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Methylene blue treatment of fatal cerebral
malaria and identification of potential blood
biomarkers
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Cerebral malaria (CM) is a severe complication caused by Plasmodium falci-
parum infection, leading to persistent neurological impairments in survivors. To
understand the complex mechanisms and investigate advanced diagnostic and
treatment strategies targeting human CM, we utilize Plasmodium coatneyi-
infected male rhesus macaques, a non-human primate model closely resembling
P. falciparum infection in humans. Through differential gene expression analysis,
our study demonstrates methylene blue’s efficacy in reversing the detrimental
effects of infection on the brainstem. Furthermore, by comparing our brainstem
dataset from P. coatneyi-infected Macaca mulatta with two additional tran-
scriptomic datasets (P. coatneyi-infected M. mulatta blood and P. falciparum-
infected human blood), we identify nine genes associated with CM severity. Most
of these genes are expressed in neutrophils, indicating their potential as blood
biomarkers for diagnosing P. falciparum-induced fatal CM. This research high-
lights the necessity for new CM treatments and reveals promising biomarkers
that could improve diagnosis and prognosis in affected individuals.

Malaria imposes a significant burden in many emerging economies, some infections progress to uncomplicated malaria (UM) or severe
with approximately 600,000 deaths annually'. Malaria is caused by  malaria’. Patients with UM often experience periodic bouts of fever,
Plasmodium spp., an intracellular protozoan transmitted to their chills, headache, profuse perspiration, nausea, vomiting, diarrhea and
intermediate human host by female Anopheles mosquito. While the  anaemia®. The development of severe malaria, often due to the delayed
vast proportion of Plasmodium spp. infections are asymptomatic’™*, or ineffectual treatment of UM, is a constellation of interconnected
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complications including but not limited to; hyperparasitemia, severe
anaemia, acute kidney injury, acute respiratory distress syndrome, and
cerebral malaria (CM)’%, Clinically, severe malaria is a medical emer-
gency, constituting an increased risk of death at clinical presentation
relative to others in the community with malaria’. While regularly over-
diagnosed in clinical practice, severe malaria remains a major cause of
preventable childhood death in sub-Saharan Africa, with the most fatal
syndrome being CM, characterized by unrousable coma’.

CM, caused by P. falciparum, develops through several key
mechanisms, including the intravascular sequestration of infected
red blood cells (RBCs) and impaired blood flow, which disrupts the
blood-brain barrier (BBB) and increases its permeability'®". This
disruption triggers neuroinflammation, with the release of pro-
inflammatory cytokines and reactive oxygen species, leading to
further brain damage and contributing to the severe neurological
symptoms characteristic of the disease, often resulting in death in
the absence of treatment™™". Even with appropriate anti-malarial
treatment (parenteral artesunate), mortality in African children still
reaches 8.5%' with up to 25% of pediatric survivors experiencing
enduring neurologic sequelae™?*. These life-long post-CM neuro-
cognitive disorders comprise impairment in cognitive functions,
motor skills, visual coordination, seizures, and attention deficit
hyperactivity disorder”?°. Limited treatment options and the rise of
artesunate resistance in Africa”, necessitates the development of
new therapies targeting CM.

One therapeutic option showing promise against P. falciparum is
methylene blue (MB)**™, In addition to its effectiveness in blocking
transmission and treating uncomplicated P. falciparum human
malaria, a study conducted using a murine model revealed promising
results in the rapid treatment of fatal experimental CM*’. To confirm
the therapeutic utility of MB against CM prior to human trials, we
utilized Plasmodium coatneyi-infected rhesus macaques, a non-
human primate model that closely resembles P. falciparum infec-
tion in humans. P. coatneyi was first discovered in Anopheles hackeri
mosquitoes from Malaya and subsequently found in the blood of
Macaca fascicularis in the Philippines®>*. P. coatneyi has then been
used as a model for P. falciparum infection as they share the fol-
lowing features: (i) both species are tertian parasites, with morpho-
logical similarities during the intraerythrocytic stages®*, (ii)
infected RBCs possess knob-like structures, which play a role in their
cytoadherence to endothelial cells®*, (iii) late-stage intraery-
throcytic parasites (trophozoites and schizonts) sequester in the
brain microvasculature®**, (iv) rosette formation is observed
between infected and uninfected RBCs***, and (v) P. coatneyi-infec-
ted rhesus macaques develop CM comparable to clinical features in
P. falciparum-infected humans, including severe complications (i.e.,
anemia, hypotension, coagulopathy and renal dysfunction) with
neurological symptoms ranging from inactivity to total
Iethargy“'%'““’".

In addition to the urgent need for new therapeutics targeting CM,
there is also a need for sensitive, rapid, and practical methods to
prognosticate CM and differentiate it from other causes of encepha-
lopathy. Biomarkers have been sought for the early and accurate
diagnosis of CM, as well as for prognosticating treatment outcome.
These biomarkers can be categorized into predictive (risk of CM
onset), diagnostic (identification of CM patients) and prognostic (risk
of death/recovery/permanent complications) for fatal and non-fatal
CM*. However, obvious ethical and practical issues associated with
clinical studies on children with CM remain barriers to the identifica-
tion of useful CM biomarkers.

In this study, we used P. coatneyi-infected rhesus macaque model
with and without MB treatment to identify genes specific to the
brainstem that were differentially regulated by the infection. MB
treatment effectively reversed these infection-specific effects.
Through comparison with published CM datasets, we further

narrowed down our candidate list to 9 potential blood biomarkers that
could be used to segregate non-fatal from fatal CM caused by P. fal-
ciparum. These biomarker candidates could serve not only for the
rapid and accurate diagnosis of patients and inform their clinical
management, but also for monitoring the effectiveness of new
adjunctive therapies in CM.

Results

Methylene blue treatment regimen of P. coatneyi-infected
macaques and whole-tissue RNA-seq

Eighteen rhesus macaques (Macaca mulatta) were used in this study:
(i) 4 uninfected macaques (Pcoat™ MB"), (ii) 5 coatneyi-infected and
untreated macaques (Pcoat® MB"), (iii) 3 coatneyi-infected macaques
treated with 6 mg/kg MB (Pcoat® MB®™#*€), (iv) 3 coatneyi-infected
macaques treated with 10 mg/kg MB (Pcoat’ MB'™¢) and (v) 3
coatneyi-infected macaques treated with 17 mg/kg MB (Pcoat” MB"™
k) (Fig. 1a). Up until Day 7, all groups underwent peak and trough
cycles of parasitemia, most likely due to the sequestration of late-stage
parasites (Fig. 1b). In our model, infected animals typically begin to
develop clinical symptoms around Day 7 post-infection, although signs
like decreased appetite and anorexia were often noted around Day 4 to
5 post-infection*®. MB treatment was administered intravenously twice
daily from Day 7 to Day 10 post-infection when CM develops (above
15% parasitemia) in this infection model, thus representing the clinical
setting where patients usually seek treatment after developing
symptoms*®. From Day 7 onwards, the Pcoat® MB~ group had sustained
parasitemia levels exceeding 10° parasites/mm?® RBCs. Tissues (brain-
stem, thalamus, cerebellum, heart, kidney, and liver) were harvested
for RNA-seq after death or euthanasia on Day 8 for untreated group
and Day 14 for MB-treated groups. For the Pcoat” MB' groups, maca-
ques with treatment failure were euthanized immediately. Although
the 6 mg/kg MB dose was initiated at a lower parasitemia level
(17.97 £1.33%) and cleared parasites at a slower rate compared to
higher MB doses, the treatment was successful for all three macaques
in the group, with their clinical signs normalized by the time of
euthanasia (Supplementary Data 1). In contrast, treatment was initiated
at higher parasitemia levels in the Pcoat” MB°™&*¢ (36.17 +1.86%) and
Pcoat' MB"m¥*¢ (38.30+2.01%) groups. Some macaques in these
higher-dose groups did not manage to fully clear their parasites and
displayed clinical signs at the point of euthanasia.

