Karikari et al. Malar J (2021) 20:383

https://doi.org/10.1186/512936-021-03918-5 Malaria Journa |

RESEARCH Open Access

. . ®
Transcriptome-based analysis of blood i

samples reveals elevation of DNA damage
response, heutrophil degranulation,
cancer and neurodegenerative pathways
in Plasmodium falciparum patients
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Abstract

Background: Malaria caused by Plasmodium falciparum results in severe complications including cerebral malaria
(CM) especially in children. While the majority of falciparum malaria survivors make a full recovery, there are reports of
some patients ending up with neurological sequelae or cognitive deficit.

Methods: An analysis of pooled transcriptome data of whole blood samples derived from two studies involving vari-
ous P, falciparum infections, comprising mild malaria (MM), non-cerebral severe malaria (NCM) and CM was performed.
Pathways and gene ontologies (GOs) elevated in the distinct P, falciparum infections were determined.

Results: In all, 2876 genes were expressed in common between the 3 forms of falciparum malaria, with CM hav-
ing the least number of expressed genes. In contrast to other research findings, the analysis from this study showed
MM share similar biological processes with cancer and neurodegenerative diseases, NCM is associated with drug
resistance and glutathione metabolism and CM is correlated with endocannabinoid signalling and non-alcoholic
fatty liver disease (NAFLD). GO revealed the terms biogenesis, DNA damage response and IL-10 production in MM,
down-regulation of cytoskeletal organization and amyloid-beta clearance in NCM and aberrant signalling, neutrophil
degranulation and gene repression in CM. Differential gene expression analysis between CM and NCM showed the
up-regulation of neutrophil activation and response to herbicides, while regulation of axon diameter was down-
regulated in CM.

Conclusions: Results from this study reveal that P, falciparum-mediated inflammatory and cellular stress mechanisms
may impair brain function in MM, NCM and CM. However, the neurological deficits predominantly reported in CM
cases could be attributed to the down-regulation of various genes involved in cellular function through transcrip-
tional repression, axonal dysfunction, dysregulation of signalling pathways and neurodegeneration. It is anticipated
that the data from this study, might form the basis for future hypothesis-driven malaria research.
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Background

Malaria is a major infectious disease and public health
problem with an estimated 215 million cases and
384,000 deaths in 2019 [1]. The disease is most severe
in Africa, where the World Health Organization
(WHO) malaria report in 2020 revealed that the region
accounts for 94% of malaria cases and deaths univer-
sally [1]. Of the five human parasite species, Plasmo-
dium falciparum and Plasmodium vivax are the most
common cause of severe malaria [2]. Plasmodium fal-
ciparum is however primarily implicated in cerebral
malaria (CM) in children under 5 years of age and
pregnant women [3-5]. It is also resistant to many anti-
malarial drugs making it more lethal.

The life cycle of the apicomplexan P. falciparum within
the human host includes the intra-erythrocytic stage
where haem is produced from the host’s haemoglobin
[6]. Plasmodium falciparum also harbours the “plant-
like” apicoplast, which is essential for parasite de novo
synthesis of haem as a back-up [7, 8]. Haem is used by
the parasite mitochondrial electron transport chain and
its toxicity is attenuated by cross-linking into an insoluble
polymer (haemozoin), via the action of a parasite-specific
biochemical activity [6, 9, 10]. Haemozoin (HMZ), also
classified as malaria pigment, is typically observed in the
liver, spleen and brain of infected individuals [11, 12].
The severity of falciparum malaria correlates with the
release of HMZ, which can be incorporated into mem-
branes and also diffuse through the blood brain barrier
(BBB) [3, 13-15]. Though P. falciparum does not invade
the brain parenchyma, toxic HMZ crosses the BBB,
causing injuries to neurons [16, 17]. Germane to HMZ
pathology is the production of reactive oxygen species
(ROS), which is implicated in oxidative macromolecular
damage, inflammatory response, endoplasmic reticulum
(ER) stress and apoptosis [18—22]. The developing brain
is especially susceptible to genomic instability and cellu-
lar stress engendered by oxidative modification of macro-
molecules and this is also linked to neurodevelopmental
and neurodegenerative diseases, including schizophrenia,
Alzheimer’s (AD) and Parkinson’s (PD) diseases [23—-27].
Interestingly, reports by Thiam et al. and Cabantous et al.
demonstrated the activation of genes associated with AD
and PD in CM [28, 29]. In addition, Boldt et al. found a
signature of 22 differentially expressed genes related to
immunopathological processes and complement regula-
tion in the transcriptome of distinct conditions of child-
hood malaria including CM [30].

In this study, an analysis of two pooled series of micro-
array of transcriptome data of whole blood cells derived
from patients with mild malaria (MM), non-cerebral
severe malaria (NCM) and CM were carried out. The
results showed that fewer genes are expressed in CM
compared to the other states of malaria. Additionally,
genes involved in neutrophil degranulation and response
to herbicides were up-regulated in CM, whereas genes
associated with axon diameter were down-regulated.
Genes connected to DNA repair mechanisms and
cytoskeletal destabilization were significantly expressed
in MM and NCM, respectively.

Thus, the neurological impairment, such as cognitive
decline reported in falciparum malaria patients, espe-
cially CM, could be attributed to inflammation, genomic
instability and cellular stress-mediated neuronal mal-
functioning and degeneration.

