-1; Ang-2: angiopoietin-2; Ang-2/Ang-1: ratio between Ang-2 and Ang-1; BMP-9: bone morphogenetic protein 9; ICAM-1: intercellular 

adhesion molecule 1; PDGF-AA: platelet-derived growth factor AA; PDGF-BB: platelet-derived growth factor BB; VCAM-1: vascular cell adhesion molecule; 

Serpin E1: Serine Proteinase Inhibitor‑clade E1; PEDF: pigment epithelium derived factor; VEGF: vascular endothelial growth factor; vWF-A2: von Willebrand 

Factor (A2 domain). 

Legend: Clinical findings related to… 

 Plasmodium falciparum malaria infection;  Plasmodium vivax malaria infection;  Plasmodium knowlesi malaria infection; 

 Neurological conditions;  Other medical conditions. 
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13 Supplementary Table 4 

 

  

List of recombinant antigen targets utilised in the Luminex immunoassay to assess malaria exposure 

Name Gene ID Species Description Location 

PkAMA1 PKNH_0931500 P. knowlesi Apical membrane antigen 1 Merozoite surface 

PkMSP119 PKNH_0728900 P. knowlesi Merozoite surface protein 1, 19kD Merozoite surface 

PkSera3 Ag2 PKNH_0413400 P. knowlesi Cysteine protease (Serine repeat-like antigen) Unknown 

PkSSP2/TRA
P 

PKNH_1265400 P. knowlesi Sporozoite surface protein 2, putative, thrombospondin-related anonymous protein 
(TRAP) 

Sporozoite surface 

Pk1 
(PkCSP_F) 

PKNH_1325300 P. knowlesi Hypothetical protein Unknown 

Pk8 PKNH_0400300 P. knowlesi Plasmodium exported protein, unknown function Unknown 

PvAMA1 PVX_092275 P. vivax Apical membrane antigen 1 Merozoite surface 

PvMSP119 PVX_099980 P. vivax Merozoite surface protein ,1, 19kD Merozoite surface 

PvRBP2b PVX_094255 P. vivax Reticulocyte binding protein 2b fragment Merozoite 
micronemes 

PfAMA1 PF3D7_1133400 P. falciparum Apical membrane antigen 1 Sporozoite / 
merozoite surface 

PfMSP119 PF3D7_0930300 P. falciparum Merozoite surface protein 1, 19kD Merozoite surface 

Etramp5 Ag1 PF3D7_0532100 P. falciparum Early transcribed membrane protein 5 antigen 1 Infected erythrocyte 
/ parasitophorous 
vacuole membrane 

PoMSP119 PocGH01_0703790
0 

P. ovale Merozoite surface protein 1, 19kD Merozoite surface 

PmMSP119 PmUG01_0704200
0 

P. malariae Merozoite surface protein 1, 19kD Merozoite surface 

Tetanus toxoid -- Clostridium tetani Inactivated tetanus toxin immunisation antigen; internal human control -- 

GST GST26_SCHJA Schistosoma 
japonicum 

Gluthanoid-S-transferase purification tag; GST-tagged protein control -- 
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14 Supplementary Table 5 

Individual biomarker group comparisons (Wilcoxon test) 

 

 

Healthy controls  

(N=19) 

Median pg/mL (IQR) 

Pk-infected patients  

(N=19) 

Median pg/mL (IQR) 

 

Crude 

P value 

 

Correctedϕ 

P value 

B
io

m
a

rk
e
rs

 o
f 

b
ra

in
 a

lt
e

ra
ti

o
n

s
 o

r 
c

e
re

b
ra

l 
in

ju
ry

 