We then conducted comparative histopathological analysis of the
Pcoat” MB* and Pcoat® MB™ groups (Supplementary Data 2). The result
indicated that MB treatment effectively resolved parasite sequestra-
tion, CNS hemorrhage and edema, and cerebellum Purkinje cell
degeneration. However, it did not resolve axonal or neuronal injury,
renal damage, hepatic injury, cardia injury and vasculitis. These find-
ings suggest that MB treatment alleviated the brain pathology asso-
ciated with CM development.

From the 18 macaques, RNA-seq was successfully performed on
98 samples (6 tissue samples per animal), yielding a total of 1.49 billion
reads with a median of 15.1 million reads per sample. The reads were
aligned to the M. mulatta genome assembly, in which 81% and 57.8% of
the reads aligned to the genome and known transcripts, respectively.
The difference in the percentage of reads mapped to the genome
assembly vs. known transcripts indicates that the reference set of
transcripts is incomplete. The transcript abundances were then sum-
marized into gene abundances; a total of 28,382 genes were quantified
from 67,643 known transcripts.

Hierarchical clustering and principal component analysis of

gene expression in different tissues during P. coatneyi infection
We first measured pairwise inter-sample distances of the samples using
Euclidean distance metric as a distance metric and generated a hier-
archical cluster heatmap to visualize the expression of the 7403 most
variable genes across all samples (Fig. 2a). The dendrogram showed
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Fig. 1| Clinical protocol for P. coatneyi-infected macaques with or without
methylene blue treatment. a Experimental groups: uninfected and untreated
group (Pcoat” MB"), infected and untreated group (Pcoat’ MB"), infected and
treated with different MB doses groups (Pcoat” MB®™®*¢, Pcoat” MB'°™¢*€ and Pcoat”
MBYmeke) Created in BioRender. Malleret, B. (2025) https://BioRender.com/
9np9vxb. b Parasitemia follow-up during P. coatneyi infection (2 weeks) with the
MB treatment regimen between D7 and D11 post-infection, when treated groups are

7 8 9 10 11 12 13 14

Days of infection

given two doses of MB daily intravenously. The experimental endpoint for the
untreated group is indicated with a red arrow, while the euthanasia periods for
treated groups are marked with arrowheads, each color code corresponding to the
respective treatment group. Purple, 6 mg/kg MB; Green, 10 mg/kg MB; Blue, 17 mg/
kg MB. Parasitemia levels are shown as mean + SEM from biological replicates with
n=4 Pcoat” MB", n=5 Pcoat* MB", and n=9 Pcoat" MB".

Nature Communications | (2025)16:10534


https://BioRender.com/9np9vxb
https://BioRender.com/9np9vxb
www.nature.com/naturecommunications

Article https://doi.org/10.1038/s41467-025-65552-y
a b
Brainstem
B Bl Conditions 100;
I Tissues 8A945
= = < R244
N o
o 50
“3 R121_R541 R711
— DA923
] o R745-@
N 0 DA831 R336 @DAS77 R626
R616
o R519 Ra2gT R130
43
-501 R4538 R761
-40 0 40
PC1 (22.7%)
Thalamus
R244
(¢]
o 50
X CE})AQAS DA977 CI%AQZS
LY R626,Q ‘m 21
o |
— 0 DAB% R519 /R74
N ° ’O @R420 R130
N R541 76T@ " R453
8 -50! R338 R711
| .R433. | |
-100 -50 0 50
$045084d90080890940008504C000000800000400E05CEE00C0dT00000d0000C000E0s0dt0additodtddosednndioitiy PCA1 (25 1% )
Conditions Tissues
Il Pcoat” MB- [ Thalamus Cerebellum
Pcoat* MB- Brainstem 100+
Pcoat* MB®mgtkg Cerebellum °
Pcoat* MB10mgkg Heart 3 R626
Pcoat* MB17mg/ks Kidney N
Li (o] 50-
iver . [ ]
~ R541 DA923
- R130,
c y R420
O 0 Re1e DA977 DA831
o R338,R745 90" OR711
 R761ORs1g RASTRAE3
-100 -50 0 50 100
PC1 (31.4%)
Conditions
Brainstem ® Pcoat” MB~
© Pcoat* MB~
Thalamus @ Pcoat* MBémg/kg
@ Pcoat* MB'0mglkg
Cerebellum @ Pcoat* MB'7mgke

Macaque brain

Fig. 2 | Hierarchical clustering and principal component analysis of gene
expression in different tissues during P. coatneyiinfection. a Heatmap display of
the expression of 7403 most variable genes in all samples assayed by RNA-seq. The
matrix of gene expression in TPM units was loglp transformed and scaled to z-score
on the rows (genes). Hierarchical clustering of rows and columns was performed
using complete linkage algorithm with Euclidean distance metric. b PCA of RNA-seq

Human brain

samples in brainstem, thalamus and cerebellum. ¢ Schematic diagram comparing
the macaque brain and human brain, indicating the brainstem (yellow), thalamus
(red) and cerebellum (blue). Figure created in the Mind the Graph platform at www.
mindthegraph.com, licensed under Creative Commons Attribution-ShareAlike 4.0
International License (CC BY-SA 4.0) https://creativecommons.org/licenses/by-sa/
4.0/.

that the brain tissues (brainstem, thalamus, and cerebellum) clustered
together and had distinct gene expression from the heart, liver, and
kidney samples. Within each tissue, the samples were loosely clustered
by infection and treatment groups, indicating that gene expression
was influenced primarily by tissue type, then secondarily by infection
and treatment. A subsequent Jensen-Shannon divergence analysis
confirmed the same pattern (Supplementary Fig. 1a). To determine
whether the infection and treatment affected gene expression in the
tissues, we performed principal component analysis (PCA) of the
samples separately in each tissue. In the brain tissues, the gene
expressions of the Pcoat® MB~ samples were distinct, whereas those of
the Pcoat” MB* and Pcoat™ MB™ samples were indistinguishable from
each other, and this is only apparent in the brainstem (Fig. 2b). The

schematic diagram illustrated the similarities in the structure of tha-
lamus, brainstem, and cerebellum between macaque and human
brains (Fig. 2c). Despite the macaque brain being 4.8 times smaller than
the human brain, non-human primates and humans share numerous
anatomical, perceptual, cognitive, and behavioral similarities, which
make the macaque brain a suitable model to study human CM*°,
Apart from the brain tissues, we also examined heart, kidney and liver
tissues. While no obvious differences in gene expression were
observed in the heart and kidney (Supplementary Fig. 1b, c¢), the liver
samples from Pcoat” MB™ group did not meet RNA sequencing quality
control criteria and were therefore excluded from the analysis (Sup-
plementary Fig. 1d). As a result, our study could not conclude on the
liver physiopathology in P. coatneyi-infected rhesus macaques.