Methods

Preprocessing of gene expression data for the pooled
analysis

Datasets of the accession numbers GSE1124 and
GSE116306 containing transcriptome microarray data
of cerebral malaria, non-cerebral severe malaria and
mild malaria were downloaded from NCBI GEO. For
GSE1124, children within the ages of 0.5-6 years were
used whereas patients within ages of 1-72 years were
employed in GSE116306. The datasets employed in this
study are listed in Table 1. GSE1124 was associated with
a publication by Boldt et al [30] and GSE116306 was
associated with Thiam et al. [28]. The number of sub-
jects involved in the study were 4-6 (MM:6, NCM:4
and CM:6) for Thiam et al. [28] and 20 samples per each
group for Boldt et al. [30]. Thiam et al. [28] classified
MM as fever with P, falciparum parasitaemia of < 25,000
parasites/pl of blood, with no proof of severe malaria
characteristics, NCM as severe anaemia, respiratory dis-
tress or hypoxia and hypoglycaemia without neurological
symptoms and CM as absence of purposeful response,
presence of a deep coma, deficit in response to a pain-
ful stimulus by Glasgow score<9. For Boldt et al. [30],
the definition of MM was presence of P, falciparum para-
sitaemia by microscopic examination of thick and thin
blood smears with no evidence of other severe diseases,
NCM was haemoglobin level <5 g/dL and CM was Blan-
tyre coma score <2. A complete blood count was con-
ducted in both studies and Boldt et al. [30] report that the
experimental groups differed significantly with respect
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Table 1 Datasets employed in this pooled analysis

GEO_sample Sample name Group GEO_accession
GSM3227838  CM1 @Y% GSE116306
GSM3227839 CM2 ™M GSE116306
GSM3227840 CM3 @ GSE116306
GSM3227841  CM4 ™M GSE116306
GSM3227842  CM5 M GSE116306
GSM3227843  CM6 @Y% GSE116306
GSM3227844  MM1 MM GSE116306
GSM3227845 MM2 MM GSE116306
GSM3227846  MM3 MM GSE116306
GSM3227847  MM4 MM GSE116306
GSM3227848 MM5 MM GSET16306
GSM3227849  MM6 MM GSE116306
GSM3227850 NCM1 NCM GSE116306
GSM3227851 NCM2 NCM GSE116306
GSM3227852  NCM3 NCM GSE116306
GSM3227853  NCM4 NCM GSE116306
GSM711624  Asymptomatic_A Asymptomatic GSE1124
GSM711625  Asymptomatic_B Asymptomatic GSE1124
GSM711626  Asymptomatic_C Asymptomatic GSE1124
GSM711627  Asymptomatic_F Asymptomatic GSE1124
GSM711628  Asymptomatic_G Asymptomatic GSE1124
GSM711629  Uncomplicated_ MM GSE1124
malaria_D
GSM711630  Uncomplicated_ MM GSE1124
malaria_E
GSM711631 Uncomplicated_ MM GSE1124
malaria_F
GSM711632  Uncomplicated_ MM GSE1124
malaria_G
GSM711633  Uncomplicated_ MM GSE1124
malaria_H
GSM711634  Severe_malaria_A NCM GSE1124
GSM711635 Severe_malaria_B NCM GSE1124
GSM711636  Severe_malaria_C NCM GSE1124
GSM711637  Severe_malaria_D NCM GSE1124
GSM711638  Severe_malaria_E NCM GSE1124
GSM711639  Cerebral_malaria_C ™M GSE1124
GSM711640  Cerebral_malaria_D M GSE1124
GSM711641 Cerebral_malaria_E ™M GSE1124
GSM711642  Cerebral_malaria_F M GSE1124
GSM711643  Cerebral_malaria_G M GSE1124

MM mild malaria, NCM severe non-cerebral malaria, CM cerebral malaria.
Datasets from the accession GSE1124 are associated with Boldt et al., datasets
from the accession GSE116306 are associated with Thiam et al

to age, respiration rate, degree of spleen enlargement,
white blood cell count, glycaemia, haemoglobin and
haematocrit levels. In contrast, Thiam et al. [28] stated
that with the exception of platelet count, which differed
between the experimental groups, there was no signifi-
cant difference between the groups for age, haemoglobin
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concentration, red blood cell count and leucocyte count.
For comparison of distinct disease states including CM,
Boldt et al. had processed their data with proprietary
software followed by application of Significance Analysis
of Microarrays (SAM) on the logarithmic (base 2) signal
ratios to identify significantly changed genes at a false
discovery rate of 0.004%. The datasets from the acces-
sion GSE1124, which were generated on the Affymetrix
Human Genome U133A Array platform, were used. Data-
sets from the accession GSE116306 were generated on
the Agilent-039494 SurePrint G3 Human GE v2 8 x 60 K
Microarray platform. All datasets were imported into the
R/Bioconductor environment [31].

Furthermore, the datasets generated on the Agilent
platform were read and preprocessed employing the
Bioconductor package limma [32]. This included back-
ground correction with the method normexp and quan-
tile normalization. The binary score “gIsWellAboveBG”
from the input data files was used as binary measure
for gene expression. Multiple probes matching the same
gene symbol were reduced to the probe with the maximal
mean expression signal.

Datasets generated on the Affymetrix platform were
read and pre-processed employing the Bioconductor
package affy [33]. This included background correction
and normalization with the Robust Multi-Array average
(RMA) method. Background detection values were cal-
culated via the mas5calls method[33]. Analogously to
the other platform multiple probes matching the same
gene symbol were reduced to the probe with the maximal
mean expression signal.