αSyn 863.4 (259.9) 2,177.8 (392.4) <0.0001 <0.0001 

APP 36,082.0 (25,945.0) 17,701 (12,728.0) 0.0010 0.05        

Aβ(1-42) 0.2 (1.2) 1.6 (0.9) 0.08 1.00 

BDNF 1,516.2 (1,454.1) 146.2 (115.8) <0.0001 <0.0001 

CaBD 1,807.0 (179.0) 1,151.1 (221.0) <0.0001 <0.0001 

CNTN1 18,191.0 (4,890.0) 6,179.7 (2,615.6) <0.0001 <0.0001 

ENO2/NSE* 54,324.0 (21,601.0) 1,094,366.0 (1,382,298.0) 0.0010 0.05         

Fetuin A 176,390,803.0 (38,746,703.0) 154,460,943.0 (47,209,645.0) 0.0462 1.00 

GFAP* 78.1 (45.8) 29.9 (25.3) <0.0001 0.0013 

KLK6 2,319.5 (915.0) 1,072.4 (788.7) 0.0003 0.0126         

Lipocalin 2 547,608.0 (149,670.0) 619,695.0 (94,135.0) 0.05 1.00 

NCAM-1 107,813.0 (38,204.0) 70,203.0 (8,851.0) <0.0001 <0.0001 

NfL 8.1 (4.4) 6.3 (5.8) 0.21 1.00 

NGF-β* 0.9 (1.2) 1.7 (1.5) 0.0203 1.00 

NRGN* 22.4 (11.1) 241.4 (763.1) <0.0001 0.0022 

Park7 71,436.0 (61,372.0) 161,810.0 (146,171.0) <0.0001 0.0006      

S100B 27.3 (0.0) 1,282.2 (1,777.2) <0.0001 <0.0001 

Tau total 0.6 (0.6) 3. 7 (5.0) <0.0001 0.0007 

TDP-43* 5,344.3 (5,806.0) 67,143.0 (90,407.0) <0.0001 0.0050        

UCHL-1 49.3 (45. 4) 336.6 (184.1) <0.0001 <0.0001 

 YKL40 29,591.0 (24,732.0) 58,674.0 (33,187.0) 0.0020 0.10 

 

ϕBonferroni correction for multiple comparisons. *Values out of range: ENO2/ NSE (n=3 in the Pk-infected group); 

GFAP (n=1 in the Pk-infected group); NGF-β (n=2 in the control group); NRGN (n=1 in the Pk-infected group); TDP-

43 (n=2 in the control group).  
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Healthy controls  

(N=19) 

Median pg/mL (IQR) 

Pk-infected patients  

(N=19) 

Median pg/mL (IQR) 

 

Crude 

P value 

 

Correctedϕ 

P value 

B
io

m
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rk
e
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 o
f 

in
fe

c
ti
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n

 a
n
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a
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P
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n
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a
m
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a
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ry
 c

y
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k
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e
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CRP 668,496.0 (308,499.0) 477,838.0 (235,914.0) 0.0005 0.0280         

GM-CSF 23.8 (10.0) 21.52 (8.7) 0.24 1.00 

IFNγ 101.4 (11.8) 104.8 (46.3) 0.73 1.00 

IL-1α 49.0 (46.4) 46.0 (21.2) 0.29 1.00 

IL-1β 24.7 (7.2) 40.0 (17.9) 0.0027 0.14 

IL-2 34.8 (28.7) 33.1 (62.5) 0.53 1.00 

IL-6* 11.5 (2.6) 21.7 (19.2) 0.0013 0.06 

IL-8 319.7 (599.0) 254.6 (2,353.2) 0.82 1.00 

IL-17A 29.2 (6.1) 22.2 (8.3) 0.0081 0.41      

MIF 384.6 (315.8) 630.7 (321.2) 0.0022 0.11 

MPO 1,571,073.0 (869,998.0) 3,176,104.0 (919,812.0) 0.0006 0.0314         

TNF-α 16.2 (5.7) 13.7 (2.3) 0.0393 1.00 

A
n

ti
-

in
fl

a
m

m
a

t

o
ry

 

IL-1RA 6,736.0 (2,506.0) 35,639.0 (21,569.0) <0.0001 <0.0001 

IL-4 165.1 (12.2) 159.8 (35.1) 0.44 1.00 

IL-10 8.0 (1.3) 48.6 (116.0) <0.0001 <0.0001 

C
h

e
m

o
k

in
e

s
 CCL2 380.8 (326.0) 160.9 (219.4) 0.0075 0.38   

CCL4 781.8 (250.0) 526.3 (47.7) <0.0001 0.0002      

CCL5 158,730.0 (96,050.0) 17,650.0 (27,045.0) <0.0001 <0.0001 

CCL18 76,800.0 (37,565.0) 76,703.9 (73,970.5) 0.89 1.00 

O
th

e
r OPN 12,981.0 (11,051.0) 5,057.0 (3,291.0) 0.0033 0.17 

RAGE 7,206.0 (2,599.0) 4,797.0 (1,840.0) <0.0001 0.0025 

 