Nature Communications | (2025)16:10534


https://ddec1-0-en-ctp.trendmicro.com:443/wis/clicktime/v1/query?url=http%3a%2f%2fwww.mindthegraph.com&umid=96b1f28a-37ae-4b31-84a0-e7526f06ab1c&rct=1759864079&auth=8d3ccd473d52f326e51c0f75cb32c9541898e5d5-041cff14b01ec0fd322c34bec9de2a2a6f247ca3
https://ddec1-0-en-ctp.trendmicro.com:443/wis/clicktime/v1/query?url=http%3a%2f%2fwww.mindthegraph.com&umid=96b1f28a-37ae-4b31-84a0-e7526f06ab1c&rct=1759864079&auth=8d3ccd473d52f326e51c0f75cb32c9541898e5d5-041cff14b01ec0fd322c34bec9de2a2a6f247ca3
https://creativecommons.org/licenses/by-sa/4.0/
https://creativecommons.org/licenses/by-sa/4.0/
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65552-y

Pcoat* MB-

Pcoat* MB®mgks |

Pcoat* MB10makg

Pcoat* MB17mgke

RN

AT

Fig. 3 | Histological evidence of P. coatneyi induced pathology in central ner-
vous system revealed by H&E staining. a Brainstem (Pcoat” MB"): Focally exten-
sively, there is marked hemorrhage, within which erythrocytes contain hemozoin
pigment. b Cerebrum (Pcoat® MB"): Virchow-Robin space surrounding a cerebral
vessel is markedly expanded by extravasated erythrocytes, with erythrocytes
containing hemozoin pigment. ¢ Cerebellum (Pcoat” MB"): Piirkinje cells are
angulated, retracted and condensed, surrounded by abundant edema, indicating
varying degrees of degeneration. Diffusely, the cerebellar vasculature contains
small accumulations of hemozoin. d Brainstem (Pcoat’ MB*™*¢): Multifocally
neurons display intracytoplasmic chromatin clumping and are bounded by gliosis
and satellitosis. e Cerebrum (Pcoat* MB®™*€): Neurons are multifocally angulated
and hypereosinophilic, suggestive of degeneration and necrosis, with mild gliosis
and satellitosis. f Cerebellum (Pcoat” MB®™*¢): Piirkinje cells are multifocally
angulated and bounded by glial cells and mild to moderate amounts of edema, with
foci of hemosiderin. g Brainstem (Pcoat’ MB'°™¢*€): Multifocally neurons contain

Cerebellum

=

intracytoplasmic ceroid or lipofuscin and are bounded by minimal gliosis and
satellitosis. h Cerebrum (Pcoat” MB'*"#¢): Multifocally within the neuropil, there is
mild gliosis and satellitosis, and perivascular spaces are expanded by edema.

i Cerebellum (Pcoat™ MB'*"#*): Piirkinje cells multifocally contain minimal intra-
cytoplasmic ceroid or lipofuscin. j Brainstem (Pcoat” MB7™*€): Multifocally neu-
rons contain intracytoplasmic ceroid or lipofuscin and are bounded by minimal
gliosis and satellitosis. k Cerebrum (Pcoat* MB”™*¢): Neurons are rarely angulated
and hypereosinophilic, suggestive of degeneration and necrosis. Multifocally, mild
gliosis and satellitosis are observed. I Cerebellum (Pcoat” MB”™®*€): Piirkinje cells
are multifocally angulated and bounded by scattered glial cells and mild edema.
Scale bar represented 100 um. MB-treated photomicrographs are representative of
pathology observed across the three animals in each dosage group. Pathology in
Pcoat* MB™ is supported by extensive retrospective and prospective studies**!'®,
Created in BioRender. Malleret, B. (2025) https://BioRender.com/O0ghavt.

Methylene blue treatment resolves hemozoin sequestration and
neural damage in the brain during P. coatneyi infection

To support our transcriptomic observations with histological evi-
dence, we examined hematoxylin and eosin (H&E) stained sections of
brain tissues (Fig. 3). In Pcoat” MB™ group, there was extensive patho-
logical involvement characterized by marked sequestration of

hemozoin-laden erythrocytes across multiple brain regions. The cer-
ebrum exhibited expanded Virchow-Robin spaces densely packed with
hemozoin-containing erythrocytes (Fig. 3a), while the cerebellum
showed degenerating Purkinje cells surrounded by abundant hemo-
zoin pigment (Fig. 3c). The brainstem also displayed widespread vas-
cular congestion with numerous hemozoin-laden erythrocytes and
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Fig. 4 | Results of differentially gene expression analysis. a Gene expression
comparisons between the experimental groups in different brain tissues. DEGs
were selected based on adjusted p < 0.05 (two-sided Wald test in DESeq?2 for esti-
mating the false discovery rate) and >2-fold change in expression. b Venn diagram
showing overlap of 574 genes modulated by infection (Pcoat” MB™ vs, Pcoat” MB")
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Pcoat* MB*

and MB treatment (Pcoat” MB* vs. Pcoat” MB") in the brainstem. ¢ Heatmap
representation of 574 DEGs that were modulated by infection and normalized by
MB treatment in the brainstem. Created in BioRender. Malleret, B. (2025) https://
BioRender.com/lee54gw.

hemorrhage (Fig. 3e). In contrast, MB-treated animals demonstrated a
notable absence or marked reduction of hemozoin deposition in these
brain regions. Treated animals showed decreased hemorrhage and the
presence of hemosiderin-laden macrophages in the cerebrum
(Fig. 3b), reduced Purkinje cell degeneration without hemozoin accu-
mulation in the cerebellum (Fig. 3d), and minimal neuronal swelling
with substantially diminished vascular pathology and hemozoin
sequestration in the brainstem (Fig. 3f). These histological findings
correlate with the reversal of infection-driven gene expression changes
following MB treatment and underscore the drug’s therapeutic
potential in alleviating cerebral malaria pathology.

We also assessed pathology in the heart, kidney, and liver (Sup-
plementary Fig. 2). In the heart and kidney of untreated animals, there
was clear evidence of infected red blood cell sequestration, vascular
congestion, and tissue damage (Supplementary Fig. 2a, c). MB-treated
animals exhibited reduced severity of these features, although some
cellular alterations such as cardiomyocyte karyomegaly and tubular
hemoglobin casts persisted (Supplementary Fig. 2b, d). In the liver,
abundant hemozoin accumulation was detected in untreated animals
(Supplementary Fig. 2e), underscoring the role of hemozoin in driving
liver pathophysiology. MB treatment led to a noticeable reduction in
hemozoin deposits, although complete clearance was not achieved
(Supplementary Fig. 2f). This suggests that, although MB alleviates
liver damage and inflammation caused by P. coatneyi infection, resi-
dual effects may persist. Taken together, these results indicate that MB
treatment mitigates systemic pathological damage, with the most
pronounced therapeutic benefit observed in the brain, in agreement
with our transcriptomic findings.

Methylene blue treatment reversed brainstem gene expressions
that were modulated by P. coatneyi infection

To further interrogate the differences in brain gene expression due to
infection and treatment, we identified DEGs in the brain tissues of the
different experimental groups (Fig. 4a). By comparing the samples
from Pcoat” MB™ and Pcoat” MB™ groups, we identified specific genes

modulated by the P. coatneyi infection. The most profound effect was
observed in the brainstem (801 DEGs) (Supplementary Fig. 3a), com-
pared to the cerebellum (493 DEGs) and thalamus (173 DEGs). To
investigate whether the treatment with MB had any effects on brain-
stem gene expression, we first compared the different MB-treated
groups in a pairwise manner. However, we managed to identify very
few DEGs in the brainstem, with the comparison between Pcoat® MB°™/
k¢ ps. Pcoat” MBY™#*e groups yielding only 16 DEGs (Supplementary
Data 3). From this, we decided to pool the different MB-treated groups
into a Pcoat” MB* group for downstream analyses. We then compared
the Pcoat” MB" and Pcoat” MB™ samples and found that many genes
were modulated by the treatment, most of these occurring in the
brainstem (1709 DEGs) (Supplementary Fig. 3b). The top 50 genes
modulated by MB treatment are shown in Supplementary Fig. 3c.
Remarkably, the brainstem gene expressions of the Pcoat® MB* vs.
Pcoat” MB™ samples were similar, with only two DEGs identified, sug-
gesting that MB treatment was able to reverse the effects of the
infection on brainstem gene expression. Furthermore, out of the 801
genes modulated by the infection, 574 of them (72%) were also
modulated by the MB treatment (Fig. 4b). A heatmap of the 574 genes
modulated by both infection and treatment highlights that the genes
that were differentially expressed during the infection returned to
their basal levels (i.e., levels in uninfected samples) following treat-
ment (Fig. 4c). Altogether, P. coatneyi infection affects the expression
of many genes in brain tissues, especially the brainstem, but this
reverses upon treatment with MB.