Analysis of pooled gene expression data

The preprocessed datasets from the GEO accessions
GSE1124 and GSE116306 were adjusted for batch effects
via the ComBat method [34] from the Bioconductor
package sva [35]. In the follow-up analyses this batch-
effect-adjusted data was used for differential expres-
sion and cluster analysis while the binary expression
score described above was used for the Venn diagram
analysis. The global cluster dendrogram was gener-
ated via the R method kclust from the log2-transformed
expression data with a coefficient of variation above 0.1
employing Pearson correlation as similarity measure
and complete linkage as agglomeration method. Differ-
entially expressed genes were determined with the cri-
teria ratio>2 and p-value<0.05 and g-value<0.25 for
up- and ratio<0.5 and p-value<0.05 and g-value<0.25
for the down-regulated genes (the distribution of ratios
is shown in Additional file 1). The p-value was calculated
with the method from the Bioconductor package limma
[32]. The p-value was adjusted for multiple-testing with
the package qvalue [36]. The heatmaps were generated
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with the method heatmap.2 from the package gplots [37].
For the Venn diagram analysis genes were considered
expressed when the mean of the binary expression score
(1 if expressed, else 0) was above a threshold of 0.5 in the
Agilent data and the mean of the Affymetrix detection-p-
values was below 0.05 in the distinct disease states. The
Venn diagrams were generated with the package VennDi-
agram [38].

Over-representation analysis of pathways and gene
ontologies (GOs)

Pathways annotated with gene symbols were downloaded
from the Kyoto Encyclopedia of Genes and Genomes
(KEGQG) database [39] in July 2020. Genes found in sub-
sets of the Venn diagram analysis and differential gene
expression analysis were tested for over-representation in
these gene sets via the hypergeometric distribution test
implemented in R. Furthermore, these subsets of genes
were analysed for over-representation in GOs with the
R package GOstats [40]. Dot plots of pathways or GOs
most significantly elevated were generated via the R
package ggplot2 [41] (Additional file 1).

Metascape analysis of differentially expressed genes

Lists of genes differentially up- (ratio>2, limma-
p-value<0.05, q-value<0.25) and down-regulated
(ratio < 0.5, limma-p-value < 0.05, q-value < 0.25) between
CM and NCM were joined to a two-column-list, which
was subjected to Metscape multi-column-list analysis
[42]. From the results the Protein—protein-interaction
(PPI) network and the heatmap of regulating transcrip-
tion factors generated via the TRRUST method [43] were
used for this publication.

Results

The pathways and gene expression variations of the
pooled microarray datasets of whole blood cells derived
from children and adult patients suffering from MM,
NCM and CM are represented as dendrograms, Venn
diagrams and heatmaps.

Cluster analysis of CM in comparison to MM and NCM

Figure 1 shows a categorized cluster of the datasets used
in the pooled analysis namely, GSE116306 and GSE1124.
In GSE116306, MM corresponds to “mild malaria, NCM
is “severe non-cerebral malaria” and CM refers to “cer-
ebral malaria” For GSE1124, MM stands for “uncompli-
cated malaria’, NCM refers to “severe malaria” and CM
is “cerebral malaria” The cluster dendrogram indicates
that while there is a general overlap between the different
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states of falciparum malaria, CM cases predominantly
share characteristics with NCM when compared to MM.

Fewer genes are expressed in CM

Gene expression was analysed between MM, NCM and
CM and represented in a Venn diagram in Fig. 2c. In
all, there were 2876 genes mutually expressed between
the three disease states. There were 352 and 247 genes
independently expressed in MM and NCM, respec-
tively. In CM (27 genes) however, several genes were
down-regulated which included those associated with
cytoskeletal organization, translation, cellular trans-
port, cellular respiration, mitochondrial functioning
and proteasomal processes. Genes expressed in com-
mon between the 3 classes of malaria comprised those
of inflammatory response (CKLF), ER stress (RNF13),
detoxification of toxic metals and antioxidant response
(MT1X), cellular stress (HSPs), clathrin and adaptor
protein complex 2 assembly (PICALM) and mental
retardation (AUTS2). It is noteworthy that genes impli-
cated in AD, (PSEN1 and APP), were also up-regulated
in MM, NCM and CM.

Cancer, DNA repair and PD pathways are associated

with MM

To identify pathways associated with the different states
of malaria, GO and KEGG pathway enrichment analy-
ses were conducted. The most significant pathways that
correlated with the 352 genes specific to MM (Fig. 2f,
Additional file 2: Table S1g) were Non-small cell lung
cancer (p <0.0007), Endometrial cancer (0.0016), Epstein-
Barr virus (EBV) infection (0.0046), DNA replication
(p<0.0010), Base excision repair (0.0055) and Mismatch
repair (p<0.0132). These pathways are suggestive of
damage to host DNA and the subsequent increased risk
of cancer development. Interestingly, the pathways for
Parkinson’s disease (PD) and Prion disease (PrD) were
up-regulated (Fig. 2f, Additional file 2: Table S1g). This
shows that MM though mild, could have deleterious
implications on the brain.