ϕBonferroni correction for multiple comparisons. *Values out of range: IL-6 (n=1 in the Pk-infected group). 
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Healthy controls  

(N=19) 

Median pg/mL (IQR) 

Pk-infected patients  

(N=19) 

Median pg/mL (IQR) 

 

Crude 

P value 

 

Correctedϕ 

P value 

V
a

s
c

u
la

r 
b

io
m

a
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e
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Ang-1 51,807.0 (23,226.0) 1,547.8 (1,633.8) <0.0001 <0.0001 

Ang-2 3,187.0 (1,277.0) 2,561.7 (1,365.2) 0.0471 1.00 

Ang-2/Ang-1 ratio 0.1 (0.1) 1. 5 (0.6) <0.0001 <0.0001 

BMP-9 205.9 (193.2) 3.6 (2.3) <0.0001 <0.0001 

ICAM-1 705,782.0 (710,688.0) 832,537.0 (324,397.0) 0.98 1.00 

PDGF AA 3,864.0 (689.0) 552.6 (346.2) <0.0001 <0.0001 

PDGF BB* 18,495.0 (7,646.0) 1,385.7 (2,055.8) <0.0001 <0.0001 

Serpin E1 932,450.0 (468,184.0) 183,488.0 (103,411.0) <0.0001 <0.0001 

VCAM-1 698,022.0 (419,633.0) 1,673,430.0 (2,154,222.0) <0.0001 0.0001      

VEGF 147.3 (81.2) 178.9 (118.7) 0.26 1.00 

vWF 6,716.8 (8,770.7) 6,173.0 (3,737.2) 0.20 1.00 

 

ϕBonferroni correction for multiple comparisons. *Values out of range: PDGF BB (n=1 in the Pk-infected group). 

Biomarkers of brain alterations or cerebral injury: 

αSyn: alpha-Synuclein; APP: amyloid-beta precursor protein; Aβ1-42: amyloid beta (1-42); BDNF: brain-derived 

neurotrophic factor; CaBD: Calbindin D; CNTN1: contactin-1; CSF: cerebrospinal fluid; ENO2 / NSE: Enolase 2 / 

Neuron-specific Enolase; GFAP: glial fibrillary acidic protein; KLK6: kallikrein 6 / neurosin; NCAM-1: neural cell 

adhesion molecule; Lipocalin-2: neutrophil gelatinase-associated lipocalin; NGF-β: nerve growth factor beta; NfL: 

neurofilament light chain; NRGN: neurogranin; Park7: Parkinsonism-associated deglycase; S100B: S100 calcium-

binding protein β; TDP-43: TAR DNA-binding protein 43; Tau: total Tau protein; UCH-L1: ubiquitin carboxy-terminal 

hydrolase L1; YKL40: Chitinase-3-like protein 1. 

Biomarkers of infection and immune activation: 

CCL2: chemokine (C-C motif) ligand 2; CCL4: chemokine (C-C motif) ligands 4; CCL5: chemokine (C-C motif) 

ligand 5; CCL18: chemokine (C-C motif) ligand 18; CRP: C-reactive protein; GM-CSF: granulocyte-macrophage 

colony-stimulating factor; IFN-γ: interferon gamma; IL-1α: interleukin 1 alpha; IL-1β: interleukin 1 beta; IL-1RA: 

interleukin 1RA; IL-2: interleukin 2; IL-4: interleukin 4; IL-6: interleukin 6; IL-8: interleukin 8; IL-10: interleukin 10; 

IL-17A: interleukin 17; MIF: migration inhibitory factor; MPO: myeloperoxidase; OPN: osteopontin; RAGE: receptor 

for advanced glycation end-products; TNF-α: tumour Necrosis Factor alpha. 

Vascular biomarkers: 

Ang-1: angiopoietin-1; Ang-2: angiopoietin-2; Ang-2/Ang-1: ratio between Ang-2 and Ang-1; BMP-9: bone 

morphogenetic protein 9; ICAM-1: intercellular adhesion molecule 1; PDGF-AA: platelet-derived growth factor AA; 

PDGF-BB: platelet-derived growth factor BB; Serpin E1: Serine Proteinase Inhibitor‑clade E1; VCAM-1: vascular 

cell adhesion molecule; VEGF: vascular endothelial growth factor; vWF-A2: von Willebrand Factor (A2 domain). 