Brainstem genes that were modulated during infection and
treatment are central to the neuroinflammation signaling
pathway

To explore the biological relevance of the 574 brainstem genes
modulated by infection and reversed by MB treatment, we analyzed
those genes with Ingenuity Pathway Analysis (IPA) and found that
granulocyte adhesion and diapedesis, as well as IL-10 signaling were
the two most significantly affected pathways, although their direction
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Fig. 5| Ingenuity pathway analysis of the effect of methylene blue treatment on
gene expression in the brainstem. a Top 20 pathways enriched in the 574 DEGs
with length of the bars indicating statistical significance (p-value) of enrichment
(unadjusted p-value from a right-tailed Fisher’s exact test performed using IPA
software) and color shade representing IPA prediction of up or down regulation of
the pathway (z-score > O for upregulation, z-score <0 for down regulation, z-score =

— Inhibition, ubiquitination
—> Reaction

— Direct interaction
Indirect interaction

0 for no change, z-score = NA if the direction of regulation cannot be predicted).
b Pathways found to be overlapping and forming the most significant pathway
cluster by IPA. ¢ Representation of the neuroinflammation signaling pathway based
on the list of 574 DEGs modulated by both infection and MB treatment in the
brainstem. Data were analyzed with the use of QIAGEN IPA (QIAGEN Inc., https://
digitalinsights.qiagen.com/IPA)*S.

of regulation could not be predicted (Fig. 5a). Other top pathways
included the complement system, acute phase response signaling, and
macrophage phagocytosis; these pathways were upregulated during
infection and were also reversed by MB treatment.

Additionally, these enriched pathways share many common
genes, and IPA clustering showed that 12 out of the top 20 pathways
were closely interrelated (Fig. 5b). One cluster of these pathways
involves pathways that play a role in acute phase response like IL-6, IL-
10, TREM], and Toll-like receptor signaling pathways. Another pathway
cluster involves leukocyte extravasation, particularly granulocytes and
monocytes. Connecting these two pathway clusters is the neuroin-
flammation signaling pathway. The neuroinflammation pathway
shares genes in common with both the acute phase response pathway
and granulocyte/leukocyte extravasation pathway, suggesting that

neuroinflammation involves an overlap of the two phenomena. Pivotal
to the neuroinflammation pathway is NF-kB (a DEG), which directly
interacts with many other genes, including a few other DEGs (Fig. 5¢).
Notably, three DEGs in this pathway (MMP9, TNF-a and IL-1B) have been
implicated to play a role in BBB disruption, a hallmark of CM%. It is also
worth mentioning that CREB (cAMP response element-binding pro-
tein), a transcription factor that promotes neuron survival®, was sig-
nificantly downregulated during infection and reversed by MB
treatment. Two other relevant DEGs are S-secretase and NOX, both of
which have downstream effects causing neuron damage. Altogether,
the neuroinflammation signaling pathway was significantly affected by
the infection, but these changes are reversible by MB treatment. Many
DEGs in this pathway contribute directly to BBB disruption and neu-
ronal damage, potentially contributing to the development of CM. Our
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data do not exclude the possibility of a concomitant role of CD8+ T
cells in neuroinflammation®*>,

Identification of cerebral malaria biomarkers common to P.
coatneyi and P. falciparum infections

Our dataset revealed 574 DEGs in the macaque brainstem that were
modulated during P. coatneyi infection and reversed by MB treatment.
Among these, we were interested in identifying blood biomarkers
useful for diagnosing human CM caused by P. falciparum. To achieve
this, we compared our transcriptomics dataset with two other pub-
lished datasets: (i) RNA-seq of blood from P. coatneyi-infected
macaques™, and (ii) microarray analysis of blood from P. falciparum-
infected humans (Fig. 6a)>. Comparisons with the Cordy et al. dataset
enabled us to narrow down the DEGs in our brainstem dataset to those
also differentially expressed in the blood of P. coatneyi-infected
macaques. This is important to identify easily measurable blood bio-
markers. Additionally, comparisons with the Thiam et al. dataset
helped us identify biomarkers relevant to human CM (Supplemen-
tary Fig. 4).

We identified 9 genes (MAG, ILIRN, LCN2, SIO0AS, CD177, SI00A9,
CHIT1, MMP9, and NFE2) as potential blood biomarkers for CM caused
by P. falciparum and P. coatneyi infections. These 9 genes were found
to be differentially expressed in all three transcriptomic datasets
examined (Fig. 6b, Supplementary Data 4). Gene expression heatmaps
of the 9 genes clearly show overexpression in Pcoat* MB~ macaques vs.
Pcoat” MB™ and Pcoat” MB* macaques (our dataset), in humans diag-
nosed with CM vs. mild malaria®, and in acutely-infected macaques vs.
pre-parasitemia macaques (Fig. 6¢)**. Although pediatric and adult CM
patients develop different degrees of brain swelling and brainstem
herniation was only described in children, we observed no differences
in expression of the 9 genes in the two age groups of the Thiam et al.
dataset. This suggests that these genes could be used as CM blood
biomarkers for both adult and pediatric patients. Based on the
expression levels of these 9 genes, we determined the Euclidian dis-
tances between the samples in each dataset and visualized them in a
multidimensional scaling (MDS) plot. Samples from the same experi-
mental group clustered together in the Thiam et al. and Cordy et al.
datasets (Fig. 7a). In our dataset, the Pcoat* MB* samples grouped with
the Pcoat™ MB~ samples, distinctly segregating from the Pcoat®* MB~
samples (Fig. 7a). To assess the predictive capabilities of the bio-
markers in predicting CM, we performed a discriminant analysis using
the OPLS-DA method. The model’s predictive ability (estimated by
Q2Y) was highest for the macaque datasets (brainstem and blood), and
it performed well for the human blood dataset, with only a single mild
malaria sample misclassified as CM (Fig. 7b top panels, Supplementary
Fig. 5). Random permutation tests also showed that the model’s pre-
dictive ability was better than most randomly permutated models
(total of 100 competing models trained on randomly permutated
responses) (Fig. 7b bottom panels).

We then classified our macaque brainstem samples using our 9
biomarkers and the public CM gene signature (BCL2L13, NFIX, SIOOP,
SI100AS8, RETN, PGLYRP1, BIRCS, ILIR2, MCOLNI1, MED2S, FUCAL, LZTFL1,
SLC25A38, RPA1, RPIA, ACVRI, ATP6VOE2, SPSB3, and PIGQ)*®. The
public CM gene signature distinguished samples with an area under
the curve (AUC) of 0.92 (95% ClI 0.75-1.1), correctly classifying 92% of
the macaque brainstem samples (Fig. 8a). In contrast, our nine bio-
markers achieved a perfect classification, with an AUC of 1.00 (95% CI
1-1), correctly classifying 100% of the samples (Fig. 8b). When com-
paring the meta score distributions, the public CM gene signature
showed a statistically significant separation between groups
(p=0.0044), whereas our biomarkers demonstrated even stronger
discriminatory power, with a more significant difference
(p=0.00023). After evaluating our macaque brainstem samples, we
next assessed the performance of our biomarkers in public human
malaria datasets comprising healthy individuals, UM, severe malarial

anemia (SMA), and CM. When applied to these datasets, our bio-
markers generated the highest meta score for CM, effectively distin-
guishing it from all other conditions, with statistically significant
differences observed across all groups: CM vs SMA (p =2e-09), CM vs
UM (p=2.7e-07), and CM vs healthy controls (p=2.4e-11) (Fig. 8c,
Supplementary Fig. 6).

