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Abstract

The number of patients infected with simian malaria is gradually increasing in many coun-
tries of Southeast Asia and South America. The most important risk factor for a zoonotic
spillover event of malarial infection is mostly influenced by the interaction between humans,
monkeys, and vectors. In this study, we determine the protein expression profile of a wild
stump-tailed macaque (Macaca arctoides) from a total of 32 blood samples collected from
Prachuap Kiri Khan Province, Thailand. The malarial parasite was analyzed using nested
polymerase chain reaction (PCR) assays by dividing the samples into three groups: non-
infected, mono-infected, and multiple-infected. The identification and differential proteomic
expression profiles were determined using liquid chromatography with tandem mass spec-
trometry (LC-MS/MS) and bioinformatics tools. A total of 9,532 proteins (total proteins) were
identified with the filter-based selection methods analysis, and a subset of 440 proteins
were found to be different between each group. Within these proteins, the GhostKOALA
functional enrichment analysis indicated that 142 important proteins were associated with
either of the organismal system (28.87%), genetic information processing (23.24%), envi-
ronmental information processing (16.20%), metabolism (13.38%), cellular processes
(11.97%), or causing human disease (6.34%). Additionally, using interaction network analy-
sis, nine potential reporter proteins were identified. Here, we report the first study on the pro-
tein profiles differentially expressed in the serum of wild stump-tailed macaques between
non, mono, and multiple malarial infected living in a natural transmission environment. Our
findings demonstrate that differentially expressed proteins implicated in host defense
through lipid metabolism, involved with TGF pathway were suppressed, while those with the
apoptosis pathway, such as cytokines and proinflammation signals were increased. Includ-
ing the parasite’s response via induced hemolysis and disruption of myeloid cells. A greater
understanding of the fundamental processes involved in a malarial infection and host
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response can be crucial for developing diagnostic tools, medication development, and ther-
apies to improve the health of those affected by the disease.

Introduction

Malaria is an infectious disease that remains a global public health issue as it still causes mor-
tality and morbidity in tropical and subtropical areas[1,2] In particular, the number of malaria
cases in Southeast Asian region has considerably decreased by 78% from 23 million in 2000 to
5 million in 2020, with the case incidence rate having decreased by 83% [3]. However, the
World Health Organization (WHO) has recently reported that approximately 241 million
cases of malaria were registered in 2020, which was up from 227 million cases in 2019, with the
disease being endemic in 85 countries (including the territory of French Guiana), with coun-
tries in the WHO African region accounting for most of this increase [3]. Because of the coro-
navirus disease 2019 (COVID-19) pandemic disrupting normal healthcare services, the
incidence of malaria increased from 56 cases per 1000 persons in 2019 to 59 cases per 1000
persons in 2020 [3]. Moreover, the zoonotic spillover of malarial infections to humans is
emerging as a new challenge to the goal of a complete eradication of malaria in Southeast Asia
and South America [4,5]. Environmental changes, such as deforestation, changes in land use
for agriculture, fragmented landscapes, and increased urbanization, are the main reasons
behind increased interactions between humans and macaques [6], which are the primary carri-
ers of malarial parasites. Furthermore, agricultural labor in forests, forest-edges, and other
human activities, such as camping, hiking, and eco-tourism, have led to an increase in the like-
hood of contact with the Anopheles mosquitoes and the monkey populations [7].

Malaria is caused by a protozoan parasite of the genus Plasmodium and is transmitted by
the females of the Anopheles Leucosphyrus groups[1,8]. More than 250 Plasmodium sp. para-
sites are have been isolated in several vertebrate hosts, including rodents, birds, reptiles, and
mammals [9,10]. Recently, over 30 Plasmodium parasites have been reported in non-human
primates, including Old, and New-world monkeys, apes, and gibbons [9,11]. Numerous non-
human primate malarial infections have been reported as a result of natural and experimental
transmission of parasites such as P. knowlesi, P. cynomolgus, and P. inui from the Old-world
monkeys, and P. simium and P. schwetzi from the New-world monkeys and chimpanzees to
the humans, respectively [12-15].