Drug resistance, glutathione metabolism

and endocannabinoid signalling correlate with NCM

and CM

The most significant pathways that were associated with
NCM (Additional file 2: Table S1f) included Platinum
drug resistance (p<0.0025) Nucleotide excision repair
(p<0.0226) and Glutathione metabolism (p<0.0373),
which implies drug resistance, DNA damage and anti-
oxidant processes during P falciparum infection. With
regards to CM (Fig. 2e, Additional file 2: Table Sle),
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Fig. 1 Cluster analysis dendrogram of malaria patient’s transcriptomes displays three clusters with varying severity. The cluster to the right is
consistently CM, however contains only three samples, the cluster to the left is more mild, the one in the middle more severe. The distinct clusters
are marked with colour bars: cluster 1 (green, predominantly mild), cluster 2 (orange, predominantly severe and cerebral), cluster 3 (red, consistently
CM). CM cerebral malaria, MM mild malaria and NCM severe non-cerebral malaria

pathways involving Retrograde endocannabinoid signal-
ling (p<0.0265) and Non-alcoholic fatty liver disease
(NAFLD) (p<0.0269) were most relevant. This could
reflect an endocannabinoid modulation in CM pathology
and hepatocyte injury.

GO analysis of genes enriched in MM

Subsequently, an assessment of the GOs elevated in P
falciparum infection was conducted. Figure 2d and Addi-
tional file 2: Table S1d display a selection of significant
GOs from all three categories Biological Process (BP),
Cellular Component (CC) and Molecular Function (MF)
in MM. For the GO-BPs the terms biogenesis, regulation
of nitrogen compound metabolic process, positive regula-
tion of protein metabolic process, response to biotic stim-
ulus, DNA damage response, detection of DNA damage,
positive regulation of phospholipid metabolic process,

blood vessel remodeling, cell cycle arrest, response to
unfolded protein, immune response and interleukin (IL)-
10 production were significant. These are indicative of the
host repair and recovery mechanisms following macro-
molecular damage and inflammation. Amongst the GO-
CCs, the terms cytoplasm, intracellular, nucleoplasm and
membrane-bounded organelle were the most significant.
In the GO-MFs, the major terms that came up were RNA
polymerase Il distal enhancer sequence-specific DNA
binding, oxidized purine DNA binding, mismatch repair
complex binding and damaged DNA binding, which are
indications of transcriptional processes and DNA repair
mechanisms in the host [44].
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Fig. 2 Comparison of gene expression between CM, NCM and MM shows endocannabinoid signalling in CM, neurodegenerative pathways with
MM and drug resistance pathways were associated with NCM. Panels a, b and d show GO expression analysis results and e and f show pathway
analysis results of the genes expressed exclusively in CM, NCM or MM in the Venn diagram in (c). 27 genes are expressed exclusively in CM while
in the NCM there are 247 genes and in MM 352 genes exclusively expressed. Most genes (2876) are expressed in common in all disease states. a
The GO analysis reveals signal transduction abnormality, neutrophil degranulation and negative regulation of gene expression amongst the most
significantly expressed GO terms in the 27 CM genes. b Amongst the significant GO terms for the 247 genes expressed exclusively in NCM were
microtubule organizing center organization, glutathione metabolic process, glutathione derivative biosynthetic process, oxidation—reduction process,
DNA damage checkpoint, mitotic cell cycle arrest, reactive oxygen species biosynthetic process, removal of superoxide radicals, detoxification, activation
of mitogen-activated protein kinases (MAP3Ks) activity, negative regulation of cytoskeleton organization and amyloid-beta clearance. These terms are
suggestive of glutathione involvement in defense against ROS in severe malaria, DNA damage repair mechanisms, cytoskeletal destabilization
activation and protein clearance. d Elevated GO terms for the 352 genes exclusively expressed in MM included biogenesis, regulation of nitrogen
compound metabolic process, positive regulation of protein metabolic process, response to biotic stimulus, DNA damage response, detection of DNA
damage, positive requlation of phospholipid metabolic process, blood vessel remodeling, cell cycle arrest, response to unfolded protein, immune
response and interleukin (IL)-10 production, which are indicative of DNA repair mechanisms, cellular repair and anti-inflammatory mechanisms.

e Over-represented KEGG pathways for the CM-exclusive genes included retrograde endocannabinoid signalling and f over-represented KEGG

pathways for the MM-exclusive genes included non-small cell lung cancer, endometrial cancer, Epstein-Barr virus (EBV) infection, base excision repair and
mismatch repair-which are pointers to DNA damage and increased risk of cancer development—and also pathways for Parkinson’s and prion disease
thus reflecting distinct neurodegenerative gene expression patterns in MM
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Down-regulation of cytoskeletal organization, neutrophil
degranulation, aberrant signalling associated GOs are
enriched in NCM and CM

Furthermore, the GO terms that are over-represented
in NCM and CM (Fig. 2a, b, Additional file 2: Table S1b,
¢) were evaluated. For GO-BPs, the terms microtubule
organizing center organmization, glutathione metabolic
process, glutathione derivative biosynthetic process, oxi-
dation-reduction process, DNA damage checkpoint,
mitotic cell cycle arrest, reactive oxygen species biosyn-
thetic process, removal of superoxide radicals, detoxifi-
cation, activation of mitogen-activated protein kinases
(MAP3Ks) activity, negative regulation of cytoskeleton
organization and amyloid-beta clearance were signifi-
cant. These terms are suggestive of P. falciparum-medi-
ated antioxidant synthesis and depletion, cell cycle arrest
due to DNA damage, cytoskeletal destabilization and
possibly, neurological impairment. With regards to the
GO-CCs the terms intracellular, cytoplasm, membrane-
enclosed lumen, cell and transcriptional repressor com-
plex were noteworthy. Significant in the GO-MFs were
the terms superoxide dismutase copper chaperone activ-
ity, glutathione transferase activity, class I DNA-(apurinic
or apyrimidinic site) endonuclease activity and protein
kinase activity. These terms are pointers to host defense
mechanisms against P. falciparum infection by up-regu-
lating anti-oxidative activities and DNA damage repair.
It also signifies a probable increase in protein kinases
activity, which may destabilize microtubule organization
[45-47].