Given these promising results, we next sought to determine
whether our biomarkers were specific to CM-associated encephalitis.
Encephalitis, or inflammation of the brain, can occur in various con-
texts beyond CM, including viral encephalitis, autoimmune encepha-
litis, and bacterial infections”. To assess the specificity of our
biomarkers for CM encephalitis, we therefore compared their perfor-
mance using a dataset from West Nile Virus (WNV)-induced encepha-
litis (Supplementary Fig. 7). Violin plot analysis revealed a statistically
significant difference between asymptomatic WNV infection and WNV
encephalitis (p=0.0059). However, the magnitude of this difference
was relatively small compared to the striking separation observed
between CM and other malaria groups (SMA, UM, and healthy con-
trols). These results suggest that while some immune-related gene
expression may overlap across encephalitic conditions, the expression
pattern of our 9 biomarkers remains distinctively elevated in CM.

Taken together, using only this set of 9 genes, we were able to
discriminate CM cases from non-CM cases, supporting the use of these
genes as biomarkers for CM diagnosis. Furthermore, we were able to
rank each biomarker candidate based on their importance in dis-
criminating CM cases. Their rankings are (from highest to lowest
overall score of all three datasets): SIO0A9, MAG, ILIRN, SIO0AS8,
CD177, LCN2, MMP9, NFE2 and CHITI (Supplementary Data 4). The
higher-ranked genes are more promising candidates as blood bio-
markers for CM identification and should be prioritized in future
research.

Signature biomarker expression in immune subsets of cerebral
malaria with neutrophils as primary contributors

To better understand the immune cell dynamics and gene expression
profiles associated with CM, we performed immune cell profiling and
analyzed the expression of 9 biomarkers in the immune cell subsets of
the brainstem (Fig. 9a). CIBERSORT analysis of brainstem samples
revealed the distribution of various immune cell types, providing
insights into the immune landscape during CM. One of the most
notable findings from this analysis was that activated mast cells
showed a significantly higher abundance in the Pcoat”™ MB~ group
compared to both Pcoat™ MB™ and Pcoat” MB* groups. Although no
statistically significant differences were found, a trend toward higher
abundance of several immune cell types, including macrophages,
monocytes, neutrophils, resting NK cells, plasma cells, and resting CD4
memory T cells, was observed in the Pcoat” MB~ group when compared
to the other 2 groups. These trends suggest an increased immune
activation in the brainstem in response to infection, particularly in the
early stages of CM before the intervention with MB treatment.

In addition to immune cell profiling, we further explored the
expression of the nine signature biomarkers across various immune
cell subsets by utilizing data from the Human Protein Atlas (Fig. 9b).
This approach allowed us to assess the expression patterns of these
biomarkers in different immune cell types, providing a clearer picture
of their potential roles in the immune response to CM. Our results
revealed that, with the exception of MAG and NFE2, these biomarkers
were predominantly expressed in neutrophils. This finding highlights
the significant role of neutrophils in the immune response to CM,
suggesting that these cells are not only key players in the immune
surveillance of the brain but may also contribute directly to the
pathogenesis of the disease. The strong expression of the signature
biomarkers in neutrophils further underscores their potential as key
contributors to the inflammatory processes that drive CM progression.
Given their central role in immune responses and their abundance in
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the brainstem, neutrophils emerge as promising targets for future
research into therapeutic interventions for CM.

Discussion
The diagnosis and treatment of CM pose significant challenges due to
its rapid onset and high mortality rate®. Currently, CM diagnosis relies
on clinical symptoms defined by the World Health Organization
(WHO), often leading to delayed treatment®. To address this issue, we
aimed to identify specific blood-based biomarkers for rapid CM
prognosis and diagnosis.

In our study, we established a CM model using P. coatneyi-infected
rhesus macaques and incorporated MB as a treatment.

Splenectomized rhesus macaques were used to establish a reliable and
reproducible model, as they enable consistent high parasitemia levels,
allowing for the study of hyperparasitemia, multi-organ disease, and
CM, which are less predictable in spleen-intact animals. Studies have
shown that sequestration of infected RBCs occurs in P. coatneyi-
infected rhesus macaques, with lesions present in multiple organs such
as the brain, kidney, heart, and liver, which are consistent with findings
observed in our study®***, These observations further support the
validity of our model for studying CM pathogenesis. When P. coatneyi-
infected rhesus macaques were treated with MB during CM progres-
sion, the symptoms resolved, with the brain being the most affected
region, as evidence by histopathological analysis.
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Fig. 7 | Predictive capabilities of the 9 candidate biomarkers in identifying
falciparum- and coatneyi-cerebral malaria. a Multidimensional scaling (MDS)
visualization of Euclidean distances between samples based on log expression
levels of the nine biomarker genes. b Performance of OPLS-DA models in dis-
criminating between samples of different biological conditions based on the
expression levels of the 9 selected biomarker genes. The performance metrics R2Y
and Q2Y measure the proportion of biological label (Y) dispersion explained by the
model on the training data (R2Y) and in 7-fold cross-validation (Q2Y). The biological

labels were permuted 100 times to evaluate model overfitting and the metrics pR2Y
and pQ2 represent the proportion of opls models trained on randomly permuted
labels that have better predictive performance than the model trained on the actual
labels based on R2Y and Q2Y metrics respectively. High values of R2Y and Q2Y are
desirable indicating better representation of the biological conditions by the bio-
marker genes, whereas low values of pR2Y and pQ2Y are desirable indicating less
overfitting.

However, the use of splenectomized animals introduces impor-
tant immunological considerations. The spleen plays a critical role in
the clearance of infected RBCs, regulation of immune cell trafficking,
and orchestration of both innate and adaptive responses during
malaria infection. Its absence may alter immune cell distributions,
particularly monocytes and T cells*’, which may impact inflammatory
responses systemically and within tissues®®. Therefore, while the
splenectomized model offers a robust platform for studying CM
pathology and therapeutic effects, comparisons with spleen-intact
human infections should be interpreted with caution. Future studies
incorporating spleen-intact models may help refine our understanding
of immune-mediated mechanisms in CM and improve translational
relevance.