The first reported natural infection with P. knowlesi in humans was reported in the year
1965 in an individual serving in the American army [16]. However, the previous study
reported a high number of humans infected with P. knowlesi in the Sarawak state of Malaysian
Borneo [17]. Over the past decade, the cases of humans naturally infected by P. knowlesi have
been reported in many Southeast Asia countries, including Singapore, Thailand, Laos, Viet-
nam, Indonesia, Philippines, Myanmar, Cambodia, and Brunei Darussalam [18-22]. Addi-
tionally, travelers returning from countries where the disease endemic, have also been
reportedly infected with P. knowlesi [23,24]. In Thailand, the first case of natural P. knowlesi
infection in humans was reported in 2004 [18], with the number of cases having increased con-
siderably since then, as reported by the Thailand Malaria Elimination Program, which
reported 122 cases in 2022 [25]. To date, natural P. cynomolgi infection in humans has been
studied in the Tak, Ubon Ratchathani, Chantaburi, Yala, and Narathiwat provinces during the
years 2007-2017 [26] and in the Yala Province in 2022 [27]. Additionally, apart from P. know-
lesi, other simian parasites have also been identified in the naturally acquired human infections
in Southeast Asia.
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The first natural human infection with P. cynomolgi was reported in Peninsular Malaysia,
in 2014 [28]. Subsequent infections with P. cynomolgi were reported in Cambodia, Malaysia,
and Thailand [27,29-32]. Furthermore, infection with P. cynomolgi was reported in a Danish
tourist visiting Thailand and Peninsular Malaysia [33]. The cases of humans infected with P.
inui, P. coatneyi, P. simiovale, and P. inui-like parasites have also been reported in Malaysia
[34,35]. The predominant natural hosts of P. knowlesi, P. cynomolgi, and P. inui are long-tailed
(M. fascicularis), and Pig-tailed (M. nemestrina) [36,37] macaques, which are widespread in
Southeast Asia. Other studies have also reported P. knowlesi infections in banded (Presbytis
melalophos) and dusky (Semmnopithecus obscurus) leaf monkeys of Peninsular Malaysia [38]
and Thailand [39], respectively. Previously, our study reported that M. arctoides is a natural
host for P. knowlesi, P. inui, P. coatneyi, and P. fieldi parasites [14]. P. knowlesi is the most prev-
alent Plasmodium parasite in the macaque population of Malaysia, whereas P. inui and P. cyno-
molgi are the most predominant parasites in other countries [40]. However, further research
on malarial infection in wild macaques is needed to determine its potential risk to public
health.

Serum is commonly used as a useful diagnostic and prognostic biomarker to test for the
presence of several diseases and metabolites, as different types of proteins are released from
various diseased tissue into the serum [41,42]. During the last decade, serum/plasma proteo-
mics has extensively been used to detect protein markers of several diseases, including cancer
and metabolic and infectious diseases [43]. Recently, this proteomics was used in researching
malaria to provide information on the relevant parasite and host proteins to isolate various
protein complexes involved with the cellular and pathogenic mechanisms, parasite proteomics,
specific functions, vaccine development, and mechanism of drug action [44]. A previous study
indicated that differentially expressed proteins modulate multiple functions such as acute
phase response signaling, complementing and coagulation cascades, hemostasis and vitamin D
metabolism during a P. vivax infection in humans [45]. Another study explained the alter-
ations in protein expression in human serum induced by P. vivax, including Haptoglobin,
Apolipoprotein E, Apolipoprotein al, C-reactive protein, Titin and Haptoglobin for different
levels of malarial parasitemia. Given the close evolutionary relationship between humans and
macaques, they share the basic elements of the immune system [41]. However, no serum pro-
teomics analysis has been performed in wild macaques infected with the Plasmodium parasite.
This begs a need for a proteomics analysis to delve into the pathogenic mechanisms of zoo-
notic malarial infection and to further understand the host response to such parasites.

In this study, we investigated the host serum proteomic profile of wild M. arctoides natu-
rally infected with malarial parasites using a proteomics approach and bioinformatics meth-
ods, including supervised classification prediction and unsupervised clustering analysis. Our
study isolated the differentially expressed protein profile between the non-infected, mono-
infected, and multiple-infected groups. These findings provide insights into a host’s response
to the infection and will improve our knowledge related to the pathophysiology of natural
malarial infection in nonhuman primates between the non, mono, and multiple-infection
groups. This knowledge would be key to treatment decisions, fast healing, and effective patient
management and would also help in preventing severe malaria (multiple-infections) from
crossing over to humans.

Materials and methods
Ethics statement and blood sample collection

All the animal care and handling procedures were approved by the Institutional Animal Care
and Use Committee of the Kasetsart University Research and Development Institute, Kasetsart
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University, Thailand (ID: ACKU59-SCI-011). The experimental protocols for research in the
conservation area were approved by the Department of National Parks, Wildlife and Plant
Conservation, Thailand (Permit Number: 0909.204/14187).

Blood samples were collected from 32 wild stump-tailed macaques (M. arctoides) at the Pa
La U waterfall, Huahin district, Prachuap Kiri Khan Province, Thailand in December 2018. All
macaques were trapped and anesthetized using an intramuscular injection of Tiletamine and
Zolazepam (Zoletil™, Virbac, Hamilton, New Zealand) at a dosage of 2-5 mg/kg and Xylazine
hydrochloride at a dosage of 0.5-2 mg/kg. A blood sample of not more than 3 ml was drawn
from the femoral vein of each macaque into a tube containing ethylenediaminetetraacetic acid
(EDTA). In the laboratory, 2200 g of blood sample was centrifuged for 20 min at 4°C and the
serum thus obtained was stored at -80°C until further processing. All macaques were released
after they recovered from the anesthesia at the collection site. In addition, 40-50 pl of blood
samples were transferred to Whatman 3MM filter paper as a storage medium for dried blood
spots and kept at room temperature for the DNA extraction and molecular analysis.