Pk: Plasmodium knowlesi; IQR: interquartile range. 
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15 Supplementary Table 6 

Clinical data extracted from the parent study: Plasmodium knowlesi-infected patients 

State Sex  Age Parasitaemia Information (translated from Malay) Lactate (mmol/L) 

Johor 
 

Male 31 0.0082 A soldier Insufficient sample 

Male 

 

0.0944 Patient works as a farmer, transporting palm oil every day except Sundays. Working hours are 
from 6:00 am to 6:30 pm. Movement only around the farm. Usually only comes to town at the 
beginning of the month to buy necessities and withdraw their monthly salary.  

Two days ago, symptoms and signs started to appear: night-time shivers, body aches, and 
fever. Patient stayed on the farm and worked as usual. After two days, the fever wasn’t going 
down so the patient decided to go to the hospital. Blood film for malaria parasite was done and 
the patient was confirmed to have malaria (Plasmodium knowlesi). Treatment was provided 
immediately. 

Insufficient sample 

Male 31 0.0208 Patient came back from another state, where he believes to have acquired the infection. 
Patient was on duty at for a month, plus on a 7-day operation. Visited his father in another state 
and was involved in umrah (pilgrimage) for half a month. 

10.42 Above 
normal 
range 

Pahang Male 33 0.0586 Patient works as a wildlife ranger in a nature reserve. Diagnosed with Plasmodium knowlesi 
uncomplicated malaria, 2930/0 μL/ blood, onset symptoms were chills and rigors. 

Insufficient sample 

Male 32 0.5184 Patient diagnosed with knowlesi severe malaria (zoonotic) with onset symptoms of chills, 
vomiting and headache, 25,920/0 μl/ blood. 

Patient works as rubber tapper. Reports entering the forest area and spending the night 
hunting without using repellant or personal protection equipment.  

Insufficient sample 

Male 54 1.9520 Patient reports a few days ago with symptoms of chills and rigor, plus on and off fever, myalgia, 
arthralgia, and fever. Diagnosed with P. knowlesi severe malaria, 97,600/0 μl/ blood. 

Occupation: Miner. Risk of Infection: Gardening on a small scale around the house area until 
late at dusk (between 5:30 and 7:00 pm), The house is on the edge of the forest, with presence 
of primates around the residence. 
 

Insufficient sample 

Male 32 0.5405 Patient reports symptoms a few days ago. Diagnosed with P knowlesi severe malaria, 
27,027/0 μl/ blood. 

Occupation: Farm worker. Risk of infection: Living and working in a risk area. 
 

Insufficient sample 

Male 35 0.0240 Onset symptoms were headache, chills and rigors. Diagnosed with Plasmodium knowlesi 
uncomplicated malaria, 1200/0 μl/blood). 

Risk activities are hunting and fishing. 

Insufficient sample 
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Perak Male 28 0.2208 (No registered clinical history) 11.31 Above 
normal 
range 

Male 31 0.0827 (No registered clinical history) 9.50 Above 
normal 
range 

Selangor Male 79 0.6784 Patient works as gardener and has no history of going into jungle or forested areas. There have 
been macaques sighting at the school he works at. 

Insufficient sample 

 
 

Male 57 4.5440 Work as a security guard at a school located near to a forest. Just came out from the forest and 
diagnosed with knowlesi malaria. Patient is also positive for dengue IgG. 

Insufficient sample 

Male 26 0.0664 History: Went to the jungle a day before. Symptoms of fever, headache, myalgia, and 
arthralgia. 

Insufficient sample 

Male 30 0.4453 Indigenous patient Insufficient sample 

Male 46 8.7771 (No registered clinical history) Insufficient sample 

Male 63 0.3040 (No registered clinical history) Insufficient sample 

Male 24 0.4459 Visited the river area Insufficient sample 

Male 32 0.8808 Fever, backpain, lethargy, headache 1.93 Within 
normal 
range 

Trengganu Male 29 0.2504 Jungle trekking  Insufficient sample 

Age is expressed in years  
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