We further investigated the effects of CM on different areas of the
brain and identified specific genes that were regulated by infection and
reversed by MB treatment. Our analysis focused on the brainstem,
where transcriptomic changes in the Pcoat” MB* group were restored,
with the DEG profile closely resembling that of Pcoat™ MB™ group. In
contrast, histopathological examination of the brainstem showed only
partial reversal of pathology across all treatment doses. This apparent
discrepancy may arise from two factors: first, the limited spatial and
static nature of histological analysis, which captures only a small tissue
section; and second, the irreversible aspects of certain neuronal
damage, such as necrosis, where structural integrity cannot be
restored. By comparison, transcriptomic profiles provide a broader
and more dynamic view, capturing functional compensation and
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Fig. 8 | Gene signature-based classification of macaque brainstem RNA-seq
samples and public malaria samples. The Metalntegrator R package’® was used to
compute the meta-scores of the macaque brainstem RNA-seq samples (repre-
senting biological replicates n=4 Pcoat” MB", n=5 Pcoat® MB™ and n =9 Pcoat’
MB") based on a public CM gene signature: BCL2L13, NFIX, SIOOP, SIO0AS, RETN,
PGLYRP1, BIRCS, ILIR2, MCOLN1, MED2S, FUCAI, LZTFL1, SLC25A38, RPA1, RPIA,
ACVRI, ATP6VOE2, SPSB3, PIGQ™, and b the nine identified CM biomarkers. The
meta-scores were displayed as violin plots grouping samples by infection/treat-
ment (right panels). P-values comparing group means on the violin plots were
computed using Wilcoxon rank sum test (two-sided). The meta-scores were used

for classifying samples as associated with cases or controls and the detection
threshold was varied to generate a receiver-operating characteristics (ROC) curve
(left panels). ¢ The nine identified biomarkers were used with Metalntegrator R
package to analyze the public gene expression datasets where human subjects were
infected with P. falciparum. Violin plot of the meta-scores of n=16 UM, n=26 SMA,
n=131 CM and n =17 healthy controls derived from public microarray datasets
GSE1124, GSE33811, GSE72058, GSE116306 and GSE117613, computed using the set
of nine candidate biomarker genes. P-values comparing group means on the violin
plots were computed using Wilcoxon rank sum test (two-sided test, unadjusted p-
values comparing each condition against CM).

neural plasticity. Thus, even in the presence of residual structural
damage, molecular pathways that support recovery and homeostasis
appear to be reactivated following treatment.

The brainstem is of particular importance in the context of CM as
it controls essential body functions, and its involvement can lead to
fatal outcomes, especially in pediatric patients®. Hence, the in-dept
analysis of brain tissues focusing on the brainstem would enhance our
understanding of pediatric CM®**2, To extend the relevance of our
findings, we compared our brainstem dataset with two additional
blood datasets, one from P. falciparum-infected humans and another
from P. coatneyi-infected rhesus macaques. This comparative analysis
led to the identification of 9 blood biomarkers associated with CM
severity. Using this gene signature, we successfully classified CM cases
from healthy controls, mild malaria, non-CM severe malaria and non-
malarial encephalopathies, such as WNV encephalitis. These findings
suggest that our biomarkers could serve as potential diagnostic mar-
kers for fatal CM caused by P. falciparum.

Notably, seven out of nine biomarkers are predominantly
expressed by neutrophils, while NFE2 is highly expressed in neu-
trophils, but not predominantly - suggesting a potential involvement
of neutrophils in CM. In Table 1, we summarized reported associations
between the biomarker candidates, neutrophil function, and CM. Gene
expression analysis of the top 50 genes modulated by MB treatment

further revealed that many of these genes are highly expressed in
neutrophils. Among these, we identified several genes, including
LILRA3, LILRAS, CD177, CSF3R, CEBPB, FCAR, ILIRN, LCN2, MMP9,
S1I00A8, S100A9, SECTM1, SOCS3, and SPI1, which are closely linked to
neutrophil function. Additionally, Pcoat® MB~ samples exhibit a higher
abundance of neutrophils in the brainstem compared to the Pcoat
MB™ and Pcoat" MB' groups, although this difference is not statistically
significant. Collectively, these findings raise the question of whether
neutrophils may play a crucial role in CM pathogenesis.

Supporting this, neutrophil counts frequently increase in malaria
patients, and their granules contain antimicrobial proteins that,
although effective against pathogens, can also cause tissue damage
when released systemically®®***, Elevated levels of neutrophil granule
proteins, along with a neutrophil-associated blood transcriptomic
signature, have been linked to severe malaria®**. NETs have been
found in the neurovasculature of fatal CM cases, colocalizing with
infected RBCs, implicating them in vascular pathology®’. Despite their
harmful potential, neutrophils may also have protective roles. Studies
in Gambian children have identified neutrophil proteins like cathepsin
G and MMP9 correlate to malaria protection®®, Evidence from studies
on matrix-producing neutrophils also points to a potential protective
role, where neutrophils contribute to the skin’s extracellular matrix
during injury, reinforcing its mechanical properties and promoting
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Fig. 9 | Immune cell profiling and gene expression in brainstem and immune
subsets. a CIBERSORT analysis of brainstem samples. Bars and whiskers represent
mean and standard error, respectively, of the % of total immune cells contributed
by an immune cell subset. P-values comparing treatment groups were computed

using Wilcoxon rank sum test (two-sided test, nominal unadjusted p-values).
b Average expression of 9 signature genes in various immune cell subsets, data
obtained from Human Protein Atlas.

barrier function®’. This protective role could be inferred in the context
of CM, where neutrophils may act to protect the BBB from disruption
caused by the disease. Our findings support the hypothesis that
neutrophil-associated biomarkers could be useful for CM detection. In
addition to neutrophils, other factors such as proinflammatory cyto-
kines and neuronal B-secretase were found to be involved in neu-
roinflammation and BBB disruption in CM**”°, The overall findings
suggest that neuroinflammation and neutrophil-induced immuno-
pathology contribute significantly to CM progression.

The identified blood biomarkers have potential diagnostic value,
with CD1777"7%, SI00A8’*7%, SI00A9”*7, and LCN2’¢ being particularly
relevant due to their association with neutrophil activation and
endothelial interactions. These biomarkers could be easily detected
through antibody staining and flow cytometry analysis. Other bio-
markers such as ILIRN, CHIT1, MAG, and NFE2 show promise but

require further investigation. While our study primarily supports the
diagnostic application of these biomarkers, further research is needed
to explore their predictive and prognostic potential. Predictive bio-
markers could help identify patients at risk of developing CM, allowing
for timely treatment. Prognostic biomarkers, on the other hand, could
help identify patients with differential treatment responses and inform
post-CM neurological complication risks. It is worth noting that our
study focused on adult rhesus macaques, and while CM severity and
outcomes may differ between adults and children, our gene expres-
sion analysis across different age groups did not reveal significant
variations in the identified biomarkers, suggesting their potential
usefulness across all age groups.

Additionally, our findings also demonstrate the significant
potential of MB as adjunct or alternative therapy for fatal CM. MB is a
promising antimalarial with multiple mechanisms of action, including

Nature Communications | (2025)16:10534

12


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65552-y

Table 1| Potential blood biomarkers for cerebral malaria caused by P. falciparum and P. coatneyi infections

Biomarkers  Association with Description and Function in Malaria References
Neutrophils CM

S100A9 + + Leukocyte extravasation and inflammatory responses; increased S100A9 plasma level was found to be cor- 74,75,101,102
related with the parasite load and periodic fever.

MAG - + Plays an important role in axons and myelin interactions, which can be damaged by infected RBC sequestration 103,104
in CM.

ILIRN + + Involved in anti-inflammatory activities; upregulated in plasma and PBMC of CM patients. 55,105-107

S100A8 + + Leukocyte extravasation and inflammatory responses; increased S100A8 plasma level was found to be cor- 74,75,101,102
related with the parasite load and periodic fever.

CcD177 + + Surface glycoprotein that plays a role in neutrophil activation and regulates neutrophils transendothelial 71-73,108
migration; upregulated in CM patients.

LCN2 + + Iron sequestration in SMA; increased LCN2 plasma level in CM patients. 76,109,110

MMP9 + + Breakdown BBB for neutrophil transmigration; upregulated in whole blood of CM children. 1M1-113

NFE2 + - Regulates the phenotypic polarization of neutrophils. Important transcription factor in erythropoiesis, down- 114,115
regulated in P. vivax infection

CHIT1 + + A resistant candidate gene of severe malaria; increased CHIT1 plasma level in African CM children; diversity of 116,117

plasma CHIT1 activity affected by genetic and environmental factors.