Plasmodium identification by nested polymerase chain reaction (PCR)
assay

The dried blood spots were sent to the Malaria Research Centre, University of Malaysia, Sara-
wak, Malaysia, to identify the Plasmodium species through molecular analysis. The DNA was
extracted from the dried blood spots using InstaGene (Bio-Rad Laboratories, USA), as
described previously [46]. The DNA samples were initially analyzed through a nested polymer-
ase chain reaction (PCR) with genus-specific primers for detecting Plasmodium, as described
previously [47]. The Plasmodium-positive samples were then analyzed through a nested PCR
with species-specific primers for P. knowlesi, P. coatney, P. cynomolgi, P. inui, and P. fieldi par-
asites, as described previously [48].

Serum preparation

The protein content of each serum sample was measured according to the Lowry protein assay
protocol using bovine serum albumin as a protein standard [49]. Disulfide bonds were reduced
by adding 5 mM dithiothreitol in 10 mM ammonium bicarbonate to 5 ug serum and incubat-
ing at 60°C for 1 h, followed by sulfhydryl group alkylation with 15 mM iodoacetamide in 10
mM ammonium bicarbonate at room temperature for 45 min in the dark. Subsequently, the
carbamidomethylated protein samples were digested with sequencing-grade trypsin at a ratio
of 1:20 and incubated at 37°C overnight. The tryptic peptides were dried using a speed vacuum
concentrator, and the pellet was resuspended in 0.1% formic acid for nano liquid chromatog-
raphy-tandem mass spectrometry (Nano LC-MS/MS) analysis.

Nano LC-MS/MS analysis

Tryptic peptide samples were prepared for injection into an Ultimate3000 Nano/Capillary LC
system (Thermo Scientific, UK) coupled to a HCTUltra LC-MS system (Bruker Daltonics Ltd;
Hamburg, Germany) equipped with a nano-captive spray ion source. Briefly, 5 pg of peptide
digests were enriched on a p-Precolumn with a 300 um inner diameter (ID) X 5 mm C18 Pep-
map 100, 5 pm, 100 A (Thermo Scientific, UK), separated on a 75 pm ID x 15 cm and packed
with Acclaim PepMap RSLC C18, 2 um, 100 A, nanoViper (Thermo Scientific, UK). The C18
column was enclosed in a column oven set to 60°C. Solvents A and B containing 0.1% formic
acid in water and 0.1% formic acid in 80% acetonitrile, respectively, were supplied to the ana-
lytical column. The peptides were eluted by a gradient of 5-55% of solvent B at a constant flow
rate of 0.30 pl/min for 30 min. Electrospray ionization was performed at a voltage of 1.6 kV
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using CaptiveSpray. Nitrogen was used as a drying gas (flow rate about 50 I/h). The collision-
induced-dissociation (CID) product ion mass spectra were recorded using nitrogen as the col-
lision gas. MS and MS/MS spectra were acquired in a positive-ion mode at 2 Hz over a range
of 150-2200 (m/z). The collision energy was adjusted to 10 eV as a function of the m/z value
and each sample was analyzed through LC-MS in triplicates.

Protein identification and quantification

DeCyder MS differential analysis software was used to quantify the peptides in the LC-MS/MS
data and a Mascot search engine was used to correlate the MS/MS spectral data with the UNI-
PROT protein database to determine the Macaca genus [50,51]. The following Mascot’s stan-
dard settings were used: a maximum of three miss tryptic cleavages, a fragment peptide mass
tolerance of 1.2 Da, an MS/MS tolerance of 0.6 Da, trypsin as the digesting enzyme, cysteine
carbamidomethylation (Cysteine CAM) as the fixed modification, methionine oxidation as the
variable modification, and peptide charge states of 1+, 2+, and 3+. The protein expression lev-
els (PELs) obtained from the MS/MS spectra were expressed as log2 values. The percentage of
proteins unique to each sample was calculated as frequency of unique proteins divided by the
total number of samples.

Statistical analysis

The samples were divided into 16 non-infected, 9 mono-infected, and 7 multiple-infected
groups. The PEL values were compared using the Kruskal-Wallis H test between the non-
infected, mono-infected, and multiple-infected groups. The Mann-Whitney U test was used to
compare differences between the non-infected and infected (mono-infected and multiple-
infected) groups, and the same test was used to compare the differences between the mono-
infected and multiple-infected groups. A confidence interval of 95% was used for both the
Kruskal-Wallis H and Mann-Whitney U tests. The statistical analysis was performed on the
IBM SPSS Statistical software version 22.0.0. After the statistical analysis, the proteins were
divided into three subsets. Prior to the statistical analysis, correlates were constructed from all
the proteins (totaling to 9,532) using the MS, MS/MS spectra, and UniProt proteome as the
protein features. Double differentially expressed proteins (DDEPs; 440 in total) were deter-
mined using the significantly unique proteins isolated from two or more methods, while triple
differentially expressed proteins (TDEPs; 31 in total) were determined from three methods.
Protein upregulation and downregulation was then calculated from the differential PELs
(median), and differential the percentages of proteins were identified in each group.