The GO-BPs that were significant in CM include signal
transduction in absence of ligand, neutrophil degranula-
tion, negative regulation of gene expression, neutrophil
activation and extrinsic apoptotic signalling pathway.
These terms are indicative of parasite driven abnormal
signalling and inflammatory provoked tissue destruction
in CM [48, 49]. In the GO-CCs, tertiary granule mem-
brane, specific granule membrane, intracellular orga-
nelle part and chromosome, centromeric region were the
most significant terms. The terms highly represented in
GO-MF for CM were oxidoreductase activity, acting on
paired donors, with incorporation or reduction of molecu-
lar oxygen, proximal promoter DNA-binding transcrip-
tion repressor activity, RNA polymerase Il-specific and
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zinc ion binding which demonstrate host defense against
ROS, transcription suppression and the necessity of zinc
in binding of the P, falciparum to host cells [49].

Differential expression between CM and NCM
Additionally, the differences between CM and NCM
were investigated by further refining the results from
the Venn diagram analysis of gene expression. Figure 3
shows signatures of differentially up- and down-regulated
genes and associated GOs in CM compared to NCM
(Additional file 3: Table S2a). For the genes up-regulated
between CM and NCM, NF-kappaB signalling, immune
response, response to herbicide and neutrophil activa-
tion were amongst the most significantly elevated GO
terms (Fig. 3a, Additional file 3: Table S2b). For the genes
down-regulated between CM and NCM, myeloid cell
homeostasis, regulation of axon diameter, haemopoiesis
were amongst the most significantly elevated GO terms
(Fig. 3b, Additional file 2: Table S2c). The heatmap and
hierarchical cluster analysis in Fig. 3¢ displays a cluster
with higher expression in CM (red) and a cluster with
lower expression in CM (green). In Fig. 3d, the signatures
of the genes up-regulated (ratio>2, p<0.05) and down-
regulated (ratio < 0.5, p<0.05) between CM and NCM are
listed. Interestingly, IL-18 receptor 1 (IL18R1) is amongst
the up-regulated genes indicating the involvement of
IL-18 signalling.

Protein interaction network and regulating transcription
factors

For further elucidation of protein interaction networks
and transcription factors involved in gene regulatory
networks constituting CM, a Metascape analysis of
genes differentially expressed between CM and NCM
was employed (Fig. 4). Figure 4a shows the protein
interaction network which besides the IL-18 section
already mentioned, has a large connected part centered
around hexokinase 1 (HK1) and tubulin beta-2A chain
(TUBB2A). Figure 4b displays the results of the Metas-
cape TRRUST analysis [43] indicating involvement of
the transcription factors, interferon regulatory factor
1 (IRF1), signal transducer and activator of transcrip-
tion 1/3 (STAT1/3), nuclear factor kappa-B subunit 1

(See figure on next page.)

Fig. 3 Differential expression analysis between CM and NCM reveals NF-kappaB signalling, immune response, response to herbicide and neutrophil
activation amongst GO terms overrepresented in up-regulated genes whereas myeloid cell homeostasis, regulation of axon diameter, haemopoiesis
were amongst GO terms highly expressed in downregulated genes. a Most significant GO terms elevated in genes up-regulated between CM and
NCM. b Most significant GO terms elevated in genes down-regulated between CM and NCM. ¢ Hierarchical cluster analysis and heatmap of genes
up-regulated (ratio> 2, p < 0.05) and down-regulated (ratio < 0.5, p <0.05) between CM and NCM. The cluster of genes up-regulated in CM is marked
with red shading, the cluster of down-regulated genes with green shading. The genes associated with both clusters are listed in d. IL18R1 among
the up-regulated genes is indicative of the involvement of IL18-signalling
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Fig. 4 Metascape analysis of genes differentially expressed between CM and NCM reveals protein interaction network and involvement of the
transcription factors IRF1, STAT1/3, NFKB1 and RELA in the gene regulatory networks of the CM state. a Protein interaction network generated with
Metascape from genes differentially expressed between CM and NCM. A central cluster is located around MMP8 and MMP8 which have been
associated with CM by Polimeni and Prato, due to their potential to disrupt the subendothelial basement membrane and process and regulate
cytokines [16]. Moreover, Polimeni and Prato propose that haemozoin promotes NF-kappaB-controlled gene expression of MMP9. b Heatmap
of transcription factors generated with Metascape employing the TRRUST method using genes differentially expressed between CM and NCM.
Graphics were created with Metascape (https://metascape.org/), [42]

(NFKB1) and RELA proto-oncogene, NF-KB subunit
(RELA) in the gene regulatory networks of the CM state.