(+) Association reported.
(=) Association not reported.

the inhibition of glutathione reductase and hemozoin formation,
which complicate the development of resistance’ ™. By targeting the
complex catalytic cycle, MB generates reactive oxygen species (ROS),
affecting both sexual gametocytes and asexual stages®>*°. MB has
shown efficacy across various malaria models and drug-resistant
strains, particularly when combined with artemisinin, and is capable of
crossing the BBB®"®%, This is particularly relevant in the context of
artemisinin-resistant P. falciparum infections, which pose a growing
threat in Africa, necessitating urgent alternative treatment
options'”*°, Furthermore, MB’s metabolite, azure B, may further
enhance its anti-inflammatory effects, providing added therapeutic
value for treating malaria complications’®?",

In our study, despite better peripheral parasite clearance in MB-
treated animals, some showed clinical deterioration with overlapping
CM symptoms, which may be related to delayed treatment initiation or
other host factors. CM progresses rapidly, with the swift onset of
severe neurological symptoms and hyperparasitemia, making early
intervention critical. The animals in the higher dose groups were
treated later in disease progression, when the therapeutic window had
already narrowed. Despite close monitoring, the desired threshold for
treatment initiation was sometimes missed due to the swift onset of
parasitemia, making it difficult to synchronize treatment timing across
groups. These findings suggest that earlier administration of MB, even
at lower doses, may be more beneficial than delayed treatment at
higher doses, emphasizing the importance of timing in therapeutic
efficacy against CM. However, there is a need for caution and further
research before considering MB as a therapeutic alternative to
artemisinin-based therapies. While MB remains a promising com-
pound, especially in the context of drug resistance, our results high-
light both its potential and its limitations in this preclinical model.

In conclusion, our study elucidates the role of neutrophils and
neuroinflammation in CM pathogenesis. We have identified blood
biomarkers that show promise for CM diagnosis and highlight the
potential of MB as a therapeutic option. However, further validation
studies are necessary to confirm the diagnostic, predictive, and
prognostic value of these biomarkers and to enhance their clinical
utility.

Methods

Animals and parasites

In this study, nine splenectomized rhesus macaques (Indian origin),
males aged 7 to 14 years old, were randomly assigned to each of the

three dosage groups (three monkeys per group). A prior study of five
untreated male rhesus macaques (aged 6 to 16 years old) served as
infected untreated controls, and four spleen-intact male rhesus
macaques (aged 8 to 9 years old) served as uninfected controls. Only
male animals were used to maintain consistency with historical con-
trols and reduce sex-related variability. P. coatneyi (Hackeri strain)
infections were established in experimental monkeys by intravenous
inoculation of 5x10° infected erythrocytes obtained from infected
donor monkeys. Animal procedures were approved by the AFRIMS
IACUC (#12-08) and conducted in strict accordance with Thai laws,
including the Animals for Scientific Purposes Act, B.E. 2558 (A.D. 2015),
the Animal Welfare Act, and all applicable U.S. Department of Agri-
culture, Office of Laboratory Animal Welfare, U.S. Department of
Defense guidelines, and the Guide for the Care and Use of Laboratory
Animals (National Research Council 2011). The AFRIMS facility is fully
accredited by AAALAC International.

P. coatneyi parasitemia follow-up

Animals were monitored continuously, and blood smears were per-
formed thrice daily before Day 6 post-infection, then increased to
eight times daily from Day 6 onwards until experimental endpoint.
Blood smear samples were fixed in methanol and stained with Giemsa
(Merck), then were examined under oil-immersion objective for
parasite quantification and staging. Smears were considered negative
if no parasites were found in 50 fields of thick smears (approximately
per 1000 leukocytes). Parasites were counted per number of leuko-
cytes (per 100-300 leukocytes) or erythrocytes (per 500-10,000
erythrocytes).

P. coatneyi-infected macaques’ symptoms, methylene blue
treatment regimen and clinical monitoring

The P. coatneyi-infected macaques developed the different following
symptoms: anorexia, lethargy, leukocytosis, vomiting, anemia, reticu-
locytosis, hyponatremia, hypoglycemia, hyperkalemia, hyponatremia,
azotemia and hypochloremia. When parasitemia reached 15% (7 to
9 days post-infection), the treated groups were intravenously injected
with 6 mg/kg, 10 mg/kg, or 17 mg/kg of MB twice daily for 4 days.
Infected untreated animals were euthanized on Day 8 post-infection.
MB-treated animals were euthanized upon treatment failure, or on the
5t or 6™ day after treatment initiation in cases of treatment success.
Treatment failure was predetermined as: (i) parasitemia decline of less
than 75% with clinical deterioration 48 h after treatment initiation, (ii)
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parasitemia decline of less than 99% by Day 3 after treatment initiation,
or (iii) moribund behavior, unstable respiratory status, or unstable
blood pressure at the end of Day 3 after treatment initiation.

Tissue fixation, processing, and Hematoxylin and Eosin (H&E)
staining

All tissues collected for histopathology were collected within minutes
of euthanasia, trimmed into small sections (approximately 2-5cm),
and fixed in 10% buffered formalin at a 1:10 tissue:formalin ratio. For-
malin was refreshed after 24 h to prevent formalin pigment formation.
Lesioned tissues were sampled at both the lesion center and margins,
including adjacent normal tissue; unaffected tissue from the same
organ was also collected for comparison. Fixed tissues were trimmed
into 5mm dice and processed using an automated tissue processor
(SLEE medical, Mainz, Germany) as follows: dehydration (70% Iso-
propanol for 1h, 95% Isopropanol for 1h x 3 times, and 100% Iso-
propanol for 1h x 3 times), clearing (Xylene substitute (Sigma, St.
Louis, MO, USA) for 1h x 3 times) and paraffin infiltration (molten
paraffin for 30 min x 2 times).

Formalin fixed tissue samples were prepared for histopathological
evaluation as H&E sections, following the method described by Pro-
phet et al.”*. Briefly, sections were cut at 4 pm using a semi-automated
rotary microtome (RM2245, Leica, Buffalo Grove, IL, USA). The tissue
sections were mounted onto poly-L-lysine coated microscope slides
and baked at 60 °C for 14-18 h. H&E staining was performed using
standard protocols. Histological evaluation was performed by both a
board-certified veterinary pathologist (EL) and by a board-certified
medical pathologist (GT) using Olympus BX43F bright field micro-
scopes (Olympus, Tokyo, Japan). Tissues were evaluated qualitatively
for histopathologic changes in comparison with control animals and
excluding any background lesions observed in the AFRIMS macaque
colony through experience or described in the literature’. Repre-
sentative sections of the cerebrum were included for histological
evaluation; however, the thalamus is not distinctly visualized in these
sections due to its deep anatomical location, which requires targeted
dissection and specific orientation for optimal visualization in stan-
dard H&E preparations. Histopathological lesion was scored by con-
sensus on a 0-5 scale: O = within normal limits, 1 = minimal, 2=mild, 3 =
moderate, 4 = marked, 5 = severe.

RNA extraction and sequencing

Brain, heart, kidney, and liver tissues were collected immediately post-
mortem in multiple repeats of 1 mm? squares and preserved in RNA-
later (Sigma-Aldrich). Total RNA was isolated by homogenizing in
TRIzol (Thermo Fisher Scientific) and performing double extraction
with guanidinium thiocyanate-phenol-chloroform followed by a QIA-
GEN RNeasy Micro clean-up procedure. 500 ng of total RNA was sub-
jected to Ribo-Zero (Illumina) ribosomal RNA depletion, after which
Lexogen SENSE Total RNA-seq libraries were prepared according to
the manufacturer’s protocol. RNA samples with an RNA Integrity
Number (RIN) below 5.5 as analyzed on the Agilent Bioanalyzer were
processed according to the protocol for FFPE samples. All samples
were subjected to an indexed paired-end sequencing run of 2 x151
cycles on an lllumina HiSeq 4000 system (25 samples/lane). RNAseq
data have been deposited in NCBI's Gene Expression Omnibus
(GSE265864).