Supervised and unsupervised machine learning analysis

Supervised machine-learning tools were used to classify data and includedfour classification
algorithms: support vector machine (SVM), k-nearest neighbors (KNN), logistic regression
(LR), and multinomial naive Bayes (MNB) classifier. A polynomial kernel of degree two was
used for the SVM learning models with associated learning algorithms using a [52,53]. The k-
NN is a non-parametric, supervised classification method and in this study, k-NN was run
with number of neighbors (K) = 3, with Euclidean distance used as the distance metric [52,53].
LR uses a logistic function to model a binary output variable and the Broydene-Fletcher-Gold-
farbe-Shanno (BFGS) algorithm has been used as an iterative method for solving uncon-
strained nonlinear optimization problems [52]. The MNB classifier is suitable for classification
problems with discrete features, and for the present analysis, the parameter alpha was set to 0.1
in this model [54]. The accuracy score of the predicted classification for the samples was evalu-
ated through a leave-one-out-cross-validation.
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Unsupervised machine learning classifier was used to cluster the sample groups. The pro-
tein distribution and clustering was visualized as a scatter plot on the two principal axes
obtained by the principal component analysis (PCA), with PEL data used as features. The 32
samples were analyzed by hierarchical clustering analysis (HCA) based on PELs, with the clus-
ter samples divided into three main clusters, the non-infected, mono-infected, and multiple-
infected groups.

Data analysis

Gene orthologous and functional classification was performed using the EuKaryotic Ortholo-
gous Groups (KOGs) (https://www.hsls.pitt.edu/) and Kyoto Encyclopedia of Genes and
Genomes or KEGG Orthologous (KO) (https://www.genome.jp/kegg/ko.html) databases. The
KEGG Orthology And Links Annotation (GhostKOALA) (https://www.genome.jp/kegg/
pathway.html) database was used to assign the putative protein functions as indicated by the K
number of the protein sequence using HMMER under a cut-off E-value of 1E-0.5 and was used
to described the protein pathway. Gene ontology was classified using the Protein Analysis
Through Evolutionary Relationships (PANTHER) classification system (http://pantherdb.org/).

Protein-protein interaction networks were constructed using the STRING database version
11.5 (https://string-db.org/), with the following setting: a hight a minimum required interac-
tion confidence score of 0.700 and no more than 10 interactors. The STITCH database version
5.0 (http://stitch.embl.de/cgi/) was used to construct the functional protein-chemical associa-
tion networks and set at a medium confidence score of 0.400 for mapping proteins and chemi-
cals associated with malaria. The STRING and STITCH databases were visualized using the
Cytoscape software version 3.9.0. and were analyzed through Spearman’s rank coefficient of
correlation.

Results
Simian malaria detection

In this study, a total of 32 wild stump-tailed macaques were screened for simian malarial para-
sites using nested PCR assays, 50% of which were positive for Plasmodium spp. Five species of
Plasmodium were detected, namely P. knowlesi, P. inui, P. fieldi, P. cynomolgi, and P. coatneyi
(Fig 1A). P. fieldi was the most prevalent species (36%) followed by P. inui (24%), P. cynomolgi
(20%), P. coatneyi (16%), and P. knowlesi (4%) (Fig 1B). The frequency of mono, double, and
triple infections was 56.25, 31.25, and 12.50%, respectively. Subsequently, the samples were
divided into three groups; non-infected (50%), mono-infected (28.12%), and multiple-infected
(21.88%), for a further serum proteomics analysis.

Filtration of the proteomic profiling

A total of 9,532 proteins were identified by proteomic profiling. The Venn diagram shows the
number of uniquely expressed proteins among the three groups (Fig 2A). Out of these, 66, 26,
and 14 proteins were unique to the non-infected, mono-infected and multiple-infected groups,
respectively. The expressed proteins common between two groups included 205 proteins in
non-infected and mono-infected groups, 113 proteins in non-infected and multiple-infected
groups, and 34 proteins in mono-infected and multiple-infected groups. Subsequently, the
proteins were filtered using methods of statistical analysis (Fig 2B). A total of 473 proteins
were different as indicated by the Kruskal-Walis H test, with 398 proteins being different in
the non-infected and multiple-infected groups, while 528 proteins were different in mono-
infected and multiple-infected, both indicated by Mann-Whitney U test. In addition, two
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Fig 1. Simian malaria parasite identification and infection type. (A) The blue bar shows the percentage and numbers of samples in the non-infected
group, whereas the red-yellow bar shows the percentage of each type of malaria infection. (B) Further elucidation of Plasmodium species as a percentage
of the infected species.
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protein subsets were constructed using the statistical analysis and included 440 DDEPs (Fig
2C), and 31 TDEPs (Fig 2D).