Discussion

In this analysis, pooled transcriptome data from whole
blood cells of malaria patients, which involved MM,
NCM and CM were evaluated. Although transcriptome
organization is reported to be poorly preserved between
brain and blood, there are some brain co-expression
modules which demonstrate strong evidence of preser-
vation in blood and could be useful for identifying blood
biomarkers for neurological diseases [50]. Therefore,
some extrapolations can be made from transcriptome
data from blood (which is more readily accessible) to
deduce genes and pathways associated with neurologi-
cal conditions. Previous investigations by Thiam et al
and Boldt et al., which were employed in this analysis had
successfully used blood transcriptional analysis to detect
changes in gene expression in MM, NCM and CM. In
this study, it was discovered from the cluster analysis that
the 3 states of P._falciparum infection have some common
characteristics between them although certain CM states
could be distinctly different. While CM was mainly asso-
ciated with NCM, there was some clustering between

MM and CM. Although, there are standards set to define
the different states of falciparum malaria, clinical symp-
toms of the disease can be protean and non-specific
without a clear distinction between MM, NCM and CM.
This is manifested clinically as fever, malaise, headache,
nausea and vomiting, though MM could rapidly progress
into CM if not treated quickly [51, 52]. Furthermore,
a study by Taylor et al. showed that the classification of
CM in children is sometimes misdiagnosed, where coma
has other causes and parasitaemia is incidental [53]. This
suggests that the detection of CM-specific characteristics
can be challenging, which could result in its clustering
with the other states of falciparum malaria.

In addition, genes that are expressed in the 3-P. falci-
parum-induced conditions were identified. It was dis-
covered that 2876 genes were expressed in common
between them and CM surprisingly had the least num-
ber of expressed genes. In all, genes associated with host
response to parasite invasion, inflammatory response,
cellular stress, detoxification of toxic metals and clathrin
mediated vesicle assembly were up-regulated. It has been
established that entry of malaria parasite into the host
elicit immune response, which can lead to oxidative stress
[54]. Oxidative stress caused by the release of parasite
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toxins such as HMZ or inflammatory response to P. falci-
parum entry have been implicated in cellular stress, espe-
cially in severe malaria [5, 55]. Moreover, levels of metals
such as copper and zinc are increased in acute malaria,
which could be as a result of the host’s inflammatory
response against parasite and lysis of erythrocytes [56].
Concurrently, there is trafficking of the virulence protein,
P. falciparum erythrocyte membrane protein 1 (PfEMP1)
to the surface of infected red blood cells (iRBCs), which
involves membranous organelles termed Maurer’s clefts
[57]. Clathrin and its adaptor proteins possibly partici-
pate in the process hence its upregulation in the 3 disease
states [58]. The genes connected to mental retardation
and AD were also present in all 3-forms of falciparum
malaria. Previous investigations have documented the
predisposition of children with CM to develop mental
disorders probably as a result of ischaemic and hypoxic
neural injury [59, 60]. The elevation of the expression
levels of these genes in MM and NCM implies the pos-
sible detrimental nature of these P. falciparum infections
on the brain as well. Indeed, some studies have docu-
mented cognitive deficits in children and adults, who suf-
fered from acute MM and NCM [61-63]. For instance,
Hickson et al. detected that children with acute kidney
injury in NCM developed neurocognitive impairments
in both behavioural regulation and executive function
[64]. Additionally, Guha et al. in using an animal model
proved that a single incident of MM induced microglial
activation, neuroinflammation and behavioural changes
accompanied by increase in pro-inflammatory cytokine
expression in the brain [65]. Hence, the severity of neu-
rological deficits reported in CM could be attributed to
the down-regulation of various genes involved in cell sur-
vival, protein synthesis and mitochondrial respiration.
Additionally, a study by Bodlt et al. discovered the down-
regulation of a number of genes in CM of Gabonese chil-
dren due to expression of hypoxia-induced genes aryl
hydrocarbon receptor (AhRF), GA binding protein tran-
scription factor (GABP) and hypoxia-inducible factor-1
(HIF1) [30]. Brain hypoxia has been documented in CM
owing to sequestration of infected erythrocytes, vascular
congestion, impaired perfusion and endothelial cell acti-
vation [66, 67].

With regards to pathways associated with the different
forms of falciparum malaria, KEGG enrichment analysis
unveiled the association of MM with the neurodegen-
erative diseases, PD and PrD. This means MM and some
neurodegenerative diseases may share parallel biologi-
cal processes, which is contradictory to the findings of
Thiam et al. [28] and Cabantous et al. [29], where neu-
rodegenerative pathways were found in CM only. None-
theless, processes involved in cancer, EBV infection and
DNA damage repair were the most significant. Some
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human pathogens, including P falciparum and EBYV,
have been implicated as etiologic agents in the develop-
ment of cancer [68]. The invasion of P falciparum and
subsequent release of HMZ into the host induces inflam-
mation, which facilitates ROS production and cellular
stress [69, 70]. ROS production even at low levels can
lead to gene and chromosomal mutations via DNA dou-
ble strand breaks (DSBs), which is one of the most severe
forms of DNA damage [71]. DSBs when unrepaired or
mis-repaired, can cause stress, cell death, chromosome
instability and cancer [72]. EBV infection is also associ-
ated with ROS generation [73, 74] and since cancer devel-
opment can stem from DNA damage, it is not surprising
that these pathways were elevated in MM. Again, DNA
damage and DNA damage response are hallmarks of neu-
rodegenerative diseases including PD and PrD [75]. The
up-regulation of the neurodegenerative pathways in MM
suggests a shared cytotoxic mechanism between these
diseases and buttresses earlier observation that MM
could have implications on brain function.