RNAseq pre-processing

The raw reads were aligned to the Refseq Macaca mulatta genome
assembly (NCBI accession number: GCF_000772875.2 Mmul_8.0.1)
using STAR aligner®*. The reads were also quantified against transcript
sequences obtained from the same Refseq assembly using Salmon® in
mapping-free (alignment-free) mode to quantify transcript abun-
dance. Transcript abundances were then summarized into gene
abundances using the tximport R/Bioconductor package®.

Normalized gene abundances were expressed in transcript per million
(TPM) after trimmed mean of M values (TMM) normalization.

Transcriptomic analysis

To identify differentially expressed genes (DEGs), raw gene abun-
dances were analyzed with the DESeq2 R/Bioconductor package”.
DEGs were selected based on adjusted p < 0.05 and > 2-fold change in
expression. The various sets of DEGs from the multiple comparisons
between experimental groups are listed in Supplementary Data 5.
Heatmaps were generated to display the log transformed expression
level of a gene across samples normalized to a Z-score. For any gene,
log expression = log,(TPM +1.0) (a pseudo-count of 1.0 is added to
avoid negative values) and the Z-score is calculated as Z; = (x; — p) /0,
where x; is the log expression in sample i, and u and o are the mean and
standard deviation of log expression across all samples displayed in
the heatmap. QIAGEN Ingenuity Pathway Analysis (IPA) was used to
identify biological pathways enriched with the DEGs and to generate
pathway networks’™,

PCA was performed using the R package FactoMineR on the
matrix of log expression (log,(TPM +1.0)), with samples on the rows
and genes on the columns. Each tissue was analyzed separately by PCA.
Genes with interquartile range (IQR) > 0.001 were used. A set of 3615
DEGs between FFPE and non-FFPE samples and a set of 1524 DEGs
between subjects were excluded to avoid the clustering of samples by
the tissue processing method or by the individual in the PCA. The set of
genes used for PCA was also used to analyze pairwise distances
between samples measured by Jensen-Shannon divergence, and gen-
erate a hierarchical clustering of the samples. A matrix of normalized
gene abundances in TPM was provided to the function /SD available in
the R package, philentropy, to compute the Jensen-Shannon diver-
gence. Additionally, a heatmap of the 7403 most variable genes across
all samples was generated. The matrix of gene expression in TPM units
was loglp transformed and scaled to z-scores on the rows (genes).
Hierarchical clustering of rows and columns was performed using the
complete linkage algorithm with the Euclidean distance metric.

Comparative transcriptomics

Gene expression profiling from our brainstem samples was compared
with two other published transcriptomics datasets from the GEO
database, GSE116306 and GSE103259. A summary of their samples can
be found in Supplementary Data 6°*%. The list of DEGs between cer-
ebral malaria and mild malaria patients was obtained from Supple-
mentary Table S1 of Thiam et al., 2019 who used a one-way ANOVA
method to identify DEGs while adjusting for covariates, such as age,
gender, and leukocyte counts. A total of 1060 differential probes
corresponding to 853 genes were identified below FDR threshold of
10%. When a gene had multiple probes, the probe with a lower p-value
was selected. Out of 853 DEGs, 829 gene symbols matching those in
our dataset were finally selected to visualize normalized probe
expression levels in a heatmap. For the dataset of Cordy et al., 2019,
raw RNA-seq counts were analyzed with DESeq2 R/Bioconductor
package to identify DEGs between time points T1 (pre-parasitemia) and
T2 (acute infection) paired on the subjects. 2174 DEGs identified below
FDR threshold of 5% were selected for comparison with our dataset.
Normalized counts computed by DESeq2 were used in heatmap
visualizations.

Venn diagram was used to compare our list of DEGs modulated by
infection and normalized by MB treatment in the brainstem with the
lists of DEGs in the abovementioned datasets. Orthogonal partial least
squares discriminant analysis (OPLS-DA) method implemented in the
R/Bioconductor package, ropls, (https://www.bioconductor.org/
packages/release/bioc/html/ropls.html) was used to test the ability
of biomarker genes identified in this study to distinguish between
samples by their biological condition, i.e., uninfected vs. infected,
untreated vs. infected, treated in the present study, mild vs. severe
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malaria in Thiam et al., 2019 and pre-parasitemia (T1) vs. acute infec-
tion (T2) in Cordy et al., 2019. The matrix, X, of normalized gene
abundances with samples on the rows and the biomarker genes on the
columns was provided to the opls function of the ropls package with
parameters predl = 2 (derive 2 PCA components) and perml = 100
(perform 100 random permutations of the class labels to evaluate
predictive performance) to predict the biological condition (Y). The
performance of an opls model was assessed by the metrics R2Y and
Q2Y which are the proportion of Y dispersion explained by the model
on the training data (R2Y) and in 7-fold cross-validation (Q2Y). A per-
mutation test was used to evaluate model overfitting, and the metrics
pR2Y and pQ2 were computed representing the proportion of opls
models trained by randomly permuting the class labels that have
better predictive performance than the model trained on the actual
class labels based on R2Y and Q2Y metrics, respectively.

Gene signature-based classification of samples

The Metalntegrator R package’ was used for evaluating gene bio-
markers in the present RNA-seq dataset and public microarray and
RNA-seq datasets. For comparisons between CM ad non-CM malaria
cases, the following public databases were included: GSE1124,
GSE33811, GSE72058, GSE116306, GSE117613, E-MTAB-6413, GSE5418,
GSE119150, GSE52166, GSE34404, GSE7000, GSE156791, GSE181179,
GSE50957, GSE94916, GSE15221, GSE64338, and PRJEB45911. For
comparison between asymptomatic WNV infection and WNV-induce
encephalitis, GSE46681 was used.

For each biomarker gene, a signature score was computed to
evaluate whether the gene was differentially expressed between
cases and controls across various studies included in the meta-
analysis. An effect size of a gene was computed in each dataset as
Hedges adjusted g based on its mean expression and pooled and
weighted standard deviation in cases and controls. A summary effect
was computed using a random effect model where the inter-dataset
variation was modeled as a random effect estimated by the
DerSimonian-Laird method. Given a set of biomarker genes, a meta-
score was computed for every sample where positive or negative
meta-scores would indicate association of a sample with cases or
controls respectively based on the biomarker genes. The meta-score
was computed as the geometric mean of the expression of bio-
marker genes (when only genes up-regulated in cases vs. controls
were defined as biomarker) or the difference between geometric
means of up and down regulated genes (when both up- and down-
regulated genes in cases vs. controls were defined as biomarker)
normalized to a z-score to center the samples around zero. The
meta-scores of samples were displayed as violin plots by sample
group. The meta-scores used for classifying samples as associated
with cases or controls and receiver-operating characteristic (ROC)
curves generated by varying the detection threshold.

CIBERSORT analysis

To analyze immune cell proportions in the brainstem samples, the
matrix of gene expression in TPM units was analyzed with CIBERSORT
R script (version 1.02)'°° using the LM22 gene signature to deconvolute
the proportions of 22 human immune cell types.

Inclusion and ethics statement
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data underlying the findings of this study are available as supple-
mentary files included in this publication. The RNAseq data have been
deposited in NCBI's Gene Expression Omnibus under accession code
GSE265864. Additional data supporting the findings of this study are
available in Supplementary Data 7. Further information and requests for
resources and reagents should be directed to and will be fulfilled by the
corresponding author, Benoit Malleret (benoit_malleret@nus.edu.sg).
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