Supervised machine learning classification for selected protein subsets

The supervised machine learning classification was used to identify protein subsets (total pro-
teins, DDEPs, and TDEPs) to increase the prediction accuracy. The highest classification accu-
racy was obtained while identifying DDEPs. The classification accuracy of the four algorithms
was estimated at 96.88% (1/32 samples incorrectly classified) (Table 1). This result indicated
that the use of DDEPs as a classification feature yielded the best results. Although the three fil-
tration statistical analyses methods of TDEPs gave a relatively high predictive accuracy, it was
still lower than that of DDEPs.

Proteomic enrichment and profiling

A total of 440 DDEPs were classified and catergorized using KOGs and KO databases. A total
of 277 (62.95%) and 276 (62.73%) proteins were classified by KOGs and KO, respectively. A
combination of the two database increased the annotation up to 334 proteins (75.90%) (Fig
3A). Subsequently, these DDEPs were classified into three categories according to their func-
tion in cell processes and signaling, information storage, and metabolism (Fig 3B).

To enrich the important proteins, the presence of the 334 annotation proteins were
searched in the GhostKOALA databases (KEGG pathway) and 142 proteins were identified.
These proteins, were classified into six pathway categories including organismal system
(28.87%), genetic information processing (23.24%), environmental information processing
(16.20%), metabolism (13.38%), cellular processes (11.97%), and causing human disease
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Fig 2. Descriptive data and filtration methods. (A) Venn diagram showing the protein expression in three groups. (B) The three methods of protein
filtration methods resulted in differentially and un-differentially expressed proteins as indicated by statistical analysis. The Venn diagram shows unique
proteins after filtration methods, (C) double differentially expressed protein subsets, and (D) triple differentially expressed protein subsets in each
group.

https://doi.org/10.1371/journal.pone.0293579.9002

Table 1. Supervised machine learning classification algorithm for select protein subsets.

Protein Subsets Total Proteins “DDEPs >TDEPs
Number of features 9,532 Proteins 440 Proteins 31 Proteins
Classification algorithm Accuracy Accuracy Accuracy
Support vector machine 50.00% 96.88%* 90.62%
K-nearest neighbors 53.12% 96.88%* 87.50%
Logistic regression 50.00% 96.68%* 90.62%
Multinomial Naive Bayes 46.88% 96.88%* 93.75%

* DDEPs = double differentially expressed proteins.
" TDEPs = triple differentially expressed proteins.
*Highest accuracy scores.

https://doi.org/10.1371/journal.pone.0293579.t001
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Fig 3. Gene orthologous based on the 440 DDEPs. (A) Bar chart showing the percentage and numbers of gene orthologous annotated proteins as
obtained by KO and KOGs databases and combination databases. (B) The number of proteins identified in the unclassified, non-infected, mono-
infected, and multiple-infected groups.
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(6.34%) (Fig 4). However, we focused primarily on the organismal systems and environmental
information processing pathways because of their relevance to host response to disease. The
142 protein subsets were re-analyzed through supervised machine learning classification and it
was found that these protein subsets increased the accuracy scores of two algorithms, the SVM
and MNB, as indicated by the absolutely prediction accuracy scores listed in Table 2.

Furthermore, an unsupervised PCA of the 142 most important protein subsets was calcu-
lated and is summarized as a scatterplot (Fig 5). Together, the first two principle components
were able to explain 24.13% of the variance in the data, with the contributions of the first and
the second principle components being 14.31 and 9.82%, respectively. Fig 6 shows the heatmap
obtained from the unsupervised hierarchical clustering analysis, which separated the proteins
into three main clusters. Through the hierarchical clustering analysis, a clear separation was
obtained between the non-infected, mono-infected, and multiple-infected groups and the clus-
ter of protein expression levels.

Identification of potential reporter proteins

Amog the 142 important protein subsets, the protein-protein and proteins-chemical interac-
tion networks were analysed by focusing on 23 proteins involved with the environmental
information processing pathway and 41 proteins involved with the organismal systems path-
way, which consider the host response to malaria, inflammation, and blood coagulation. Nine
potential reporter proteins were identified in the interaction networks and correlated with
each group (Fig 7). Interestingly, we identified three proteins that were up-regulated in the
infected macaques (mono and multiple infections), namely the Sterol regulatory element bind-
ing transcription factor 1 (SREBF1), non-specific serine/threonine protein kinase (RAF1), and
Nicotinamide phosphoribosyltransferase or NAmPRTase (NAMPT). The only protein found
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Fig 4. Described pathways based on the 142 important protein subsets. The pie chart shows 142 important protein subsets in pathways namely
cellular processes, metabolisms, organismal systems, genetic information processing, environmental information processing, and human disease

pathways.

https://doi.org/10.1371/journal.pone.0293579.9004

up-regulated in the mono-infected group was Interleukin 1 receptor associated kinase 1
(IRAKT1). Caspase recruitment domain family member 10 (CARD10) and Mothers against
decapentaplegic homolog (SMAD?7) were uniquely up-regulated in the multiple infection
group. Nevertheless, the results indicate that the SWI/SNF complex subunit SMARCC?2 iso-
form ¢ (SMARCC2) was down-regulated in the infected group. In addition, RELB proto-onco-
gene, NF-kB subunit (RELB) was up-regulated in the non-infected and mono-infected groups,

Table 2. Supervised machine learning classification algorithm analysis for confirmed important protein subsets.