Similarly, KEGG pathway enrichment assessment
was done for NCM and CM. Platinum drug resistance,
nucleotide excision repair and glutathione metabolism
were associated with NCM. Resistance to anti-malarial
drugs is a growing challenge in malarial treatment [76].
The up-regulation of a drug resistance pathway similar to
that observed in cancer during NCM implies a parasite
facilitated host resistance to anti-malarials. This might
be as a result of host cellular modification especially with
DNA damage and repair mechanisms, which were also
up-regulated in NCM. For instance, multiple efflux and
uptake transporters are present in red blood cells and
hepatocytes [77, 78]. Increase in and genetically altered
drug efflux transporters reduce anti-malarial drug uptake
and concentrations in red blood cells [79]. This ensues
in minimum effective drug concentration, inhibiting
the termination of malaria infection and potentially, the
development of resistance. The association of glutathione
metabolism in NCM is an indication of glutathione mod-
ulation of disease progression particularly with regards
to anti-malarial treatment. A study by Zuluaga et al
revealed that amodiaquine treatment failure was con-
nected to erythrocytic glutathione [80]. This is because
glutathione competes with amodiaquine for the haem
group, which could result in therapeutic failure [80].
Again, the concentration of glutathione was decreased
in iRBCs, which is an indication of the antioxidant con-
sumption due to ROS generation [81]. Thus, glutathione
though an important antioxidant defense in malaria may
likely modulate the host’s response to drug treatment.
The pathways that correlated with CM were retrograde
endocannabinoid signalling and NAFLD. Previous stud-
ies have described the up-regulation of certain genes
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involved in neurodegenerative diseases including amy-
loid precursor protein (APP), ubiquilins (UBQLN) and
Jun proto-oncogene (JUN) as candidate genes for NAFLD
[82-85]. In their study, Karbalaei et al. showed that there
were 190 genes expressed in common between NAFLD
and AD, and that NAFLD has an undoubted relation
to AD [85]. Moreover, the endocannabinoids and their
receptors (especially cannabinoid 1, CB1) are known to
induce steatosis and lipogenic gene expression resulting
in NAFLD [86, 87]. The cannabinoid 2 (CB2) receptor on
the other hand regulates neuro-inflammatory responses
and affects various macrophage functions, including anti-
gen uptake and presentation and chemokine/cytokine
production [88-91]. A study by Alferink et al. reported
that mice with a deletion of the CB2-encoding gene
(Cnr27/7) and immunized with Plasmodium berghei
(ANKA strain) erythrocytes showed enhanced survival
and diminished BBB disruption in experimental CM [88].
Furthermore, the CB1 receptor antagonist rimonabant,
is reported to have neuroprotective properties in some
animal models of neurodegenerative disorders [92]. In
addition, endocannabinoid molecules were significantly
increased in the acute phase of P falciparum infection
in children [93]. Together, these results reveal that genes
involved in NAFLD and the endocannabinoid system
could serve as potential biomarkers for malaria severity.
This could also be an indication that the consequence of
CM on the brain may comprise some neurological path-
ways other than those classically described for neurode-
generative diseases.

Additionally, the GOs up-regulated in the 3 forms of
falciparum malaria were assessed and in MM analysis
showed biological processes related to biogenesis, host
metabolic processes, DNA damage repair activities and
anti-inflammation with the up-regulation of IL-10. The
imbalance between pro-inflammatory and anti-inflam-
matory cytokines drives disease severity in falciparum
malaria. Boeuf et al. observed a high TNF/IL-10 ratio
in NCM patients, whereas MM patients had a relatively
balanced IL-10 and TNF levels [94]. Thus, in MM the
deleterious effect of P falciparum invasion seems to be
counteracted by an increase in the host’s metabolic and
damage control mechanisms against ROS and inflamma-
tory products.

The GOs elevated in NCM revealed destabilization
of cellular cytoskeleton, ROS production, DNA dam-
age checkpoint and amyloid-beta clearance. The surge
in ROS levels during oxidative stress is implicated in the
increase in the activation of MAP3Ks pathways [95]. An
aberration from the strict control of MAP3Ks signalling
is connected to the development of many neurodegen-
erative diseases including AD and PD [96]. Activated
MAP3K signalling pathways are thought to contribute to
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neurodegenerative pathogenesis through the phospho-
rylation of APP and a-synuclein, leading to aggregates
formation that trigger neuronal apoptosis [97-98]. Again,
an increase in MAPKs signalling induces cytoskeletal
abnormalities through unusual phosphorylation and con-
sequent aggregation of cytoskeletal elements [99-101].
For example, the hyper-phosphorylation of the micro-
tubule associated protein, tau results in its aggregation,
microtubule destabilization and the formation of neurofi-
brillary tangles with subsequent degeneration of neurons
[102-105]. Also, axonal injury with the accumulation of
APP has been reported in post-mortem studies of CM
patients, both adults and paediatric cases [106—108]. In a
previous study, brain swelling as a consequence of venous
congestion by iRBCs was observed in NCM patients on
admission [109], pointing to a possible neuronal injury.
Accordingly, the amyloid-beta clearance observed in
NCM could represent a reversible pathway to neuro-
logical damage in NCM. With respect to CM, abnormal
signalling, neutrophil degranulation, repression of gene
expression and apoptosis were the predominant GO
terms. Using an experimental model of CM, a recent
study by Kumar et al. reported an increase in D1 and D2
dopaminergic receptor expression, phosphorylated dopa-
mine- and cAMP-regulated phosphoprotein (DARPP),
p25, cyclin-dependent kinase 5 (CDKS5), Ca®*/calmodu-
lin-dependent protein kinase Ila (CaMKIla) and D1-D2
heteromers [110]. The dysregulation of the dopaminer-
gic receptors led to the impairment and degeneration of
medium spiny neurons [110]. Findings from neuroimag-
ing studies have demonstrated that the anatomical and
functional grouping of dopaminergic neurons in striatum
performs a significant role in the execution of cognition
and behavioural consequences in young adults [111, 112].
The cognitive deficit observed in CM survivors therefore
could be attributed in part to the dysregulation of the
dopaminergic system. Although neutrophils are scarce in
the central nervous system under normal physiological
conditions, they infiltrate the brain in several pathologi-
cal conditions, including malaria [113]. The accumulation
of these granulocytes lead to the release of neutrophil
extracellular traps (NETs) which directly damage the
BBB, surrounding neurons and consequently apoptosis
[49]. Additionally, Boldt et al. in their findings showed a
down-regulation of pre-synaptic synuclein alpha (SNCA),
hydroxyacylglutathione hydrolase (HAGH), ankyrin 1
(ANK1), ferro chelatase (FECH), STATI, homolog A,
nucleotide excision repair (RAD23A) and 2,3-bispho-
sphoglycerate mutase (BPGM) genes in CM patients
[30]. Hence, the up-regulation of genes involved in gene
repression is an indicator that several genes involved in
cellular metabolism and function are down-regulated
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in CM, which accounts for the severity of the disease as
compared to MM.