Protein Subsets 142 Protein Subsets
Number of features 142 Proteins
Classification algorithm Accuracy
Support vector machine 100.00%*
K-nearest neighbors 96.88%
Logistic regression 100.00%*
Multinomial Naive Bayes 98.88%

*Increase accuracy scores.

https://doi.org/10.1371/journal.pone.0293579.t002
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Fig 5. Unsupervised principal component analysis based on the 142 important protein subsets. The first and second components explained 14.59
and 9.36% of the total variance, respectively. Blue, red, and yellow dots represent the 32 samples in the non-infected, mono-infected, and multiple-
infected groups, respectively.

https://doi.org/10.1371/journal.pone.0293579.9005

while AKT serine/threonine kinase 2 (AKT2) was up-regulated in the non-infected and multi-
ple-infected groups (Table 3).

In the categorization according to the biological process, most of the proteins were related
to cellular (21.2%), metabolic (21.2%) processes, biological regulation (18.2%), signaling
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https://doi.org/10.1371/journal.pone.0293579.9006

(12.1%), response to stimulus (12.1%), interspecies interaction between organisms (3.0%),
developmental processes (3.0%), and immune system processes (3.0%), while 6.1% were
unclassified. Moreover, the molecular function indicated that most proteins were involved
with the catalytic activity and binding (44%) followed by transcription regulator (33.3%), and
molecular function regulator (7.7%), while 7.7% were unclassified. Lastly, the cellular compo-
nent category included proteins involved with the cellular anatomical entity (45.5%) and pro-
tein-containing complex (18.2%), while 36.4% were unclassified.

Discussion

Proteomics has evolved as a useful tool for studying protein expression, protein interaction,
protein modification, and discovery of new target molecules which provide information about
the pathways and can deepen our insights of disease biology, host response, and host-pathogen
interaction. An earlier study showed the importance of multiple malaria parasite infections.
Multiple infections resulted in a higher proportion of severe anemia and pulmonary complica-
tions than those with mono-infection from P. falciparum [55]. In the natural environment, it
is common for multiple infections to occur in wild macaques, but this assessment is not yet
widely used. This led our research to focus on the comparison between non, mono and multi-
ple-malaria parasite infection profiles in wild stump-tailed macaques residing in natural habi-
tat. Our research proposed a method for generating and selecting protein subsets through
statistical filtration methods, and both though unsupervised and supervised machine learning.
Our study demonstrated that 440 DDEPs could be used as the most optimal set of protein fea-
tures given their highest accuracy score. The enrichment of protein features in DDEPs was
mapped by the KEGG pathway and we identified 142 important protein subsets which were
analyzed by supervised machine learning. In terms of the host response to the malarial
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Table 3. Nine potential reporter proteins.

Initial IDs Protein names PELs” % Protein identified ®
NI MO MU NI MO MU
SREBF1 F7E4A8 Sterol regulatory element binding transcription factor 1 7.31 16.98* 16.53* 50.00 88.89* 71.43*
RAF1 A0A2K6DFP8 Non-specific serine/threonine protein kinase 7.18 16.28* 17.34* 50.00 88.89* 85.71%
NAMPT A0A2K5ULM8 Nicotinamide phosphoribosyltransferase 0.00 11.65* 12.59* 12.50 55.56* 71.43*
IRAK1 A0A2K6B010 Interleukin 1 receptor-associated kinase 1 0.00 13.56* 0.00 18.75 77.78* 42.86
CARDI10 AO0A2K6CATS Caspase recruitment domain family member 10 0.00 0.00 14.67* 37.50 33.33 85.71*
SMAD7 I0OFRQ6 Mothers against decapentaplegic homolog 0.00 0.00 13.88* 37.50 2222 71.43*
SMARCC2 12CXI3 SWI/SNF complex subunit SMARCC2 14.03* 0.00 0.00 56.25* 0.00 42.86
RELB A0A2K5V1LO RHD domain-containing protein 12.07* 13.08* 0.00 68.75* 88.89* 14.29
AKT2 AO0A1D5RHS80 AKT serine/threonine kinase 2 0.00 0.00 0.00 12.50* 0.00 42.86*

*PELs = Protein expressed levels (Medium).
°9% Protein identified = (Protein identified in each group / Total samples in each group)*100.

*Up-regulation.

https://doi.org/10.1371/journal.pone.0293579.t003

parasites, 64 proteins were involved with the environmental information processing and
organismal systems pathways, while nine potential reporter proteins were involved with the
interaction networks.

During the development of hepatocytes and erythrocytes, the Plasmodium parasite alters
the host cell membrane and induces the formation of various membranous compartments
such as parasitophorous vacuole membrane (PVM), parasitophorous vacuole (PV), and tubo-
vesicular network (TVN) [56,57]. Previous studies have reported that the Plasmodium parasite
can alter the host protein, lipid and fatty acid composition for their survival and proliferation
within the host cell [58,59]. Other studies have suggested that lipids can play an important role
in the synthesis of a membrane and are a source of energy for the cell. The Plasmodium para-
site can regluate the AMP-activated protein kinase enzyme (AMPK) in the host hepatocytes
[60]. Previously, it has been shown that AMPK is involved in the regulation of kinase activity
to activate the AMP (AMPK) to hepatic lipid metabolism homeostasis during an infectious
disease [61]. Previous studies have also indicated that some pathogens can stimulate AMPK
activity due to an increased energy requirement for the host cell against pathogens such as
Leishmania [57] and Simian vacuolating virus 40 [58]. In contrast, another experiment
reported that murine malaria parasite infection in mice decreases the AMPK activity and
make them vulnerable to a successful infection. Additionally, the activation of AMPK reduces
the intracellular growth and replication of the Plasmodium parasite [62]. SREBF1 is a family of
transcription factors that play an important role in the regulation of lipid biosynthesis and adi-
pogenesis by regulating the gene controlling cellular lipid homeostasis [63,64]. In our proteo-
mic data, SREBF1 was up-regulated in the infected macaques. Previous studies have concluded
that the activation of AMPK suppresses the proteolytic activation of SREBF1, further reducing
the expression of lipogenetic genes, reducing the triglyceride (TG) content in the hepatocytes
[65,66]. The results of the present study suggest that SREBF1 was up-regulated in infected
macaques, which may indicate that the Plasmodium parasite regulated the lipids and fatty
acids of the host cell for survival and replication through the suppression of AMPK activity
and upregulation of SREBF1. However, such a claim needs further study to elucidate this
mechanism further.

We also detected an upregulation of RAF1 and NMPT in the infected macaques. RAF1
belongs to the RAF protein kinase family which participates in the Ras-RAF-MEK-ERk
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signaling pathway (MAPK signaling pathway) [67,68]. This activation stimulates a broad
range of cellular signaling pathways, resulting in the regulation of a variety of cellular functions
including cell proliferation, differentiation, apoptosis, autophagy, and neuronal differentiation
[69,70]. A previous study had indicated that RAF1 promotes lymphatic metastasis of hypo-
pharyngeal carcinoma by regulating the activity of LAGE1 gene [71]. Other experiments
reported the activation of Ras-RAF-MEK-ERKk stimulating the replication of Hepatitis C virus
by downregulating the interferon-JAK-STAT pathway [70], while the Hepatitis B virus can
regulate the RAF1 expression in HepG2.2.15 cell inducing hepatocellular carcinoma [67].
Moreover, the recent study indicated that multiple gene mutations of the Ras-MAPK signaling
pathway can cause the Noonan syndrome (NS) which results in multiorgan disorder including
bleeding and coagulation [72]. It is most commonly caused by a deficiency of factor XI fol-
lowed by a reduced activity of factors VIII, XII, von Willebrand factor (vWF), thrombocytope-
nia, and platelet functional defect [72,73]. Our results from the protein interaction network
indicate that RAF1 interacts with proteins responsible for clotting and blood coagulation. It
has been demonstrated that cases of severe malaria can cause severe anemia and the develop-
ment of disseminated intravascular coagulation (DIC) due to alteration of blood coagulation
system, such as decreased plasma antithrombin levels, elevated levels of plasminogen activator
(PAI)-1, reduced levels of vWF cleaving protease, ADAM metallopeptidase with thrombos-
pondin type 1 motif 13 (ADAMTS13) and thrombocytopaenia, with poor chances of survival
[74-76]. In addition, MEK1/2 was found to be an interesting host antimalarial drug target as it
is involved with the regulation of meiosis, mitosis, and post-mitotic functions in different cells,
several stimuli, including growth factors, cytokines, and infection. The regulation activity of
MEK1/2 erythrocytes in the signaling pathway during the studied malarial infection has been
shown to reduce soreness and multiplication of malarial parasites, as well as increase in the
expression of anti-inflammatory cytokine and Th2 responses [77]. Here, we identified that
RAF1 was up-regulated in the two infected groups. This protein is upstream of MEK1/2, mak-
ing RAF1 a protein of potential interest for further study to be used as a target for host antima-
larial drug. The NAMPT protein mainly controls the inflammatory and immune modulation
[78] and catalyzes a key reaction in the intracellular Nicotinamide adenine dinucleotide
(NAD) synthesis and acts as a damage-associated molecular model that activates the inflam-
matory response of Toll-like receptor 4 (TLR4) [79], and was identified in the two infected
groups. Previous studies have shown that the concentration of NAMPT increases consistently
in acutely infected samples, but for low-grade inflammation, NAMPT expression was not
detected [80]. In addition, NAMPT is more likely to be secreted into the serum in presence of
an acute infection, and this is consistent with the elevated production of white blood cells,
making NAMPT one of the marker proteins that can be used to identify inflammatory condi-
tions [81].