Most outstanding of the inflammatory processes found
associated with the genes up-regulated in CM were neu-
trophil activation and IL18-signalling. Previous pub-
lications have described IL18 as a major player in the
pathogenesis of severe malaria through a pathway of ele-
vating IFN-gamma [114]. The activation of this pathway
is further supported by the transcription factor IRF1, for
which there was a regulatory role in CM via Metascape
analysis. The relevance of neutrophils for inflammatory
aggravation of malaria has been described by Knacksted
et al. [47]. This is mediated by the extrusion of chroma-
tin in the form of NETs upon neutrophil death. In addi-
tion, up-regulation of genes linked to herbicide response
reiterate the significance of the “plant-like” apicoplast in
P. falciparum virulence [115]. The GO term regulation of
axon diameter found in the down-regulated genes in CM
provides a mechanistic clue of neurological impairments
in CM. The involved genes XK and KEL were further-
more reported to induce neuropathological abnormali-
ties, such as giant axons when knocked out in mice [116].
The protein interaction network besides relevant sub-
networks of IL-18 signalling and the blood group pro-
teins, membrane transport protein X-linked-Kx (XK) and
kell metallo-endopeptidase (KEL) regulating axon diam-
eter showed a large connected area centered by TUBB2A
and the metalloproteinases 8 and 9 (MMP8, MMP9).
TUBB2A has been reported to be up-regulated in CM by
Cabantous et al. [29] as part of the Parkin-Ubiquitin pro-
teasome degradation pathway, which when impaired can
be deleterious to dopaminergic neurons [117]. MMP8
and MMP9 which is activated by HMZ have been associ-
ated with CM by Polimeni and Prato due to their poten-
tial to disrupt the sub-endothelial basement membrane
and process and regulate cytokines [16].

A limitation of this study is that, the number of patients
enrolled in the investigations were few and hence larger
studies are required to determine the pernicious effect
of P. falciparum infection on the brain. Furthermore, the
study was based only on blood-derived cells and included
no brain biopsies, thus implying that some neurologi-
cal consequences during and after malaria infection are
already manifested in the genetic networks in blood-
derived cells. However, for the patients included in this
study it is not known how many, if any, experienced neu-
rological sequelae subsequent to malaria infection.

Conclusion

This study has proven that all forms of malaria includ-
ing MM could have detrimental implications on the
brain. The difference in the severity of the various forms
of malaria is however dependent on which genes are
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down/up-regulated in its progression. Also, given the
up-regulation of the endocannabinoid and the dysregu-
lation of dopaminergic systems reported in CM, stud-
ies into the interplay of CB1/CB2 and D1/D2 receptors
and their involvement in neurological sequelae may
be conducted. Howbeit, the apicoplast remains a vital
target for anti-malarial drugs. It is anticipated that the
outcome of this study would form the basis for future
hypothesis-driven malaria research.
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Additional file 1: Figure S1. Distribution of log2-ratios of CM vs. NCM. A
Gaussian distribution curve is overlaid (mean=0, sd=0.36). Red lines indi-
cate ratio of 2 (0.5) and blue lines ratio of 1.5 (2/3). The area under curve
for ratio 1.5 and 2/3 is ~ 90%, the area for ratio 2 and 0.5 is > 99%.

Additional file 2: Table S1. Venn diagram analysis of CM, NCM and MM.
(a) subsets of genes in the Venn diagram, (b) GO analysis results from the
77 genes expressed exclusively in CM, (c) GO analysis results from the 289
genes expressed exclusively in NCM, (d) GO analysis results from the 66
genes expressed exclusively in MM, (e) KEGG analysis results from the 77
genes expressed exclusively in CM, (f) KEGG analysis results from the 289
genes expressed exclusively in NCM, (g) KEGG analysis results from the 66
genes expressed exclusively in MM. GO analysis results are sorted by the
top GO categories Biological Process (BP), Cellular Component (CC) and
Molecular Function (MF) and within these categories by p-value

Additional file 3: Table S2. Differential expression analysis of CM vs.

NCM. (a) genes significantly up-regulated (ratio > 2, p < 0.05, q < 0.25) and
down-regulated (ratio < 0.5, p < 0.05, g < 0.25), (b) GO analysis results from
the genes significantly up-regulated in CM, (c) GO analysis results from
the genes significantly down-regulated in CM, (d) KEGG pathway analysis
results from the genes significantly up-regulated in CM, (e) KEGG pathway
analysis results from the genes significantly down-regulated in CM.
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