Type I interferons (IFN-Is) are an important host-produced basic cytokines responsible for
mounting defense against several pathogens such as bacteria, fungi, and protozoa, including
the malarial parasite [82,83]. The host response can recognize pathogen-associated molecular
patterns (PAMPs) and danger-associated molecular patterns (DAMPs) using host-pathogen
recognition receptors (PRRs), leading to the activation of various cytokines to inhibit the para-
site [84]. PAMPS are small molecular forms of foreign substances that originate outside the
cell, and include DNA, RNA, proteins, peptidoglycans, etc [85]. These molecules are recog-
nized by PRRs, for example, Toll-like receptors (TLRs), cyclic GMP-AMP synthase (cGAS),
nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), etc [84]. In this
study, we identified two proteins in the antimalarial immune system through the parasite’s
DNA and RNA. IRAK1 has also been identified as being uniquely up-regulated in the mono-
infected group [86]. It has been reported to implicate the function of endosomes toll-like
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receptor 9 (TRL9), which binds to the unmethylated CpG motifs of a malarial parasite’s DNA
[87]. Toll/interleukin-1 receptor (TIR) domain containing adaptor protein (TIRAP) was stim-
ulated and bound with the myeloid differentiation primary response 88 (MYD88) and IRAK1
[88,89]. These signals were applied via IRF3/IRF7 to IFN-IS to mount the host defense. How-
ever, it remains a puzzling question as to whether the degree of severity of malaria affects the
TRL function, as in this study, IRAK1 was only expressed in the mono-infected group, while
it was down-regulated in the multiple-infected group. Subsequently, we identified CARD10 as
the only protein as being up-regulated in the multiple-infected group. This protein is associ-
ated with the RNA of a malarial parasite and is recognized by the melanoma differentiation-
associated protein 5 (MDA5) and activated by caspase activation recruitment domains
(CARD). Activated MDAS5 sends the signal to IRF3/IRF7 and IFN-IS, similar to DNA sensing
[90,91].

TGEF-B activity is responsible for reducing inflammation in the presence of malarial para-
sitic infection [92]. Several studies have reported on the changes in TGF-p levels when infected
with the malarial parasite. In some cases, high levels of TGF-f were found in patients with
acute malaria, while the levels were lower in patients with severe malaria [93-95]. SMAD7
functions as a key inhibitor of the TGF-signaling cascade and is released from the nucleus into
the cytoplasm when TGF attaches to the TGF- receptor and initiates a downstream signaling
cascade. It either prevents Smad2/4 from being phosphorylated or causes TGF- receptor I and
Smad2/4 to degrade [96]. Additionally, SMAD?7 acts as a negative regulator of SMAD2 and
SMADA4. Our results show that in multiple-infected cohorts, there was a tendency to have a
reduced TGF expression, as was the case with patients suffering from severe malaria in other
studies [93-95].

Our results show that only one protein was down-regulated in the mono- and multiple-
infected groups. SMARCC2 is an important myeloid differentiation regulator that also regu-
lates the expression of genes involved in neutrophil granule formation and granulocytopoiesis.
In general, during a malarial infection, neutrophils are one of the first lines of defense, as they
are produced in large numbers during an infection. However, it is possible that when a parasite
enters the hemolysis stage, it can result in the lysis of the oxidized heme and damage the sur-
rounding cells, resulting in a decrease in cellular levels [97,98]. We observed that RELB was
up-regulated in the non-infected and mono-infected groups, which is involved with the devel-
opment of human lymphocyte. The growth of B cells is halted in the absence of RELB, which
leads to an inadequate production of immunoglobulins and specific antibodies. A distorted T
cell is produced and T cell output is lowered as they mature in the thymus [99]. Our research
indicates a down-regulation of RELB in the multiple-infected group. Lastly, AKT2 was slightly
up-regulated in the non-infected and multiple-infected groups. The difference in the expres-
sion of AKT?2 was very little among the groups. However, it has been reported that a higher
expression of AKT2 in the mosquitoe host reduces the prevalence of malarial parasitic infec-
tion [100].

Conclusions

The present study is the first of its kind to look at the effect of malarial parasitic infection on
the protein expression in wild stump-tailed macaques. We describe the sera proteomic analysis
of wild stump-tailed macaques under non, mono, and multiple infections. We hypothesized
that multiple-infection transmits severe pathogenesis compared to a mono-infection. We were
able to identify nine reporter proteins involved in host defense mechanism through the inhibi-
tion of lipid metabolism, increase in apoptosis, cytokines, type I Interferons, and pro-inflam-
mation. This included the parasite’s response through induced hemolysis, reduced TGF
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pathway, disruption of myeloid development and myeloid differentiation. Moreover, these
proteins showed different expression trends under the three infection conditions. It was found
that multiple infections were more likely to be stimulated through proinflammatory cytokines
by host defense and take more damage from parasites than mono-infection and non-infection.
A better understanding of the fundamental processes involved in a malarial infection and host
response can be critical for the development of diagnostic tools, drugs, and therapeutics for
improving the health of affected humans.
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